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Editorial on the Research Topic

Gut Microbiome Modulation in Ruminants: Enhancing Advantages and Minimizing

Drawbacks

Historically, the gastrointestinal tract (GIT) was considered an organ solely equipped for the
digestion and absorption of nutrients. However, the GIT harbors the largest population of immune
cells and microbes that outnumber the entire host cells. Therefore, there is a general consensus
that a healthy gut leads to healthy ruminants with optimal performance. In this context, the rumen
is perhaps the most diverse and complex microbial ecosystem harbored in the GIT of animals.
This microbial community consisting of symbiotic bacteria, archaea, protozoa, fungi, and phages
provides an evolutionary advantage for ruminants, which allows them to utilize lignocellulosic
materials and non-protein nitrogen to produce high quality foods. As a result, ruminants are
capable of digesting a wide range of forages, decreasing the competition for human-edible foods.
However, rumen microbial fermentation has some drawbacks: proteolysis carried out by protozoa
and certain bacterial species can lead to low nitrogen efficiency (Belanche et al., 2012) and the
excess ruminal ammonia, not captured by the ruminal microbiota for their own protein synthesis,
is absorbed and excreted to the environment. Similarly, CH4 formation in the rumen by the
methanogenic archaea is wasteful in terms of feed energy loss as well as contributes to climate
change. Moreover, rumen fatty acid biohydrogenation by rumen microbes leads to more saturated
fat in ruminants’ milk and meat in comparison to monogastric animals. Thus, understanding
the interactions between the gut microbiome, diet, host genetics, and health are key to develop
new strategies to meet consumers’ demands for better food quality, animal health, and a more
environmentally friendly and efficient animal production. This Research Topic aimed to propose
nutritional and other rumen manipulation strategies and other insights to enhance the advantages,
and to minimize the drawbacks, of the ruminant digestive physiology by modifications of the gut
microbiome and its functionality.

The Research Topic compiled 29 original publications including 27 Original Research papers,
one Mini Review, and one Hypothesis Theory article, as well as one Corrigendum. Most of these
studies were conducted in China (n = 14), followed by Brazil (n = 3), United Kingdom (n =

3), Spain (n = 2), Germany (n = 2), and USA (n = 2), whereas Austria, Chile, and Ireland had
one study each. Most of these publications consisted in in vivo studies (n = 20), while other used
in vitro (n = 4), in silico (n = 1), meta-analysis (n = 1), and literature reviews and theoretical
hypothesis-developing studies (n = 3) to describe the mode of action of various nutritional
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interventions. Some of these studies proposed novel strategies
which lead to future research hypotheses. The publications
benefited from using multidisciplinary approaches combining
omics-based techniques to characterize the GIT microbiota to
develop new nutritional interventions for desirable microbiome
structure and function and to optimize productivity or to
minimize the environmental impact of ruminant agriculture. The
publications were classified in eight thematic areas: early life
nutritional interventions (n= 4), gut microbiota and health (n=
3), diet composition (n= 5), feed additives (n= 4), feed efficiency
(n= 4), rumenmethanogenesis (n= 6), rumen protozoa (n= 2),
and methods (n= 1), which are discussed below.

EARLY LIFE NUTRITIONAL

INTERVENTIONS

The rumen microbiota in adult animals has been demonstrated
to be highly redundant, resilient and host-specific (Weimer,
2015). As a result, once any nutritional intervention ceases, the
rumen microbiota and its function return to the original state
making it difficult to permanently modify a fully mature rumen
microbiome in adult animals. The developing rumen of the
newborn animals may represent an opportunity for microbial
programming bymodifying the type ofmicrobial groups that first
occupy the ecological niches in the rumen of young ruminants
(Yáñez-Ruiz et al., 2015; Furman et al., 2020). This Research
Topic contains some of the latest studies to understand the gut
microbial colonization and ways to modify this process.

Li B. et al., provided a detailed description of the bacterial
colonization process of the different segments of the GIT in
young goats including the rumen, duodenum, jejunum, ileum,
caecum, and colon. This study showed that the greatest increase
in microbial diversity occurred between 14 and 28 days of age.
Moreover, rumen microbiota was shown to be more sensitive
to the introduction of solid feeds than the intestinal microbiota,
opening the possibility to further explore ways for favorable
rumen microbial manipulation during the weaning transition.

In this line, Cui, Wu, Li et al., showed that artificial
rearing of young yak calves fed with milk replacer, starter
feed, and alfalfa hay, in comparison to maternal rearing of
yaks fed pasture, during the pre-weaning period is beneficial
to the GIT development and its digestion, absorption, immune
function, and animal performance. This observation, disagrees
with previous findings that suggested that maternal rearing,
in comparison to artificial milk feeding, accelerates the
rumen microbiological and physiological development in lambs
(Belanche et al., 2019b) with positive effects on animal
performance (Belanche et al., 2019c). These results suggest that
a limited availability and diversity of feed resources during the
pre-weaning period (as usually occurs in young grazing yaks)
can limit the GIT microbial development due to the insufficient
nutrient supply for the rumen microbes. In a follow up study,
Cui, Wu, Liu et al., built upon this hypothesis and showed that
milk replacer supplemented with alfalfa hay and starter feeding
during the pre-weaning period (in comparison to supplemented
with alfalfa alone, starter alone, or un-supplemented) is beneficial

to the GIT in terms of rumen microbiological and functional
development (i.e., higher bacterial diversity, VFA concentration,
and pectinase activity) and intestinal activity and immune
function (i.e., higher α-amylase, trypsin, IL-1β, TNF-α, and IFN-
β) in yak calves. The availability of different carbon and nitrogen
sources from both fibrous and non-fibrous carbohydrates seemed
to benefit the GIT microbial colonization as well as the
rumen function (papillae development and fermentation) and
intestine anatomical development (villus and crypt) leading to an
enhanced animal growth.

Bu et al., investigated the possibility of improving animal
performance and health through reprograming the rumen
prokaryotic microbial assemblage of young calves by oral
inoculation with rumen microbiota from adult cows. This
inoculation decreased the incidence of diarrhea and the
stochasticity of the rumen microbial community development,
but it had no effects on the overall rumen microbiota,
its functional profiles and the productivity outcomes. These
observations disagree with previous positive effects of inoculation
with adult rumen microbiota reported in lambs (Zhong et al.,
2014; De Barbieri et al., 2015), goat kids (Belanche et al.,
2020), and calves (Muscato et al., 2002) on the GIT microbial
development and productivity. This discrepancy suggests that
further research should focus on the type of source of
microbial inocula (i.e., diet consumed by the donor animal), its
preservation method (e.g., fresh vs. defrosted vs. lyophilized),
inoculation frequency and time window to maximize the positive
effects of such intervention (Belanche et al., 2019a).

GUT MICROBIOTA AND HEALTH

The GIT microbiome shields the host animal against
environmental threats and diseases through various mechanisms
including the modulation of the immune system and promoting
health and productivity in ruminants (Celi et al., 2017). The
perturbation of this commensal microbiota can result in GIT
disorders such as rumen acidosis, bloat, nutrient toxicity, and
diarrhea. These health problems, which represent major welfare
and economic concerns in the current intensive production
systems, have been conventionally addressed through the “one-
pathogen one-disease” approach. However, there is increasing
evidence showing the importance of symbiotic microbiomes as
major players modulating and minimizing the incidence of these
GIT disorders as well as mastitis and respiratory disease (Mao
et al., 2015). Although in its infancy, microbial endocrinology
studies the ability of microorganisms to produce and respond
to neurochemicals that originate either within the microbes
or within the host they inhabit. This crosstalk between the
microbes and their host gives new insights into the ways the
GIT microbiota can affect host stress, metabolic efficiency, or
resistance to disease. This approach could potentially translate
into new management practices such as feeding diets with low
levels of neurochemical precursors (e.g., tyrosine) to minimize
stress and aggressiveness (Lyte et al., 2018).

Within this Research Topic, Wang Y. et al., compared the
microbial populations from feces in healthy and diarrheic kids
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as well as in healthy adult goats. Using 16S rRNA sequencing,
this study showed that healthy kids and adult goats share a
similar rumen bacterial composition, whereas diarrheic kids
had a significantly different rumen microbiota. This observation
suggests that the higher susceptibility of the kids to diarrhea,
in comparison to adult animals, is not associated with the
initial composition of their GIT microbiota and is more likely
to be caused by other factors. However, when diarrhea is
established, for whatever reason, it exacerbates the intestinal
microbiota promoting a decrease in the species richness and
diversity. This study also identified several bacterial species
which can be considered as indicators of a healthy intestinal
microbiota providing theoretical basis for the prevention and
treatment diarrhea.

The study of Zhong et al., is the first of its kind to investigated
the link between rumen microbiota and the milk Somatic Cells
Counts (SCC) as an indicator of mastitis and inflammatory
disease in cows. After studying the rumen microbiome in SCC
divergent cows, it was observed that the cows with high SCC
(3,107,610 cells/ml), in comparison to those with low SSC (71,460
cells/ml), showed poorer milk yield, milk composition, and
lower rumen VFA concentration, but also higher rumen bacterial
diversity and increased numbers of phyla SR1, Actinobacteria,
Clostridiales, and Butyrivibrio. This observation suggest that
rumenmicrobial composition is linked, to some extent, to udders
health as well as it has been correlated to milk yield (Shabat et al.,
2016) and feed efficiency as described below. However, special
caution should be taken about inferring causality since deficient
management or hygiene practices (which led to health issues)
and a poor nutrition (linked with rumen microbiota) are often
associated in on farm conditions.

The effect of aging on the relation between gut microbiota
and health has been studied in humans but little attention has
been paid to it in livestock animals. The study of Zhang et al.,
is one of the first to explore the impact of aging in a large
number of dairy cows across various farms. It was reported
that old cows (>5 lactations), in comparison to medium-aged
(3 lactations) and young cows (primiparous), suffered from
long-term and low-level chronic inflammation as indicated
by increased levels of inflammatory cytokines IL-10, TNF-α,
TGF-β, and SCC, as well as a lower milk yield. This aging
process decreased the abundance of beneficial bacteria such
as Bacteroidaceae, Eubacterium, and Bifidobacterium in feces,
as well as the metabolic functions related to carbohydrate
and lipid metabolism. These observations open the possibility
of programming the cows’ longevity by manipulating the gut
microbiota in early life. However, to successfully achieve this
goal, a more holistic on farm approach should be considered
including improvements in housing, nutrition, milking practices,
herd management, genetic selection for longevity, and health
programs (Essl, 1998) to discard potential associative effects as
described before.

DIET COMPOSITION

Diet composition and feed intake are some of the main
drivers which determine not only the GIT microbiota but
also productive outcomes in ruminants. Wang L. et al., after

conducting a metagenomic analysis of the rumen microbiota
in cows showed that high-forage diets, in comparison to those
fed high-concentrate diets, promoted higher bacterial diversity
and abundance of Bacteroides, Fibrobacter, and Ruminococcus.
These microbes were also identified as the key contributors to
the carbohydrate-active enzymes (CAZymes), such as cellulase
enzymes, which allowed a more efficient degradation of plant cell
wall polysaccharides in the rumen. Using a similar metagenomics
analysis, Shen et al., reported that dairy goats fed high levels
of rumen degradable starch, in comparison to low, had higher
ruminal abundance of genes encoding for microbial amylases
leading to higher propionate concentration. Feeding degradable
starch also promoted lower levels of genes encoding for enzymes
involved in cellulose degradation and starch branching which
were mostly present in Prevotellaceae, Ruminococcaceae, and
Bacteroidaceae. These two experiments highlighted the great
differences in the rumen microbiota and its function according
to the availability of fermentable carbohydrates.

In this sense, the sudden increase in the availability
of highly fermentable carbohydrates when ruminants enter
into a feedlot system represents a challenge for their GIT
microbiota, which needs to be adjusted. Pinto et al., showed
that Nellore bulls previously exposed to concentrate for at least
2 weeks, in comparison to those fed hay alone or restricted
amounts of hay, seem to adapt better to high concentrate
finishing diets leading to higher DM intake, propionate molar
proportion and lower bacterial diversity, phenomena that have
previously been associated with higher feed efficiency (Shabat
et al., 2016). The opposite dietary shift from a concentrate-
rich to a grazing diet was studied by Belanche et al., in
sheep including a detailed multi-kingdom characterization of
the rumen microbiota. This microbial adaptation to grazing
conditions required an increase in the microbial concentration
(bacteria, methanogens, and protozoa), diversity (bacteria,
methanogens, and fungi), microbial network complexity, and
abundance of key microbes involved in cellulolysis, proteolysis,
lactate production, and methylotrophic archaea. This multi-
factorial microbial adaptation indicated that pasture degradation
is a complex process which requires a diverse consortium of
microbes working together.

Beyond the type of carbohydrates, Li Z. et al., revealed that the
level of nitrogen supplementation also has a modulatory effect on
the rumen bacteria present in the solid, liquid, and epithelium-
associated fractions. Authors noted that urea supplementation
increased the ruminal concentrations of ammonia and butyrate
in detriment of propionate concentration. Moreover, the greatest
differences were observed among the three bacterial fractions
(liquid, solid, and epithelium-associated microbiota), with the
epithelium-associated microbial communities being the most
reactive to urea supplementation due to their taxonomic
and functional peculiarities for regulating urea recycling via
ruminal epithelium.

FEED ADDITIVES

Novel and cost-effective strategies must be explored to modulate
the rumen microbial fermentation since antibiotics are being
phased out as growth promoters in livestock production. In
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recent years, the exploration of bioactive phytochemicals as
natural feed additives and probiotics has gained interest to
favorably modify the rumen fermentation (Patra and Saxena,
2009). Nevertheless, the effectiveness of these feed additives is
highly variable depending upon the nature of the compound, its
concentration in the plant, the basal diet consumed by the animal
and the potential adaptability of the rumen microbiota.

Petri et al., explored the dietary supplementation with
autolyzed yeast (Saccharomyces cerevisiae) or with phytogenics
(a blend of spices, herbs, and essential oils) as a way to prevent
subacute rumen acidosis in dairy cows. These authors noted
that the addition of phytochemicals tended to impact the rumen
epithelial microbiota, whereas autolyzed yeast tended to impact
gene expression in the rumen epithelium. This study indicated
that a better understanding of the relationships between the
rumen epithelial microbiota, the diet and the production of
biogenic amines and endotoxins is necessary to develop future
strategies to prevent rumen acidosis.

Hu et al., conducted a sophisticated experiment in which
yaks under a growth-retardation situation were fed the same
basal diet alone or supplemented with either cysteamine
hydrochloride or active dry yeast. Both feed additives showed
positive effects on the rumen function such as upregulation
of genes related with VFA absorption and compensatory
growth as a result of greater nutrient intake or feed efficiency.
Authors showed that the abundance of certain beneficial bacteria
such as Fibrobacter, Treponema, Butyrivibrio, or Prevotella
was positively associated with the tight junction function
suggesting that regulating these bacteria may improve ruminal
epithelial barriers in cattle fed concentrate rich diets. This
holistic methodological approach highlighted the importance
of the epithelial barrier for ruminal and overall health and
productivity, which is detrimentally affected by various factors
including acidosis and feed restriction in cows (Aschenbach et al.,
2019).

Wang B. et al., also proposed a refined experimental setup
including the use of amplicon sequencing and ultrahigh-
performance liquid chromatography coupled to quadrupole
time-of-flight mass spectrometry to describe the effect of diet
supplementation with tea saponins on the rumen microbiome
and metabolome in young cattle. These authors showed that tea
saponins have the ability to modulate the ruminal microbiota and
metabolites, despite having little impact on rumen fermentation.
Interestingly, this study showed that the response was diet-
dependent, having greater effects with soybean hulls compared to
alfalfa hay diets, indicating that tea saponins cannot be consider a
“one-fits-all” solution across diets. Similarly, Patra et al., explored
the diet supplementation withmenthol-rich plant bioactive lipids
in a dose-response experiment to improve the rumen function in
growing lambs. This nutritional intervention led to an increase
in the diversity in the solid-associated bacterial community, a
reduction of certain methanogen species and a small shift in
the metabolic correlation networks, but it had no effect on the
rumen fermentation pattern. As a result, authors hypothesized
that stable rumen fermentation is maintained during minor
microbial alterations as a result of the metabolic redundancy of
the rumen ecosystem.

FEED EFFICIENCY

The rumen microbiome is tightly linked to the ruminant’s
ability to extract energy from feeds, termed feed efficiency.
Previous publications (Shabat et al., 2016) suggested that
lower rumen bacterial richness and CH4 emissions, along with
higher propionate molar proportion and specific enrichment of
microbes (e.g., Megasphaera and Lachnosiraceae) and metabolic
routes (i.e., acrylate pathway) are distinctive aspects of feed
efficient dairy cows. In the present Research Topic, Lopes
et al., investigated the bacterial and fungal microbiota of the
rumen (liquid and solid fractions), small intestine, caecum
and feces in Nellore steers with divergent feed efficiency. This
study concluded that fecal sampling can represent a non-
invasive strategy to link the bovine microbiota with productivity
phenotypes such as feed efficiency.

Using a metagenomics approach Auffret et al., provided
more depth in the description of the ruminal mechanisms
which determine the feed efficiency in beef cattle fed high
concentrate diets. This study revealed that microbial species
(e.g., Eubacterium) carrying genes involved in the feed adhesion,
biofilm formation, and butyrate and propionate production
in the rumen seem to be important mechanisms explaining
significant differences in feed efficiency among animals. On the
contrary, microbial mechanisms associated with low efficient
animals involved the presence of potential pathogens (e.g.,
Proteobacteria and Spirochaetales) or production of acetate and
inhibitors of the host immune system (e.g., sialic acid). These
findings provide some insights to better understand the crosstalk
between the microbiota and the host-animal through the rumen
epithelium in order to improve feed efficiency.

Ahmad et al., used bacterial sequencing coupled with a
transcriptomics analysis of the rumen epithelium to investigate
the effect of the diet on the host-microbiota crosstalk and
feed efficiency in yaks. Authors indicated that the increase in
dietary energy level promotes a concomitant increase in the
abundance of Firmicutes and Bacteroidetes, the accumulation
of fermentation products and the overexpression of VFA
transporter genes in the rumen epithelium leading to higher feed
efficiency than those animals fed lower energy levels. McDermott
et al., provided more arguments to describe the multi-factorial
nature of the feed efficiency concept by using an in vitro model.
After mixing rumen fluids divergent in terms of in vitro DM
digestibility, authors concluded that removal of host control
alone in the in vitro model is not sufficient to allow successful
and consistent changes in the rumen microbiota and its activity
after cross inoculation. So, it seems that along with host factors,
there are individual factors within each community that prevent
other microbes from establishing given the high resilience of the
rumen microbial ecosystem (Weimer, 2015).

RUMEN METHANOGENESIS

Enteric CH4 production represents a social and environmental
concern as well as an energy loss for the ruminant; therefore the
development of CH4 mitigation strategies has become a research
priority in ruminant nutrition (Patra et al., 2017). Using an
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in vitro batch culture model, Wang K. et al., investigated the
shifts of hydrogenmetabolism during the rumenmethanogenesis
in response to changes in the diet. These authors noted that
the replacement of forage fiber with non-forage fiber in the
diet promoted a substitution of Firmicutes by Bacteroidetes and
of Methanobrevibacter by Methanomassiliicoccus resulting in a
shift in the hydrogen flow toward propionate production which
could favor productive outcomes. Using the rumen simulation
semi-continuous culture technique, Eger et al., explored the use
of MootralTM, consisting of a combination of organosulphur
compounds from garlic and flavonoids from bitter orange.
This strategy effectively reduced CH4 production through the
inhibition of Methanobrevibacter spp. and Methanobrevibacter
thaueri SGMT clade, without impairing rumen fermentation or
the bacterial community. Whereas, Granja-Salcedo et al., studied
the long-term effects (13 months) of diet supplementation
with encapsulated nitrate in grazing beef cattle. This latter
study demonstrated that encapsulated nitrate decreased the
abundance of Methanobrevibacter in the rumen, promoted
fumarate-reducers and lactate-producers and decreased acetate
molar proportion. This decrease in the acetate percentage may
rely on an indirect effect derived from the nitrate toxicity on
methanogens which shifted hydrogen flow toward more reduced
VFA such as propionate and butyrate. Most interestingly, nitrate
supplementation persistently decreased CH4 emissions (−39%)
and increased animal growth (+6%) suggesting lower energy loss
from rumen methanogenesis.

Lactic acid bacteria (LAB) have been successfully used to
decrease diarrhea and to improve ruminal development and
feed efficiency in young ruminants (Signorini et al., 2012).
The use of LAB (predominantly Lactobacillus) in adult animals
also seems to have some positive effects on animal health,
performance and decreasing rumen methanogenesis (Jeyanathan
et al., 2014), but results are highly variable. Doyle et al.,
conducted a Critical Review on the use of LAB to reduce CH4

production in ruminants. Based on the available studies, most
of them in vitro, it was concluded that LAB can reduce CH4

production, with this effect being strain-dependent. However, it
could not be elucidated whether LAB or their metabolites affect
the methanogens themselves, or indirectly through changes in
the other rumen microbes that produce the substrates necessary
for methanogenesis. As a result, authors could not provide
a conclusive recommendation on the use of LAB for adult
ruminants in on-farm conditions.

Ungerfeld launched a Hypothesis Theory integrating the most
recent discoveries to better understand the metabolic hydrogen
flows that occur during rumen fermentation. This author
suggested that the combination of inhibitors of methanogenesis
with adequate additives along with substrates which act as
hydrogen acceptors can be an effective approach to decrease
CH4 production and simultaneously redirectmetabolic hydrogen
toward fermentation end products with a nutritional value for the
host animal.

Martínez-Álvaro et al., used respiration chambers to measure
CH4 emissions in 72 steers and investigated the rumen
microbiological differences among the extreme animals, which
were classified as high- or low-CH4 emitters (based on kg

CH4/kg DMI). These authors proposed a novel approach based
on metagenomics and co-occurrence network analyses of the
rumen microbes and their genes to predict the functional niches.
Authors noted that differences in rumen CH4 emissions are
mostly driven by non-methanogenic microbial communities
(e.g., diversity and abundances of Fibrobacter, Butyrivibrio,
Pseudobutyrivibrio), their activities (e.g., carbohydrate and
amino-acids degradation), and fermentation products (e.g.,
butyrate and formate), rather than being solely methanogens-
driven. These findings confirm previous hypothesis on the
multi-factorial nature of rumen methanogenesis and represent
a step change in our understanding for future genetic
selection programs.

RUMEN PROTOZOA

Rumen protozoa are inhabitants but not essential denizens in
the rumen ecosystem as their elimination from the rumen has
been proposed as a strategy to increase the nutrient flow to
the small intestine and to decrease rumen ammonia production
and methanogenesis (Newbold et al., 2015). In this sense, Dai
and Faciola conducted a meta-analysis including 66 publications
about the different strategies to reduce rumen protozoa. These
authors indicated that supplemental phytochemicals such as
saponins, tannins, and medium chain fatty acids can be effective
in reducing CH4 production but only if the rumen protozoa
numbers reached values below 7 Log10 cells/ml. However, some
of these nutritional strategies had relevant drawbacks such as
reducing feed digestibility (e.g., with tannins) or the rumen
microbial adaptation to the additive (e.g., saponins) which can
limit the persistency of the effects over long periods. As a
result, future studies should focus on the identification of the
active molecules, doses and dietary interactions with these feed
additives to increase their effectiveness.

Park et al., proposed a novel strategy to inhibit rumen
protozoal growth and activity based on the specific inhibition
of their lysozyme and peptidases. Authors noted that a
lysozyme inhibitor reduced rumen protozoal numbers and feed
digestibility in vitro. On the contrary, peptidase inhibitors shifted
the protozoal community and fermentation profiles without
adverse effects on feed digestion or fermentation. Furthermore,
they found that cysteine peptidase inhibitors were more effective
than serine peptidase inhibitors at lowering ammonia production
by rumen protozoa. These findings open new possibilities to
improve nitrogen utilization by ruminants.

TECHNOLOGICAL ADVANCES TO

UNDERSTAND THE RUMEN MICROBIOME

The onset of next generation sequencing has represents
an opportunity to better describe the rumen microbiome
and to infer its function. Although these studies are of
great value, interpretation of the results generated across
studies remains a challenge due to differences with respect
to DNA extraction, primers, downstream computational
analyses, and databases used as reference. López-García
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et al., conducted one of the few studies which compared the
performance and robustness of two of the most common
software (QIIME vs. Mothur) and databases (GreenGenes
vs. SILVA) used in meta-taxonomic studies of the rumen
microbiome. This study provides practical recommendations
to future users and clearly indicated that further advances in
computational tools and culturomics are needed to improve
the completeness of the rumen databases. These advances will
allow to better assess microbial taxonomy and to infer their
metabolic functions.

CONCLUSIONS

This compendium of articles provides newer concepts and
understanding of nutritional interventions such as early-life
nutritional strategies, diet composition, host genetics, and natural
feed additives to modulate ruminal metabolic functions and
microbial community, particularly methanogens, protozoa and
cellulolytic bacteria, which could improve feed efficiency as well
as ruminal and overall host health. Improved understanding of
the alterations the GIT microbiota during metabolic disorders
(e.g., rumen acidosis, diarrhea, mastitis) and stressful conditions
(e.g., weaning or lactation peak) are needed to manage the
host-microbiome interactions. This compendium of articles also
highlights that the rumen microbial ecosystem has a great
plasticity to adapt to multiple nutritional interventions, however
thismicrobial community composition changes in a greater order

of magnitude than the digestion and rumen fermentation does,
evidencing functional redundancy among microbial species.
Overall, this collection of articles provides a profound overview
on the state of the art of the nutritional and rumen manipulation
strategies studied in recent years in order to improve productivity
and health as well as to minimize the environmental impact
of the ruminant production. We are delighted to present this
Research Topic and hope that it will promote further research
in this area of gut microbiome linked to production and health
of ruminants.
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The reduction of methane emissions by ruminants is a highly desirable goal to mitigate
greenhouse gas emissions. Various feed additives have already been tested for their
ability to decrease methane production; however, practical use is often limited due to
negative effects on rumen fermentation or high costs. Organosulphur compounds from
garlic (Allium sativum) and flavonoids have been identified as promising plant-derived
compounds which are able to reduce methane production. Here, we evaluated the
effects of a combination of garlic powder and bitter orange (Citrus aurantium) extracts,
Mootral, on ruminal methane production, ruminal fermentation and the community of
methanogenic Archaea by using the rumen simulation technique as ex vivo model.
The experiment consisted of an equilibration period of 7 days, an experimental period
of 8 days and a withdrawal period of 4 days. During the experimental period three
fermenters each were either treated as controls (CON), received a low dose of Mootral
(LD), a high dose of Mootral (HD), or monensin (MON) as positive control. Application
of Mootral strongly reduced the proportion of methane in the fermentation gas and
the production rate of methane. Moreover, the experimental mixture induced a dose-
dependent increase in the production rate of short chain fatty acids and in the molar
proportion of butyrate. Some effects persisted during the withdrawal period. Both, single
strand conformation polymorphism and Illumina MiSeq 16S rRNA amplicon sequencing
indicated an archaeal community distinct from CON and MON samples in the LD
and HD samples. Among archaeal families the percentage of Methanobacteriaceae
was reduced during application of both doses of Mootral. Moreover, several significant
differences were observed on OTU level among treatment groups and after withdrawal
of the additives for LD and HD group. At day 14, 4 OTUs were positively correlated with
methane production. In conclusion this mixture of garlic and citrus compounds appears
to effectively reduce methane production by alteration of the archaeal community
without exhibiting negative side effects on rumen fermentation.

Keywords: Illumina, methanogens, RUSITEC, garlic, citrus, organosulphur, polyphenols

Abbreviations: CON, control group; EP, experimental phase; HD, high dose Mootral group; LD, low dose Mootral group;
MON, Monensin group; NMDS, non-metric dimensional scaling; OM, organic matter; OTU, operational taxonomic unit;
Rusitec, rumen simulation technique; SCFA, short chain fatty acid; SSCP, single strand conformation polymorphism; WP,
withdrawal phase.
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INTRODUCTION

Livestock emissions are responsible for about 15% of all global
greenhouse gas emissions and are the third largest contributor
of greenhouse gasses after energy and industry (Gerber et al.,
2013). Beef and dairy cattle are the major contributors to enteric
methane production from livestock species (EPA, 2017). As the
production of methane in the rumen can represent a loss of up to
12% of the digestible energy (Johnson and Johnson, 1995), it is of
great interest to reduce methane production in cattle or ruminant
husbandry in general. Research on feed supplementation is
currently being intensively pursued with a view to improving
energy utilization in ruminants and mitigating the production of
methane by these animals.

Ruminal methane production is performed by methanogens, a
sub group of the Archaea which are characterized by their ability
to produce methane as the end product of the metabolism of
hydrogen, carbon dioxide or formate released during bacterial
degradation of the feed. The removal of hydrogen from
the rumen during methanogenesis facilitates the optimum
performance of the bacteria involved in the fermentation as it
supports the complete oxidation of substrates which would not
be possible if the hydrogen was not removed (reviewed by Bodas
et al., 2012). Moreover, there are some methanogens that can use
methanol and methylamines to produce methane (Patterson and
Hespell, 1979).

Manipulation of the rumen microbiome using dietary
interventions, e.g., modulation of the diet composition or
application of natural or chemical feed additives, to reduce
methane production and increase productivity has been shown
to be effective (Denman et al., 2007; Lettat et al., 2013; Belanche
et al., 2016), although has yet not been implemented significantly
in the agricultural sector due to certain limitations like microbial
adaptation, practicability, residues, costs or negative effects on
feed intake, feed degradability and productivity (Kumar et al.,
2014). Dietary interventions using natural products have long
attracted attention as potential agents in the mitigation of
methane production (Chaves et al., 2008; Khiaosa-Ard et al.,
2015; Belanche et al., 2016) and have been demonstrated to be
attractive alternatives to synthetic chemicals in animal health.

Biological responses to the organosulphur compounds from
garlic include well documented antimicrobial properties (Ankri
and Mirelman, 1999) and hence garlic extracts and several of
its compounds have been researched extensively to modify the
rumen microbiome, but to date have been reported to exhibit
variable methane reducing capacity in ruminants in in vitro and
in vivo studies (Busquet et al., 2005b; Chaves et al., 2008; Patra
et al., 2011; Ma et al., 2016). Soliva et al. (2011) demonstrate
a nearly complete inhibition of methanogenesis using a garlic
oil distillate without impacting OM degradation in a Rusitec
experiment. Busquet et al. (2005a) postulated that garlic extracts
affect ruminal Archaea directly, and this hypothesis is supported
by subsequent studies, e.g., observing effects of garlic oil on the
diversity of methanogenic archaea in sheep rumen (Ohene-Adjei
et al., 2008). However, the stability of organosulphur compounds
from garlic in liquid formulations is limited (Yoo et al., 2014) and
impairs its practical usage.

Another group of plant derived compounds which have
potential for dietary use to reduce methane emissions are
flavonoids. Flavonoids are a large group of polyphenolic
compounds which have been long used in human medicine
for their anti-inflammatory, antioxidant and antimicrobial
properties (reviewed by Kumar and Pandey, 2013). Dietary
addition of plant extracts high in flavonoids and other
polyphenols, e.g., from citrus fruits, may reduce susceptibility of
cattle to rumen acidosis by promoting certain rumen bacteria and
thereby stabilizing ruminal fermentation (Balcells et al., 2012).
Moreover, flavonoids suppress methane production and exhibit
a direct effect on rumen methanogens and protozoa (Oskoueian
et al., 2013). The antioxidative activity of flavonoid containing
plant extracts supports the prevention of lipid peroxidation in
lactating dairy cattle (Gobert et al., 2009).

Considering the impacts of garlic extracts and flavonoids on
reducing rumen methanogenesis, we postulated that combining
the organosulphur compounds from garlic with the polyphenols
contained in citrus, would lead to a persistent change in
the rumen archaeal microbiome resulting in the reduction of
methanogenesis. To overcome the limitations of garlic oil we
used a commercial mixture of dried garlic and citrus extract.
We analyzed the effects of this mixture on methane production,
ruminal fermentation and the archaeal community using the
Rusitec. Monensin was used as a positive control, as it is known
to alter rumen methanogenesis by selecting for Gram-negative
bacteria in the rumen resulting in a reduction in methanogenesis
and an increase in propionate production (Russell and Strobel,
1989).

MATERIALS AND METHODS

Ethics Statement
All procedures involving animals were carried out in accordance
with the German Legislation for Animal Welfare. The fistulation
of donor cows was approved in 2013 according to the regulations
in force at the time by the Lower Saxony State Office for
Consumer Protection and Food Safety (33.42502-05-07A480).

Plant Material
The garlic (Allium sativum) components for the experiments
were developed from commercial powder (SinoBNP, Qingdao,
China). The powder was standardized to contain 1.5% (w/w)
Allicin (S-Prop-2-en-1-yl prop-2-ene-1-sulfinothioate). Allicin
concentrations were analyzed by HPLC (Agilent Technologies
1100 Series, Wokingham, United Kingdom) using a C18
(250 mm × 4.6 mm, 5 µm) column with a flow rate of
1 mL/min with the mobile phase being 50:50 HPLC grade
methanol and water and UV detection at 210 nm. The
sample diluent was HPLC water. The citrus components for
the experiments were developed from commercially available
extracts (Khush Ingredients, Oxford, United Kingdom) of bitter
orange (Citrus aurantium). The total polyphenol content of
the citrus extract was standardized to 45% (w/w) by the
Folin-Ciocalteau Method (Kaur and Kapoor, 2002). Flavonoid
concentrations were analyzed by HPLC (Agilent Technologies
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1100 Series, Wokingham, United Kingdom) using a C18
(250 mm × 4.6 mm, 5 µm) column with a flow rate of
1 mL/min with the mobile phase being a gradient of HPLC
grade methanol and water and UV detection at 340 nm. The
sample diluent was 80% DMSO (Sigma-Aldrich Ltd., Dorset,
United Kingdom). Standards used were Naringin, Naringenin,
Neohesperidin, Rhoifolin, and Neoeriocitrin (Sigma-Aldrich
Ltd., Dorset, United Kingdom). For Mootral, the material
was premixed at a ratio of nine parts garlic powder to
one part citrus powder and subsequently added to the feed
material.

Rumen Simulation Technique (Rusitec)
Experiment
The experiment was divided into three distinct phases: an
equilibration phase of 7 days to allow the Rusitec system to
stabilize, an EP of 7 days and a WP of 4 days to consider any long
term effects of the rumen modifiers being investigated. Twelve
fermentation vessels were used simultaneously. Three vessels
each were designated as controls (CON, vessels A, F, L), received
a 1 g dose of the experimental mixture (LD, vessels B, G, K), a
2 g dose of experimental mixture (HD, vessels C, E, I) or a dose
of 4.1 mg Monensin (MON, vessels D, H, J). All treatments were
administered once daily in the experimental period together with
the feed material. In the WP, no further additions of modifiers
were made.

For the start of the Rusitec experiment, rumen contents
were collected in the morning (about 3 h after feeding) from
two ruminal fistulated German Holstein Cows (age: 6 years).
Solid content was separated from the liquid by gauze-filtration.
Rumen contents from both cows were mixed and maintained
at 39◦C throughout the preparation. The Rusitec experiment
was carried out as described by Czerkawski and Breckenridge
(1977). The daily substrate consisted of 7 g hay, cut into
pieces of 1.5–2 cm in length, and 3 g concentrate (Deuka
Schaffutter, Deutsche Tiernahrung Cremer, Düsseldorf). Crude
nutrients of the feed are presented in Supplementary Table S1.
Starting the experiment, one nylon bag (11.5 cm × 6.5 cm,
pore size 150 µm) was filled with 70 g of the solid phase
of the rumen content and a second nylon bag with the
substrate. Both nylon bags were placed into the inner vessel
of the fermentation vessel, the liquid phase of the rumen
content was poured into the outer vessel. The inner vessel
was continuously moved up and down by an electric motor
(6 times/min). After 24 h, the nylon bag containing the solid
phase was replaced by a substrate-filled one. The nylon bags
were replaced alternately with a new substrate bag every 24 h,
such that the retention time for each nylon bag was 48 h.
The fermentation vessel was continuously infused with a buffer
solution (Supplementary Table S2) to achieve a liquid turnover
of once per day (dilution rate 4.2%/h). The effluent was collected
in conical flasks kept on ice and the fermentation gas was
collected in gas bags (Plastigas, Linde AG, Munich, Germany).
After the daily exchange of the substrate bag and sampling,
the collections flasks were flushed with nitrogen to maintain
anaerobic conditions.

Sampling and Sample Analysis
Adequate environmental conditions for microbial survival and
the anaerobic status of the system were ensured by daily
measurements of pH values and redox potentials during
the whole experiment. During EP and WP effluent samples
were collected daily for the analysis of NH3-N and SCFA
concentrations and stored at −20◦C until further analysis. NH3-
N concentrations were determined photometrically at 546 nm
in a spectrometer (DU 640, Beckman Coulter GmbH, Krefeld,
Germany) as described by Riede et al. (2013). Analysis of
SCFA concentrations was performed by gas chromatography as
described previously (Koch et al., 2006). Production rates of
SCFA were calculated by multiplying SCFA concentration with
daily effluent volume. Substrate residues were collected and dried
at 65◦C for 48 h. In order to determine the degradation of
OM, dry matter was incinerated in a muffle furnace at 600◦C
for 24 h. Gas volume was determined using a drum type meter
(Ritter Apparatebau, Bochum, Germany). Gas samples were
collected in glass collection tubes and analyzed for percentages
of CH4 and CO2 with a gas chromatograph (GC 2014, Shimadzu
Europa GmbH, Duisburg, Germany) at the Institute of Sanitary
Engineering and Waste Management, University of Hanover
(Hanover, Germany) using a thermal conductivity detector, a
glass column filled with Porapak Q (Sigma-Aldrich GmbH)
and He as carrier gas. Free hydrogen was not measured. CO2
and CH4 production was calculated by multiplying CO2 and
CH4 percentages with total gas volume corrected for standard
conditions (0◦C; 1013 hPa). Hydrogen production was calculated
using the formula by Wang et al. (2014) derived from the
equations from Demeyer (1991):

NetH2(mM) = 2(acetate + n-butyrate + iso− butyrate)

− (propionate + iso− valerate + valerate).

DNA Isolation
On days 14 and 18, respectively, 30 ml of liquid was removed
from each of the 12 fermentation vessels. Samples were
centrifuged once at 2000× g, 5 min, 4◦C to remove feed particles.
The effluent was then centrifuged at 27000 × g, 20 min, 4◦C,
and the effluent was discarded while the remaining pellets was
washed three times using sterile 0.9% NaCl solution (27000 × g,
20 min, 4◦C). The samples were frozen in liquid nitrogen and
stored at −80◦C until DNA isolation. DNA isolation was carried
out as described by Meibaum et al. (2012), with the extraction
of genomic DNA optimized with an additional purification step
using the peqGold Tissue DNA Kit (VWR International GmbH,
Darmstadt, Germany). Quantity and purity of genomic DNA was
measured using the Nanodrop One Spectrophotometer.

Single Strand Conformation
Polymorphism
The SSCP analysis was used for detecting effects of the
experimental mixture and Monensin on the population of
Archaea. The SSCP procedure followed the protocol by Meibaum
et al. (2012). Briefly, the first PCR was used for amplification
of 16S rRNA gene fragments of Archaea by using the primer

Frontiers in Microbiology | www.frontiersin.org 3 September 2018 | Volume 9 | Article 209415

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-02094 September 1, 2018 Time: 10:23 # 4

Eger et al. Modulating Archaeal Community and Methane Production

pair A109f [AC(G/T) GCT CAG TAA CAC GT] (Großkopf
et al., 1998) and A934b reverse (GTG CTC CCC CGC CAA
TTC CT) (Stahl and Amann, 1991). The total reaction volume
was 25 µl with a final concentration of 1x PCR buffer with
2.5 U/µl HotStar HiFidelity DNA polymerase (Qiagen, Hilden,
Germany) and 25 ng template DNA. The PCR consisted of an
initial denaturation of 15 min at 95◦C followed by 30 cycles of
denaturation at 94◦C for 60 s, annealing at 52◦C for 60 s and
elongation at 72◦C for 70 s. The final elongation was performed at
72◦C for 5 min. For the nested PCR, the primers Com1m forward
[CAG C(A/C)G CCG CGG TAA (C/T)AC] and Com 2m-Ph
reverse (CCG CCA ATT CCT TTA AGT TT) (Boguhn et al.,
2010) were used. Reverse primers were phosphorylated at 5′ end
for further single strand digestion. The second PCR was carried
out with the following conditions: initial denaturation 15 min at
95◦C, 25 cycles of denaturation at 94◦C for 45 s, annealing at 56◦C
for 45 s, elongation at 72◦C for 60 s, final elongation at 72◦C for
5 min. Gel electrophoresis of single strand DNA was carried out
at 20◦C and 300 V for 22.5 h. Polyacrylamide (0.625%) SSCP gels
were air dried and scanned (ScanMaker i800; Mikrotek, Willich,
Germany).

Statistical Analysis
Statistical analysis of biochemical parameters was performed
using Graph Pad Prism 7.02 (Graph Pad Software, San Diego,
CA, United States). For statistical analysis, the last day of EP
(day 14) and CP (day 18) were compared. Due to missing
values day 17 was used instead of day 18 for the degradation
of OM. Data were assessed for normal distribution of residuals
by applying the Kolmogorov–Smirnov test. Two-way ANOVA
for repeated measurements was applied to detect effects of
Time, Treatment, or interactions of Time × Treatment. In case
of significant interaction, Sidak post-test was used to identify
significant differences among treatments within time-points and
between time-points within treatment. In case of significant
effects of treatment without interaction, Sidak post-test was
applied to detect differences among treatments for both time-
points. Significance levels were set at P < 0.05 (∗), P < 0.01 (∗∗),
P < 0.001 (∗∗∗). Tendencies were defined as P < 0.1 (t).

Results of the SSCP analysis are depicted as NMDS-plots and
cluster analysis with dendrograms based on similarity matrices
calculated using the Pearson product-moment correlation
coefficient. The clustering algorithm UPGMA (Unweighted
Pair Group Method Using Arithmetic Mean) was used.
A non-parametric multivariate analysis of variance suitable for
statistical analysis of non-normal and discontinuous data was
carried out using dissimilarity matrices as described previously
(Anderson, 2001). Calculations were conducted using the
software PERMANOVA. Differences between treatments were
regarded as significant at P < 0.05 (Anderson and Robinson,
2003).

16S DNA Illumina Sequencing and Data
Analysis
For sequencing of the hypervariable regions V3/4 of the archaeal
16S rRNA gene, two-step PCR libraries were created using the

primer pair Arch349F (5′- GYG CAS CAG KCG MGA AW-3′)
and Arch806R (5′- GGA CTA CVS GGG TAT CTA AT-3′) (Takai
and Horikoshi, 2000). The Illumina MiSeq platform and a v2
500 cycles kit were used to sequence the PCR amplicon libraries.
The produced paired-end reads which passed Illumina’s chastity
filter were subject to de-multiplexing and trimming of Illumina
adaptor residuals using Illumina’s real time analysis software
(no further refinement or selection). The quality of the reads
was checked with the software FastQC version 0.11.5. The locus
specific adaptors were trimmed from the sequencing reads with
the software cutadapt v1.14. Paired-end reads were discarded
if the adaptor could not be trimmed. Trimmed forward and
reverse reads of the paired-end reads were merged using the
software USEARCH version v10.0.240. Merged sequences were
then quality filtered allowing a maximum of one expected error
per merged read and by discarding those containing ambiguous
bases. The remaining reads were grouped into OTUs by the
“denoising” algorithm implemented in USEARCH (Edgar, 2016),
discarding singletons and chimeras in the process. OTUs with an
abundance of less than 0.001 of the filtered read amount of all
samples were discarded. The remaining OTUs were then aligned
against the reference sequences of the Silva v123 database and
taxonomies were predicted considering a minimum confidence
threshold of 0.7 by the USEARCH “sintax” algorithm. Alpha
and beta diversity calculations and the rarefaction analysis were
performed with the software phyloseq v1.16.2. Intra community
diversity was estimated using the Richness (Observed), Chao1
and Shannon indices. Inter community diversity was estimated
using the unifrac distance measure. Differential OTU analysis
on normalized abundance counts contrasting the different
experimental groups was performed with the software DESeq2
v1.12.4. Libraries, sequencing and data analysis were performed
by Microsynth AG (Balgach, Switzerland). Intra community
diversity and relative abundances were compared using One-
way ANOVA and relationships between normalized abundance
of archaeal OTUs and methane production were analyzed
using Spearman correlation in Graph Pad Prism. For further
taxonomic classification the 15 most abundant OTUs (relative
abundance ≥ 1%) were additionally compared to the 16S
sequence data base of the JGI Integrated Microbial Genomes and
Microbiomes (IMG/M) portal1 using the integrated BLAST tool.

Accession Number
Illumina MiSeq sequencing data are available in BioProject SRA
database under the accession number PRJNA472698.

RESULTS

Effect of the Experimental Mixture on
Bacterial Fermentation
The experimental treatment affected several biochemical
parameters of rumen fermentation (Table 1). The pH was
slightly lower in LD and HD group compared to MON group
particularly at day 14 (P < 0.01). However, neither the fermenters

1https://img.jgi.doe.gov
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treated with the experimental compound, nor with Monensin
differed in pH compared with the CON fermenters and all values
were within the physiological range. Furthermore, the redox
potential was more negative in HD14 compared to MON14
(P < 0.01). The concentration of NH3-N tended to be affected
by Interaction of Time × Treatment with numerically highest
values in HD14 samples. The total daily production rate of
SCFAs was increased in HD group compared with CON group
and MON group (at least P < 0.01) and was higher in LD group
compared with the MON group throughout the experiment
(P < 0.01), with slightly lower levels in the WP. The individual
SCFA were affected by the treatment to differing extents resulting
in alterations in the composition of the SCFA mixture. Both, LD
and HD treatment had no impact on the molar proportion of
acetate, however, HD treatment slightly decreased the percentage
of propionate compared with CON (P < 0.05). Furthermore,
the HD treatment resulted in an increase in butyrate proportion
(P < 0.05 compared with CON) at day 14. The LD treatment led
to an intermediate butyrate proportion in the EP. In contrast,
MON clearly reduced the molar proportions of acetate and
butyrate (at least P < 0.01 compared with all other groups) and
significantly increased the proportion of propionate (P < 0.001
compared with all other groups). The proportion of isovalerate
was elevated by HD treatment at day 14 (at least P < 0.01),
while MON application increased the percentage of valerate
throughout the experiment (at least P < 0.01). MON led to a
reduction of the isovalerate concentration below the detection
limit, therefore molar proportions were not determined. The net
hydrogen production calculated based on the concentrations
of the fatty acids was significantly enhanced for the HD group
compared with CON (P < 0.01), while it was intermediate
between CON and HD samples for LD. MON significantly
reduces hydrogen production compared with CON, LD, and HD
treatment (at least P < 0.01). Moreover, the increase in SCFA
production was accompanied by an enhanced degradation of
OM at day 14 in the HD group compared with the MON group
(P < 0.001, Table 1).

Gas Production
The application of feed additives significantly affected methane
production (Treatment P = 0.0011, Figure 1A). As expected,
methane production was reduced in MON group compared to
CON group (42.6± 16.1 ml/d vs. 143.3± 39.4 ml/d, mean± SD).
Furthermore, application of the experimental mixture decreased
the production of methane significantly, regardless of the dose
(p < 0.01, 6.9 ± 10.7 ml/d for LD, 0.43 ± 0.40 ml/d for HD).
This effect persisted during the withdrawal period for all three
treatments (Time P = 0.55, Interaction P = 0.44). In contrast,
the production rate of carbon dioxide was not significantly
affected by treatment (Figure 1B). The percentage of methane
in fermentation gas was reduced in both Mootral treated groups
(LD and HD) compared with CON group (P < 0.001) and
compared with MON group (P < 0.01) (Figure 1C) indicating
an even stronger inhibitory effect on methane production than
by Monensin (CON vs. MON P < 0.01). This effect persisted
during the WP for the HD treatment, however, not for the
LD treatment (LD14 vs. LD18 P < 0.001). Due to the reduced

methane production, the percentage of carbon dioxide in the
fermentation gas mixture was increased in the vessels treated with
feed additives (Treatment P < 0.001, Figure 1D).

SSCP Analysis
Results of the SSCP analysis were depicted as NMDS plot and
statistically analyzed by PERMANOVA. Significant differences
were revealed for the factors Time (P < 0.01), Treatment
(P < 0.001) and Interaction Time × Treatment (P < 0.01).
At day 14, replicates of each treatment clustered close together
(Figure 2B). In agreement with the statistical analysis, CON
samples clustered separately from MON treated samples, LD and
HD (each P < 0.001) samples in the NMDS plot. In addition,
MON samples clustered separately from LD (P < 0.001) and
HD (P < 0.001) samples, while fermenters with both doses of
the experimental mixture clustered next to each other. A shift in
the SSCP profile was observed between days 14 and 18 for CON
group (P< 0.05), LD group (P< 0.05), and HD group (P< 0.05),
while no differences were observed for MON group. Although a
significant shift was detected in the CON group between both
phases, these samples clustered relatively close together in the
plot and exhibited a 92.7% similarity (Figure 2A), indicating that
this result is probably based on the low variety in CON18 samples
(97.6%) and without biological importance. In contrast, samples
in the LD and HD group depicted an observable time-dependent
shift in the NMDS plot and a greater variety within group at
day 18. Moreover, HD and MON samples were still different
from CON (P < 0.01) samples, while LD samples were no longer
significantly different from the other groups.

Illumina Amplicon Sequencing
Archaeal Community Composition
Sequencing resulted in a total of 558,522 reads after quality
filtering. Two samples were removed from further analysis due
to low read count (LD14: I14, HD14: K14). Read count ranged
from 1,151 to 36,430 reads with a mean of 25,387. In total,
44 OTUs were identified of which 33 were classified within
the domain Archaea (Supplementary Table S3) and 11 within
Bacteria (Supplementary Table S4). Despite the detection of
11 bacterial OTUs, the overall abundance of Archaea in all
samples was 96.4%. All archaeal OTUs belonged to the phylum
Euryarchaeota. Within these OTUs, 14 could be assigned to the
family level (class Thermoplasmata, order Thermoplasmatales,
family Thermoplasmatales Incertae Sedis), 17 could be assigned
to the genus level with 12 OTUs from genus Methanobrevibacter
and 3 from genus Methanosphaera (class Methanobacteria,
order Methanobacteriales, family Methanobacteriaceae) and 2
belonging to the genus Methanomicrobium (class Methano-
microbia, order Methanomicrobiales, family Methanomicro-
biaceae). Two archaeal OTUs could be assigned to the
species level, one from genus Methanobrevibacter (methanogenic
archeon LGM-SL1) and one from genus Methanosphaera
(Methanosphaera sp. ISO3-F5).

Intra and Inter Community Diversity
Due to the missing samples for LD14 and HD14, richness and
Shannon diversity were only compared statistically for day 18
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TABLE 1 | Fermentation parameters at day 14 (experimental period) and day 18 (/17 withdrawal period).

Parameter day Treatment Pooled SD P-value

CON LD HD MON Treatment Time Interaction

pH 14 6.79AB 6.66A 6.66A 6.87B 0.05 0.00162 <0.001 0.072

18 6.85AB 6.82A 6.79A 6.90B 0.04

Redox potential 14 −264Ab
−267Ab

−300A
−244B∗ 19.9 n.s. 0.036 0.0088

18 −291 −280 −271 −288∗ 12.8

NH3-N [mM] 14 6.30 6.74 9.94 6.02 1.01 n.s. n.s. 0.078

18 7.80 7.41 6.54 6.69 1.56

SCFA total [mmol/d] 14 21.21AC 30.86AB 36.31B 16.46C 4.10 <0.001 0.0042 n.s.

18 18.24AC 20.71AB 24.50B 15.38C 3.39

Acetate [%] 14 59.00A 56.66A 54.59A 51.49B 1.67 <0.001 0.0096 0.076

18 58.34A 58.91A 58.46A 52.97B 1.01

Propionate [%] 14 25.28A 24.90AB 22.54B 38.43C 1.24 <0.001 n.s. n.s.

18 25.64A 24.78AB 23.58B 37.20C 0.80

Butyrate [%] 14 10.57A 12.24Ab∗ 15.07B∗ 4.04C 1.96 <0.001 0.0010 <0.001

18 10.85α 10.78α∗ 11.52α∗ 4.32β 1.27

Isovalerate [%] 14 2.37A 2.68A 4.25B∗ n.d. 0.53 0.029 0.0010 0.0082

18 2.24 2.25 2.87∗ n.d. 0.38

Valerate [%] 14 2.78A 3.51A 3.57A 6.04B 0.55 <0.001 n.s. n.s.

18 2.94A 3.28A 3.57A 5.51B 0.54

Net H2 production [mM]1 14 36.55A 51.07AB 60.89B 16.43C 4.75 <0.001 0.031 0.074

18 30.16A 34.41AB 42.41B 17.07C 6.64

Degradation of organic matter [%] 14 41.96Ab 40.90Ab 50.44A 31.09B∗ 5.63 0.0046 n.s. 0.022

17 42.30 40.47 37.76 35.95∗ 2.84

1Net H2 production was estimated by stoichiometric calculation using the formula by (Demeyer, 1991; Wang et al., 2014). 2Results of the statistical analysis of pH, redox
potential and NH3-N have been included in a conference abstract previously (Eger et al., 2018). During the experimental period control fermenters (CON) received no
addition, low dose group (LD) was treated with 1 g of the experimental mixture, high dose fermenters (HD) received 2 g of the experimental mixture and monensin was
used as positive control (MON). During withdrawal period no additions were made. Significant differences (at least P < 0.05) are indicated by different capital letters
among treatment groups for both time-points, by small letter among treatment groups at day 14 and by Greek letters among treatment groups at day 18. Asterisks
indicate significant differences within treatment group between time-points. Data are presented as means and pooled SD. n.d. = not detectable.

(Figure 3). In the HD group a high variability was visible in the
number of OTUs and Chao 1 index at days 14 and 18, indicating
a reduction in the richness in one of the samples. However, no
statistically significant differences were detected for the number
of observed OTUs and Chao 1 index among treatment groups
at day 18. In contrast, Shannon index was reduced at day 18
in both groups treated with the experimental mixture before
(P < 0.05 compared with CON) and was intermediate in the
MON group. Based on the β-diversity analysis a clear clustering
of the CON samples from the experimental and withdrawal
period was observed (Figure 4A). Furthermore, all MON samples
clustered close together. Samples treated with both doses of the
experimental mixture were not clearly separated from each other
and more widespread in the plot. One sample from the HD14
group was located close to the MON treated samples (E14).
The clustering of the samples based on OTU abundance and
predictions of the phylogenetic tree indicated a high similarity of
most CON samples (Figure 4B). Only sample F14 was separated
from the other control samples. The highest similarity of these
samples was present to LD18 samples. Except D14, all MON
treated samples also clustered together in the analysis. The
remaining LD14 and HD18 samples (except E14) exhibited lower
similarities with the other samples and each other, likewise to
their widespread behavior in the plot.

Effects of the Treatments on the Archaeal Community
Composition
Applying the different treatments induced changes within the
community of Archaea based on family level (Supplementary
Table S5). In control samples the most abundant family was
Methanobacteriaceae (61 and 70%, days 14 and 18, respectively),
followed by Thermoplasmatales Incertae Sedis (35 and 29%)
and Methanomicrobiaceae (3.4 and 0.8%). In LD14 and HD14
samples, the percentage of Methanobacteriaceae (47% each)
was nearly equal to the abundance of Thermoplasmatales
Incertae Sedis (46 and 51%, LD and HD); the number of
Methanomicrobiaceae remained low (6.2 and 1.6%). While
LD18 was comparable to control samples, in HD18 the family
Thermoplasmatales Incertae Sedis dominated with 72%. In
contrast, the MON samples exhibited a relatively high percentage
of Methanomicrobiaceae (16 and 6.1% at days 14 and 18,
respectively). Bar plots including bacterial phyla and bacterial
families are given in Supplementary Figure S1.

Differential OTU analysis revealed differences (at least
P < 0.05, log2 fold change ±2) for 30 archaeal OTUs at day 14
(Figure 5A). Eleven OTUs were statistically significantly reduced
in fermenters treated with the low dose of the experimental
mixture. Seven of these OTUs were closely related to genus
Methanobrevibacter (OTUs 4, 5, 11, 12, 16, 27, 30) and 4
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FIGURE 1 | Production of fermentation gas at the last day of experimental period (EP) and withdrawal period (WP). The daily production rate of methane (A) and
carbon dioxide (B) was calculated by multiplying the proportions of methane (C) and carbon dioxide (D) in the fermentation gas with the volume of fermentation gas
corrected for standard conditions (1013 hPa, 0◦C). Effects of a low dose (LD, light gray bars) and a high dose (HD, dark gray bars) of the experimental mixture were
compared with a negative control (CON, black bars) and a positive control (monensin, MON, white bars). Two-way ANOVA followed by Sidak post-test was applied
to detect significant effects of the factors Time, Treatment or interaction Time × Treatment. ANOVA revealed significant effects of Treatment (P = 0.001) on methane
production and of Treatment (both P < 0.001), Time (both P = 0.003) and interaction of Time × Treatment (both P = 0.02) on the percentages of methane and
carbon dioxide. Carbon dioxide production only tended to be affected by Time (P = 0.076). Significant differences in Sidak post-test are indicated using different
capital letters, small letters and Greek letters for differences among treatment groups for both time-points, among treatment groups in experimental period and
among treatment groups in withdrawal period (at least p < 0.05), respectively. Time-dependent alterations within groups are indicated by asterisks. ∗∗∗P < 0.001.
Data are presented as means ± SD. Number of replicates n = 3.

were assigned to Thermoplasmatales Incertae Sedis. Moreover,
7 OTUs were enriched in CON14 samples, OTU2, the most
abundant OTU classified as genus Methanobrevibacter, and
6 OTUs from Thermoplasmatales Incertae Sedis. Surprisingly,
only one OTU (OTU10) had a different abundance between
the HD and MON samples. In general, OTU10 was more
abundant in LD and HD samples compared to CON and MON
samples. At day 18, 33 OTUs were significantly different in
abundance among treatment groups (Figure 5B). There were
still 4 OTUs enriched in CON group, 3 of them persistently
enriched since day 14. Furthermore, 8 OTUs were reduced
in LD and HD group compared to CON and MON treated
samples, containing 6 of the 7 OTUs mentioned before classified
as genus Methanobrevibacter, the closely related OTU3, as well
as one OTU from Thermoplasmatales Incertae Sedis. Three
Methanobrevibacter-OTUs were now enriched in LD samples
and OTU 10 was still more abundant in LD and HD samples
compared to CON and MON samples. Considering time-effect
within groups, CON and MON group did not exhibit significant
changes on OTU level between experimental and withdrawal
period. Three OTUs showed an increase in the withdrawal period

in LD and HD treatment, among them OTU2 and OTU6,
which had also been enriched in CON14. Moreover, 9 OTUs
increased in HD group and 2 increased in LD group, while
11 OTUs exhibited a decline the LD group (Figure 5C). There
were only few statistically significant changes in bacterial OTUs
(Supplementary Table S6).

Correlation of Archaeal OTU Abundance to Methane
Production
To identify the most important OTUs responsible for the
changes in methane production due to treatment, the normalized
abundance of archaeal OTUs with an overall abundance of at
least 1% was correlated to the daily production rate of methane.
These OTUs were additionally compared to the 16S sequence data
base of the JGI Integrated Microbial Genomes and Microbiomes
(IMG/M) portal2 containing the sequences of the Hungate1000
collection (Seshadri et al., 2018). At day 14, 4 of 15 OTUs
exhibited significant correlations with methane production.
From genus Methanobrevibacter, significant positive correlations

2https://img.jgi.doe.gov
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FIGURE 2 | Similarities of archaeal communities analyzed by single strand conformation polymorphism. Dendrogram analysis based on UPGMA clustering was used
to compare similarities of band patterns on the SSCP gel (A) and the similarity matrix was visualized as NMDS plot (B, Stress = 0.09). During the experimental period
fermenters A, F, L received no addition (CON14, light blue), fermenters B,G,K received 1 g of the experimental mixture (LD14, orange), fermenters C, E, I were
treated with 2 g of the experimental mixture (HD14, dark green) and 4.1 mg Monensin was added to fermenters D, J, H (MON14, dark purple). During withdrawal
period no additions were made (CON18, blue green; LD18, light purple; HD18, red; MON18, brown).
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FIGURE 3 | Number of observed operational taxonomic units (OTUs), richness and diversity of the archaeal community under different treatment conditions during
the experimental period (day 14, A) and the withdrawal period (day 18, B). Data are shown as Box and Whiskers with Min to Max range. Results were analyzed by
One-way ANOVA for day 18. A significant effect of the Treatment was observed for Shannon index at day 18 (P = 0.014). Asterisks indicate significant differences in
Tukey post-test with P < 0.05.

were detected for OTU3 (P < 0.001, r = 0.903) and OTU9
(P = 0.0058, r = 0.8182). These OTUs were closest matched to
Methanobrevibacter thaueri DSM 11995 (99% sequence identity)
and Methanobrevibacter boviskoreani JH1 (99% identity) by
BLAST (Table 2), respectively. Moreover, OTU6 and OTU14
from the family Thermoplasmatales Incertae Sedis were positively
correlated with methane production (P = 0.0202, r = 0.7333 and
P = 0.0105, r = 0.7818, respectively). At day 18, only OTU5
(Methanobrevibacter millerae DSM 16643, 100% identity) was
correlated to methane production (P = 0.0373, r = 0.6154).

DISCUSSION

Although many compounds and dietary strategies have already
been evaluated for their methane reducing potential, there is
still a lack of practical solutions for livestock industry. Here,
Mootral, a combination of a garlic powder and bitter orange
extracts was tested for its effects on methane production,
ruminal fermentation and the community composition of
archaea.

Mootral Effectively Reduced Methane
Production Without Impairing Ruminal
Fermentation
Garlic and several of its organosulphur compounds have been
intensively studied in short-term in vitro culture or continuous

flow experiments. These studies consistently indicated the
methane reducing potential of garlic (Chaves et al., 2008; Patra
and Yu, 2015), while the effects on SCFA were more variable.
In the present experiment we observed an increased in the
total SCFA production and in the molar proportion of butyrate
and isovalerate. Previous studies, also observed enhanced total
SCFA concentrations by moderate concentrations of garlic oil
(Busquet et al., 2005a, 2006), moreover, most studies report an
increase in the molar proportion of butyrate, often accompanied
by a decreased proportion of acetate, while the effects on
other SCFA and digestibilities may vary (Busquet et al., 2005a,
2006; Chaves et al., 2008; Patra and Yu, 2015). Variations in
the concentrations and effects of the individual substances in
the garlic extracts (Busquet et al., 2005b) and the diet type
(Mateos et al., 2013) may contribute to the discrepancies. In
sheep, allicin, one of the main active compounds in garlic,
increases total SCFA concentration, OM and fiber digestibility,
while decreasing the proportion of acetate and increasing the
proportion of butyrate (Ma et al., 2016). Here, the proportion
of acetate decreased only numerically, however, OM degradation
was also enhanced fitting well with the elevated SCFA production.
Several flavonoids have also been demonstrated to exhibit
varying effects on rumen fermentation, besides their methane
inhibiting potential (Oskoueian et al., 2013). A commercial
bitter orange and grapefruit extract containing high amounts
of naringin increases the total SCFA concentration in heifers
while lowering the percentage of acetate and increasing the
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FIGURE 4 | Analysis of microbial communities under different treatment conditions. (A) Detrended coordinate analysis of beta-diversity using unifrac distances.
(B) Clustering of samples based on normalized abundances and phylogenetic predictions of OTUs. During the experimental period fermenters A, F, L received no
addition (CON14, light blue), fermenters B, G, K were treated with 1 g of the experimental mixture (LD14, orange), fermenters C, E, I received 2 g of the experimental
mixture (HD14, dark green) and 4.1 mg Monensin was added to fermenters D, J, H (MON14, dark purple). During the withdrawal period no additions were made
(CON18, blue green; LD18, light purple; HD18, red; MON18, brown).
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FIGURE 5 | Significant changes (P < 0.05) in the normalized abundance of archaeal operational taxonomic units (OTUs). Differential OTU analysis based on
normalized abundance counts contrasting the different experimental groups was performed using the software DESeq2 v1.12.4. P-values were corrected for
multiple comparisons using Benjamini–Hochberg correction. In the heatmap, the log2 fold change of significantly different abundant OTUs (P < 0.05) is indicated by
the red to green color scale. A threshold of ±2 was used for the log2 fold change. White areas indicate that no significant differences were observed, or the log2 fold
change was between –2 and +2. Changes are depicted among treatment groups at day 14 (A, CON: control group, LD: 1 g of the experimental mixture per day, HD
2 g of the experimental mixture per day, MON: 4.1 mg Monensin per day), among treatment groups at day 18 (B, withdrawal period: no additions) and within
treatment groups among days (C).

percentage of propionate whilst stabilizing the rumen against
acidosis induction by enhancing growth of the lactate-utilizing
Megasphaera elsdenii (Balcells et al., 2012). Patra and Yu
(2015) already demonstrated that combining two or three
compounds can enhance their methane-inhibiting potential, and
this also appears to be the case for the tested combination
of garlic and bitter orange compounds. The results of the
present Rusitec trial as a long-term in vitro system clearly
revealed a strong potential of the investigated mixture to reduce
methane production without negatively effecting fermentation
parameters such as SCFA production and degradation of OM.
The increases in total SCFA production and in the molar
percentage of butyrate observed in the present study are in
line with the previous in vitro studies and in vivo studies on
garlic compounds and the citrus extract. Based on the SCFA
production this mixture appears to exhibit some beneficial
effects on the bacterial community which were not focused on
in this study, but might be of interest for further research.
Hydrogen production estimated by calculation based on the
SCFA concentration was not inhibited by the experimental
compound like for monensin, instead it was enhanced. As
ruminal fermentation was not impaired another hydrogen sink
appears to be stimulated. The mechanism of methane reduction
by Mootral does appear to not rely on a shift of the hydrogen

production toward a propionate-producing bacterial community,
but might rather be based on a direct effect on the ruminal
archaeal community.

Mootral Induced Changes in the
Archaeal Community Composition
To investigate the changes of the archaeal community related
to the experimental treatment SSCP analysis and subsequently
Illumina MiSeq 16S rRNA amplicon sequencing were performed.
The high similarity of CON14 and CON18 samples observed
with both methods indicated a high stability of the archaeal
community in the RUSITEC system along the timeline under
control conditions. Furthermore, both methods revealed a shift
of the archaeal community with the Mootral treatment, which
was different to the shift observed with Monensin treatment. In
the Illumina analysis, one HD14 sample (E14) clustered close to
the MON14 group, as this effect was not observed for the SSCP
analysis, this might be due to a contamination of this sample
during sample preparation or transport for the sequencing and
might also explain the low number of differentially abundant
OTUs between these two groups. Results regarding HD14 might
therefore be misleading and will not further be discussed. While
Monensin changed the archaeal community composition during
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TABLE 2 | Best blast hits of the 15 most abundant operational taxonomic units
(OTUs) using the JGI Integrated Microbial Genomes and Microbiomes (IMG/M)
portal.

OTU Identity Gene ID Best Blast hit

OTU1 94% 2667993422 Unclassified archaeon ISO4-G1

OTU2 99% 2553938470 Methanobrevibacter boviskoreani JH1

OTU3 99% 2622832649 Methanobrevibacter thaueri DSM 11995

OTU4 100% 2667995981 Methanobrevibacter sp. YE315

OTU5 100% 2595205797 Methanobrevibacter millerae DSM 16643

OTU6 99% 2667993422 Unclassified archaeon ISO4-G1

OTU7 99% 2682306483 Methanobrevibacter olleyae YLM1

OTU8 100% 2574179505 Methanomicrobium mobile DSM 1539

OTU9 98% 2553938470 Methanobrevibacter boviskoreani JH1

OTU10 99% 2667993422 Unclassified archaeon ISO4-G1

OTU11 100% 2622832649 Methanobrevibacter thaueri DSM 11995

OTU12 99% 2667995981 Methanobrevibacter sp. YE315

OTU13 95% 2637998119 Candidatus Methanoplasma termitum Mpt1

OTU14 99% 2667993422 Unclassified archaeon ISO4-G1

OTU15 94% 2637998119 Candidatus Methanoplasma termitum Mpt1

the whole experiment, the effect of Mootral appears to be more
transient for the LD treatment, which was not different from
control samples in the SSCP analysis at day 18, and nearest
related to the control samples in the cluster analysis of the
amplicon sequencing. For all Mootral treated samples from day
14 and the HD18 samples the sequencing indicated a higher
variety than the SSCP analysis. Although garlic compounds
have been intensively studied regarding methane production and
biochemical properties, investigations addressing alterations of
the archaeal community are rare. Quantitative evaluations report
a suppressive effect of garlic and flavonoids on methanogen
populations (Oskoueian et al., 2013; Patra and Yu, 2015; Ma
et al., 2016). However, this effect has to be investigated by qPCR
for the experimental compound. Regarding the community
composition, garlic oil treated samples of rumen fluid exhibited
a unique archaeal community composition in DGGE analysis
(Patra and Yu, 2015). To our knowledge effects of citrus extract
on the rumen archaeal community have not been investigated
yet, however, other flavonoid-containing plant compounds may
reduce archaeal richness and evenness (Oh et al., 2017) or
affect the major groups of methanogens (Ramos-Morales et al.,
2018). The high accordance of the results of both methods,
which are also based on different primer pairs underline the
reliability of the obtained results in the present study and the
amplicon sequencing approach offers a detailed investigation
on the effect of the experimental compound on the archaeal
community.

Several OTUs Can Be Linked to Specific
Treatment Groups and Might Contribute
to Differences in Methane Production
All archaea identified by the sequencing analysis belonged
to the phylum Euryarchaeota. The family Methanobacteria
with its genera Methanobrevibacter and Methanosphaera was
dominant followed by Thermoplasmatales, Incertae sedis, and

Methanomicrobium. These archaea are typically found in the
rumen in in vivo and in vitro studies (Janssen and Kirs, 2008;
Henderson et al., 2015; Duarte et al., 2017a,b). Several
differences in the abundance of individual OTUs were
detected among treatment groups. Differences in methane
production might be related to the different properties for
methane production of these OTUs and the respective archaeal
groups. Uncultured Thermoplasmatales found in the rumen
were formerly grouped under the name Rumen Cluster C
(Janssen and Kirs, 2008), but recently have been proposed to
represent a separate order of methylotrophic methanogenic
archaea named Methanoplasmatales (Iino et al., 2013) or
Methanomassiliicoccaceae (Paul et al., 2012). In the present
study, most OTUs from Thermoplasmatales were closest
related to Unclassified archeon ISO4-G1 and Canditatus
Methanoplasma termitum Mpt1 in the Blast search. However,
differences in the response to the treatments were observed
among these OTUs. While two OTUs related to Unclassified
archeon ISO4-G1 were correlated with methane production
and more abundant in control samples, another OTU was
enriched in the Mootral treated samples, suggesting that
these OTUS are derived from different species which react
differently to the treatment. These assumptions are in line with
contradictory observations from previous investigations,
one described a reduction of Thermoplasmatales being
associated with lower methane emissions (Poulsen et al.,
2013), while another study reported a higher abundance of
Thermoplasmatales in cows emitting less methane (Danielsson
et al., 2017). The abundance of Thermoplasmatales, or some
members of Thermoplasmatales might also be negatively
correlated to certain Methanobrevibacter spp. (Danielsson
et al., 2017; McGovern et al., 2017). Methanobrevibacter are
hydrogenotrophic methanogens (Leahy et al., 2013). However,
differences in the occurrence of two isoforms for the methyl
coenzyme M reductase (Mcr) enzyme have been detected
among two major groups of rumen Methanobrevibacter.
Methanobrevibacter ruminantium which forms together with
Methanobrevibacter olleyae and relatives the RO clade only
displays the Mcr I isoform which works at low H2; in contrast,
members of the second group Methanobrevibacter gottschalkii,
Methanobrevibacter smithii, Methanobrevibacter millerae,
Methanobrevibacter thaueri (SGMT clade) additionally possess
genes for the Mcr II isoform which is induced under high
H2-pressure (McAllister et al., 2015; Tapio et al., 2017). Higher
abundances of the SGMT clade have already been associated
with higher methane emissions in vivo (Zhou et al., 2011;
Danielsson et al., 2012; Danielsson et al., 2017), this agrees with
the results of the present study were the abundances of OTUs
closely matched to known strains of Methanobrevibacter thaueri
and Methanobrevibacter millerae were correlated with methane
production. The CON14 group exhibited an enrichment of an
OTU related to Methanobrevibacter boviskoreani and this OTU
and another related OTU increased in LD18 and HD18 samples.
Methanobrevibacter boviskoreani is also a hydrogenotrophic
methanogen which is able to replace Methanobrevibacter smithii
in weaning pigs (Lee et al., 2013; Federici et al., 2015). In
contrast, Mootral reduced the abundance of several OTUs
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from genus Methanobrevibacter in the LD14, LD18, and HD18
treatment. All of these sequences clustered closely to sequences
from the SGMT clade in the IMG blast search, indicating that
Mootral potentially reduced methane production by suppressing
methanogen species of the SGMT clade.

CONCLUSION

In the present study we tested a mixture of garlic powder
and bitter orange extracts, Mootral, for its impact on
rumen fermentation, methane production and the archaeal
community by using the Rusitec. The mixture was effective
in reducing methane production without impairing rumen
fermentation. The SSCP analysis and amplicon sequencing
data indicate an alteration of the archaeal community
by the compound, particularly a suppression of the high
methane-producing Methanobrevibacter spp. of the SGMT
clade.
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FIGURE S1 | Percentage contribution of sequences (%) at phylum level (A) and at
family level (B) to the total number of sequences. Data are presented as means.

TABLE S1 | Crude nutrients of the substrates.

TABLE S2 | Buffer composition.

TABLE S3 | Archaeal operational taxonomic units (OTUs) sorted according to their
overall relative abundance (Rel. Ab.).

TABLE S4 | Bacterial operational taxonomic units (OTUs) sorted according to their
overall relative abundance (Rel. Ab.).

TABLE S5 | Percentage contribution of sequences (%) at domain level to the total
number of sequences and on family level to the total number of archaeal
sequences. During the experimental period (day 14) control fermenters (CON)
received no addition, low dose group (LD) was treated with 1 g, high dose
fermenters (HD) received 2 g of the experimental mixture and monensin was used
as positive control (MON). During withdrawal period (day 18) no additions were
made. Data are presented as means. Relative contribution of sequences was
compared using One-way ANOVA followed by Tukey post-test for day 18 (day 14
was not compared due to missing samples). Significant differences among
treatment groups in post-test are indicated by different superscripts.

TABLE S6 | Significant log 2 fold changes (P < 0.05, log 2 fold change ± 2) of
bacterial operational taxonomic units (OTUs).
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The importance of the gut microbiota (GM) of animals is widely acknowledged because
of its pivotal roles in metabolism, immunity, and health maintenance. The level of health
can be reflected by the dynamic distribution of GM. In this study, high-throughput
sequencing of the bacterial 16S rRNA gene was used to compare the microbial
populations from feces in healthy and diarrheic kids, which reflected the dynamic
shift of microbiota in kids and investigated differences from adult healthy goats.
Healthy kids and goats not only displayed higher species richness but also exhibited
higher bacterial diversity than diarrheic kids based on the results of the operational
taxonomic unit analysis, alpha diversity, and beta diversity. Firmicutes and Bacteroidetes
were the most dominant phyla in all samples. At the genus level, the differences
in diversity and abundance between diarrheic kids and the other two groups were
gradually observed. In the diarrheic kid intestine, Bacteroides remained the dominant
species, and the proportion of Clostridium_sensu_stricto_1 and Paeniclostridium
increased, whereas Rikenellaceae_RC9_gut_group, Ruminococcaceae_UCG-005, and
Christensenellaceae_R-7_group were significantly reduced. The results showed the
differences of GM in diarrheic kids and healthy kids were significant while in kids and
goats were not obvious. Differences in the composition of intestinal microbiota may
not be the cause of diarrhea, and some changes of bacterial richness may guide our
interpretation of diarrhea. This study is the first to investigate the distribution of GM in
Boer goats with different ages and health states. Furthermore, this study will provide a
theoretical basis for the establishment of a prevention and treatment system for goat
diarrhea.

Keywords: Boer goats, gut microbiota, high-throughput sequencing, diarrheic kids, health states

INTRODUCTION

As the largest and most complex mammalian micro-ecosystem, the gut microbiota (GM) not only
regulates body health but also plays an important bridging role between diet and host (Turnbaugh
et al., 2006; Wu and Wu, 2012). Studies indicate that the GM is a reflection of evolutionary
selection pressures acting at the levels of the host and microbial cell. The GM is intimately involved
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in numerous aspects of normal host physiology from nutritional
status to behavior and stress response. Additionally, the GM
serves as a central or contributing cause of many diseases,
affecting both near and far organ systems (Ley et al., 2006;
Mai and Draganov, 2009; Smith et al., 2011). This is especially
true for ruminants, which have demonstrated their unique
digestive properties and microbial groups that help to adapt to
high fiber content foods, but also make them susceptible to a
variety of diseases and conditions (Russell and Rychlik, 2001).
Accordingly, GM in ruminants play a more prominent role in
various physiological states compared to most other mammals
(Chaucheyras-Durand and Durand, 2010; Rosenberg et al., 2010).

In animal husbandry, diarrhea in juvenile ruminants is a
common and frequent disease associated with gastrointestinal
dysfunction, which will affect their normal growth and even
lead to their death. Several studies have demonstrated that some
GM of ruminants have been alternating between dominant and
weak populations accompanied by the occurrence of diarrhea
(Steele et al., 2015; Malmuthuge and Guan, 2016; Tarabees et al.,
2016). Thus, some inevitable associations may be present between
changes in GM and the occurrence of diarrhea in ruminants.
However, the specific connections, changing characteristics, and
laws are not known. In addition, some potential links may also
exist between age factors and intestinal microbiota. However,
whether the participation of age-related factors will affect the
intestinal microecology of ruminants has been rarely reported at
present.

Recently, new technologies based on high-throughput
sequencing have been developed and successfully applied to
the analysis of the complex bacterial ecosystem of the gut
(Glenn, 2011; Kim and Isaacson, 2015). By deeply analyzing
and comparing the information obtained, the mechanisms
contributing to ill health can be further understood, and
strategies can be developed to ensure that the collateral damage
inflicted is minimal (Cotter et al., 2012; Zhou J. et al., 2015).
Boer goats are widely raised in China because of their high
quality, which is connected not only with their own genes
but also probably with intestinal microorganisms. However,
to date, the relationship between the composition of the GM
in goats and diarrhea is not very clear. In this study, we used
the high-throughput sequencing approach to investigate the
microbiota composition of stool samples from diarrheic kids,
healthy kids, and adult goats. In the comparison of diarrheic
kids and matched health controls, a significant difference was
observed in the microbiota composition ratio and the proportion
of some bacterial populations. Notably, the comparison of
microflora among different age groups was unexpected, and the
diversity of GM between adult goats and kids was almost similar.

MATERIALS AND METHODS

Ethics Statement
The animal experiments were approved by Animal Protection
and Utilization Committee of Shandong Agricultural University
(Permit number: 20010510) and executed in accordance with
Guide to Animal Experiments of Ministry of Science and

Technology (Beijing, China). This study did not involve any
endangered or protected species.

Animals and Sample Collection
A total of 15 Boer goats were obtained from a commercial
feedlot (Shandong Province, China), including five diarrheic
kids (2–3 months old), five healthy kids (2–3 months old), and
five healthy adult goats (7–8 months old), were used in this
experiment. The ratio of male to female in each group is 3:2. The
Boer goats we screened were self-propagated and raised by the
commercial goat farm and had similar genetic backgrounds. All
selected animals used the same immune procedure and no other
illnesses occurred prior to the sample collection. The animals
were fed with standard goat diet under the same husbandry.
Table 1 provides the ingredients of the diets. One day prior to
sample collection, all animals were placed in a dedicated area
of the commercial feedlot and maintained a normal diet. Two
or three separate fecal samples were collected from each animal
using sterile tool the following morning. Freshly rectal feces were
selected and sub-sampled (approximately 100 g) from the central
portion to minimize contamination by bedding and flooring and
then stored in sterile plastic containers at −20◦C. All samples
(healthy kids, G1, G2, G3, G4, and G5; diarrheic kids, GF1, GF2,
GF3, GF4, and GF5; and healthy adult goats, C1, C2, C3, C4, and
C5) were transported to the laboratory within 2 h in ice and later
stored at−80◦C.

DNA Extraction
Microbial genomic DNA was extracted from 500 mg of each
fecal sample using a TIANamp Genomic DNA kit (TIANGEN
Biotech Co., Ltd., Beijing, China) following the manufacturer’s
instructions. The quality of the DNA was examined by 0.8% (w/v)
agarose gel electrophoresis and the concentration measured with
a UV-Vis spectrophotometer (NanoDrop 2000, United States).

PCR Amplification of 16S rDNA
Next generation sequencing library preparations and Illumina
MiSeq sequencing were conducted at GENEWIZ, Inc. (Suzhou,

TABLE 1 | Composition of ingredients for goat feed.

Diet type1 Adult goat Kid

Ingredient (g)

Corn 90 325

Bran 30 50

Alfalfa meal 300 150

Wild hay powder 500

Corn straw powder 200 350

Iodized salt 10 10

Selenium trace elements additives 6

Soybean meal 30 45

Sunflower meal 50

Trace elements and vitamin premix2 30 50

1Manufacturer: Beijing Sanyuan Hefeng Farming Co., Ltd., Beijing, China. 2Detailed
supplementation not disclosed by the manufacturer.
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China). 30–50 ng DNA was used to generate amplicons using
a MetaVxTM Library Preparation kit (GENEWIZ, Inc., South
Plainfield, NJ, United States). V3, V4, and V5 hypervariable
regions of prokaryotic 16S rDNA were selected for generating
amplicons and following taxonomy analysis. GENEWIZ
designed a panel of proprietary primers aimed at relatively
conserved regions bordering the V3, V4, and V5 hypervariable
regions of bacteria 16S rDNA. The V3 and V4 regions were
amplified using forward primers containing the sequence
“CCTACGGRRBGCASCAGKVRVGAAT” and reverse primers
containing the sequence “GGACTACNVGGGTWTCTAATCC.”
The V4 and V5 regions were amplified using forward primers
containing the sequence “GTGYCAGCMGCCGCGGTAA”
and reverse primers containing the sequence
“CTTGTGCGGKCCCCCGYCAATTC.” The PCR was run
in a total reaction volume of 25 µL. Each reaction mixture
contained 2.5 µL 10× PCR buffer, 2 µL dNTP (10 mM each),
and 0.5 µL Taq DNA polymerase (5 U/µL; TransGen Biotech,
TransStart, China), forward and reverse primers (1 µL each,
50 µM), 2 µL DNA template and sterile water. PCR was
performed under the following conditions: 94◦C for 3 min
followed by 24 cycles of 94◦C for 5 s, 57◦C for 90 s and 72◦C
for 10 s, and a final elongation step at 72◦C for 5 min. At the
same time, indexed adapters were added to the ends of the
16S rDNA amplicons to generate indexed libraries ready for
downstream NGS sequencing on Illumina Miseq. DNA libraries
were multiplexed and loaded on an Illumina MiSeq instrument
according to manufacturer’s instructions (Illumina, San Diego,
CA, United States). Sequencing was performed using a 2 × 250
or 2 × 300 paired-end configuration. The sequences of V3, V4,
and V5 were processed, spliced, and analyzed by GENEWIZ
(Beijing, China).

Bioinformatics and Statistical Analysis
The QIIME (Qiime1.9.1) data analysis package was used for
16S rRNA data quality control and analysis. Short reads
(<200 bp) and low quality phred (average quality score <20)
were discarded. The SILVA bacterial database was used to align
the resulting sequences. The pre.cluster and chimera.uchime
commands of Mothur (Schloss et al., 2009) were used to
detect and remove chimera sequences. The effective sequences
were used in the final analysis. Sequences were grouped
into operational taxonomic units (OTUs) using the clustering
program VSEARCH (1.9.6.) against the Silva 119 database pre-
clustered at 97% sequence identity. The Ribosomal Database
Program (RDP) classifier was used to assign taxonomic category
to all OTUs at confidence threshold of 0.8. Sequences were
rarefied prior to calculation of alpha and beta diversity statistics.
Alpha diversity indexes were calculated in QIIME from rarefied
samples using for diversity the Shannon index, for richness the
Chao1 index. Beta diversity was calculated using weighted and
unweighted UniFrac and principal coordinate analysis (PCoA)
performed. Unweighted Pair Group Method with Arithmetic
mean (UPGMA) tree from beta diversity distance matrix was
builded. The criterion of significance was conducted at P < 0.05.
Data were expressed as mean ± standard deviation (SD) and
were performed using SPSS 17.0. Raw sequence data of this study

have been deposited to the NCBI Sequence Read Archive with
accession No. PRJNA 436893.

RESULTS

DNA Sequence Data and Microbial
Diversity Index Analysis
A total of 2,291,270 pairs of 300 bp readings were obtained,
and 668, 126, 841, 320 and 782,824 raw readings in the C,
G, and GF groups, respectively. After optimizing the original
data, 886,467 high-quality valid sequences were obtained. On
the basis of 97% species similarity, 311, 323, and 275 OTUs
were separately obtained from samples at groups C, G, and GF
(Table 2), respectively. A total of 338 OTUs were identified from
all samples, of which 249 exist in all groups defined as core OTUs
(Figure 1). The core OTUs comprised approximately 73.6% of
the total OTUs. In addition, 2 OTUs were uniquely identified
in both C and G groups, and 10 unique OTUs were found in
group GF.

The multiple α-diversity indices were used to analyze the
Community richness and diversity. In accordance with the Chao1
estimator, 293, 300, and 234average OTUs were shown in samples
at groups C, G, and GF, respectively, whereas the ACE estimator
showed 292, 306, and 238, which suggested the abundance
of GM. The Shannon–Wiener index could directly reflect the
heterogeneity of a community based on the number of species
present and their relative abundance (López-González et al.,
2015). The Shannon–Wiener indices of groups C, G, and GF were
6.92, 6.63, and 5.62, respectively. Intergroup analysis of Chao1
and Shannon index intuitively showed that the abundance and
diversity of bacterial community in the GF group were lower
than those in groups C and G (P < 0.05), whereas the difference
between the C and G groups was insignificant (Figure 1).
Consistently, a lower Simpson diversity index was found in the
GF group than in the C and G groups. Furthermore, ANOSIM
showed that differences between groups were greater than those
within groups (R = 0.813, P < 0.001; Figure 1). In addition,
Good’s coverage estimates were 99.9, 99.8, and 99.9% for C, G,
and GF groups, respectively, all showing excellent coverage.

The rank abundance curve further demonstrates species
abundance and evenness. In all samples, the OTU Ranks
were within 300, indicating that species compositions of the
each sample were less abundant. All curves are relatively flat,
indicating that species compositions of all samples were relatively
uniform (Figure 2). Moreover, as shown in Figure 2B, the curve
tends to be flat when the number of effective sequences reaches
20,000. In this study, the number of valid sequences of each

TABLE 2 | Sequence data of the samples.

Group Raw reads High quality
valid sequences

OTUs Average valid
sequences of sample

C 668126 265433 311 53086

G 841320 309817 323 61963

GF 782824 311217 275 62243
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FIGURE 1 | DNA sequence data and microbial diversity index analysis. (A) Chao1 index. (B) Shannon index. (C) Venn diagram. The numbers in the figure represent
the unique or common OTUs of each group. (D) ANOSIM analysis. “Between” represents the difference between the three groups, the closer the R-value is to 1, the
greater the difference between the groups. “C,” “G,” and “GF” represent the different three groups.

sample was more than 50,000, which indicated that the amounts
of sequencing data were sufficient. The PCoA of the UniFrac
distance matrix clearly showed the differences among all sample
individuals or groups. The microbiota in the GF group clustered
along the principal coordinates 1 and 2 and separated from the
other two groups of microbiota (Figure 3). In addition, with the
exception of G2 and C5, the samples in each group clustered
separately, indicating that the differences in the communities
within the groups were small, whereas the G2 and C5 were
specific (Figure 3).

Bacterial Community Composition at
Different Taxonomical Levels
We analyzed the gut bacterial community composition and
structure in different taxonomical levels. In accordance with

the phylum assignment result, Firmicutes was the predominant
phylum in the 15 samples, whereas Bacteroidetes was secondary.
The high abundance of phylum Actinobacteria was found in
GF1, GF3, and GF4 samples, and Fibrobacteres was found
in C5, G1, G3, G4, and G5. Interestingly, Fusobacteria
was found only in the C2 and C3 samples (Figure 4).
Besides the phylum, bacterial abundance was also analyzed
specifically at other taxonomic units, family, and genus
(Figure 4).

On the family level, a total of 31 families were identified from
all samples. As shown in Figure 4, no significant differences
were observed between the C and G groups except the
G2 sample. Ruminococcaceae, Bacteroidaceae, Lachnospiraceae,
Rikenellaceae, and Prevotellaceae were the most abundant in
both C and G groups, whereas Prevotellaceae was almost absent

Frontiers in Microbiology | www.frontiersin.org 4 October 2018 | Volume 9 | Article 250931

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-02509 October 22, 2018 Time: 18:39 # 5

Wang et al. Dynamic Distribution of Gut Microbiota

FIGURE 2 | Sample feasibility analysis. Each curve represents a sample. (A) Rank-Abundance curve. The abscissa indicates the OTU (species) abundance order,
and the ordinate corresponds to the relative abundance ratio of OTU (species). (B) Rarefaction curves depicting the effect of sequences on the number of OTUs
identified.

FIGURE 3 | Differences in bacterial community structures. (A,B) Principal Coordinate Analysis (PCoA) of bacterial community structures of the GM in the three
sample groups. Each blue point represents each sample. The distance between the two points represents the difference of GM.

in the G2 samples. Moreover, the most abundant families in
the GF group were Peptostreptococcaceae, Ruminococcaceae,
Bacteroidaceae, Lachnospiraceae, Bacteroidales_S24-7_group,
Rikenellaceae, and Enterobacteriaceae. In comparison with the
other two groups, Peptostreptococcaceae, Bacteroidales_S24-
7_group, Enterobacteriaceae, and Clostridiaceae_1 increased
significantly in the GF group, whereas Prevotellaceae and
Christensenellaceae decreased significantly (Figure 4).

On the genus level, a total of 31 genera were identified from
all samples. Similar to the family level, no significant differences
were observed between the C and G groups except the G2 sample.

The predominant genera in groups C and G (except G2) included
Rikenellaceae_RC9_gut_group, Ruminococcaceae_UCG-005,
and Bacteroides. However, in the G2 sample, Bacteroides,
Ruminococcaceae_UCG-005, and Ruminococcaceae_UCG-002
were relatively abundant. Moreover, in the GF group, Bacteroides
remained the predominant population. However, it should be
noted that both the relative and absolute abundance of Paeni
Clostridium, Clostridium_sensu_stricto_1, and Romboutsia
increased significantly while Rikenellaceae_RC9_gut_group,
Prevotellaceae_UCG-001, and Ruminococcaceae_UCG-005 were
opposite (Figure 4).
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FIGURE 4 | Microbial composition of different samples. Each bar represents the average relative abundance of each bacterial taxon within a group. (A) Taxa
assignments at Phylum level. (B) Taxa assignments at Family level. (C) Taxa assignments at Genus level.

The important result was that at the level of families and
genera, the differences in diversity and abundance between the
GF group and the other two groups were gradually discovered,
which was consistent with the results of the previous analysis.
Moreover, the differences in population diversity between C and
G groups were minimal, but the abundance of some populations
changed with age.

Correlation of GM With Health Level and
Age Difference
Significant differences were noted in the diversity and abundance
of intestinal microbiota with changed age and health status.
To investigate the age and health difference in GM, we
performed a difference analysis of two aspects by using STAMP
(Figure 5). As shown in Figure 5A, there were no obvious
differences in other GM between different age groups except
for Rikenellaceae RC9 gut_group (P < 0.05). The results shown
in Figure 5B describe the differences of the GM between
healthy and diarrheic kids, explaining the health-related
association of GM. Alistipes and Ruminococcaceae_UCG-005

were previously determined to have a high abundance in
both G and GF groups, indicating that these are necessary
for kids (Figure 5). However, Prevotellaceae_UCG-001,
Paeniclostridium, Christensenellaceae_R-7_group, Romboutsia,
Rikenellaceae_RC9_gut_group, and Ruminococcaceae_UCG-
005 showed significant differences (P < 0.05). Compared
with group G, Rikenellaceae RC9_gut_group, Prevotellaceae
UCG-001, and Ruminococcaceae UCG-005 in GF group
were significantly reduced, and Pani Clostridium and
Romboutsia were significantly increased. In addition,
Treponema 2, Lachnospiraceae FCS020_group, Ruminococcus
1, Ruminococcaceae UCG-014, Prevotellaceae_UCG-003,
and dgA-11_gut_group in the G group also showed an
increasing trend, their abundance is low but they cannot be
ignored.

DISCUSSION

To date, researches into mammalian intestinal microbiota
have covered many aspects, including metabolism, physiology,
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FIGURE 5 | Differences in bacterial abundance between the groups. The left side of the graph shows the abundance ratios of different strains in two samples. The
middle graph shows the difference in bacterial abundance within the 95% confidence interval. The rightmost values are the P-values of the significance test.
(A) Differences in species abundance between groups G and C. (B) Differences in species abundance between groups G and GF.

and immunology (Clemente et al., 2012; Zeng et al., 2015),
but few reports have been published on the differences
of the GM in different health states and ages of goats.
In this study, we analyzed the bacterial diversity and
abundance of rectal contents of Boer goats in different
health states and ages. Results showed that the bacterial
abundance and diversity in diarrheic kids were lower
than those in healthy goats, whereas the differences of the
intestinal microbiota between adult goats and kids were not
significant.

Age has always been speculated to be an important factor
affecting human and animals GM. Several studies indicate
that the GM of mammals were normally influenced by
genotype or gender during development and reached stability
at maturity (Poroyko et al., 2011; David et al., 2014; Zhao
et al., 2015). Jami et al. (2013) observed that the rumen
microbial diversity of cattle increased and a convergence
toward a mature bacterial arrangement with age. Hu et al.
(2017) indicated that the musk deer gut environment
developed into a more restricted niche within the host as
the animal aged. However, in our study, we found that the
differences of microbial diversity between adult goats and
kids were not significant (only Rikenellaceae RC9 gut_group
is different). The microbial diversity of Boer goats did not
change significantly with age, which is inconsistent with
previous observations in ruminants (Jami et al., 2013; Hu
et al., 2017). We speculated that there may be differences in
the composition and development of GM among different

species, while the GM of goats may reach a steady state at an
earlier age. Interestingly, although the differences in microbial
diversity between different age groups were not significant,
the proportion of some intestinal microbiota changed.
Compared with kids, the proportion of Prevotellaceae_UCG-
001 and Lachnospiraceae_FCS020_group in the intestinal
microbiota of adult goats increased, whereas the ratio of
Rikenellaceae_RC9_gut_group and Ruminococcaceae_UCG-005
decreased. This may be the result of the host’s evolution toward
a better structure during development (Jami et al., 2013). It is
worth noting that the age difference between kids and adult
goats in this study is about 4–5 months. Perhaps the bigger age
gap will reflect more differences of GM, which require further
verification.

Health state is inevitably related to ages. The incidence
of lamb diarrhea is extremely high, and this condition
gradually improves with age. Intestinal microfloras have
been shown to be closely linked to diarrhea (Türkyılmaz
et al., 2014). However, our study showed that intestinal
microfloras were not significantly different in different age
groups. Therefore, we suspect that the main reason why
kids are more prone to diarrhea than adult goats may
not be the difference in composition of GM. Some other
factors, such as intestinal mucosal developmental immaturity,
low pH in the gastric juice, and the external environment
may make the kids more susceptible to pathogen invasion
(Causapé et al., 2002; Andrés et al., 2007). The invasion
of foreign pathogens causes the lamb to develop diarrhea,
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which in turn causes dynamic changes in the intestinal
microbiota.

The factors that cause diarrhea are varied, and our
specimen collection has avoided the outbreak period of a
particular pathogen, ensuring that the samples we collected
came from general diarrhea. We further explored the GM of
this common diarrhea of goats. The differences of specific
bacteria intuitively reveal the intrinsic relationship between
GM and kid diarrhea. Our study found that Firmicutes and
Bacteroidetes were the most dominant phyla, regardless of
age and health status, representing approximately 92% of the
total sequences. These results were similar to what others
have observed in sheep and other ruminants (Whitehead
and Cotta, 2001; Sundset et al., 2007; Kong et al., 2010;
Samsudin et al., 2011). For ruminants, Firmicutes plays an
important role in degrading fiber and cellulose (Thoetkiattikul
et al., 2013), while the main function of Bacteroidetes is
to degrade carbohydrates and proteins, and facilitate the
development of gastrointestinal immune system (Spence et al.,
2006; Meital et al., 2016). In addition, a high variation could
be observed at diarrheic kids for other important phyla,
especially for Actinobacteria and Verrucomicrobia. Interestingly,
Actinobacteria synergy with one partner or host can easily be
translated into pathogenic interactions with another (Miao and
Davies, 2010).

At the genus level, Bacteroides remained the dominant
species in diarrheic kids and had a tendency to increase.
Bacteroides, as a normal GM in the gut of ruminants, can
cause an endogenous infection when the immune system
or intestinal microbiota is dysfunctional. Remarkably, the
percentage of Paeniclostridium, Clostridium_sensu_stricto_1,
Turicibacter, and Romboutsia in diarrheic kids was significantly
increased compared with healthy populations. Clostridium has
long been thought to be closely related to diarrhea and intestinal
toxemia in ruminants, and its toxins affect the body through
different pathways (Lewis and Naylor, 1998). The lethal toxin
factor produced by Paeniclostridium can binds to the host
and affects the normal glycosylation reaction (Ziegler et al.,
2008). Clostridium_sensu_stricto_1 has also been shown to play
a key role in causing necrotizing enterocolitis in preterm
infants (Zhou Y. et al., 2015). The pathogenicity of Turicibacter
has not been clarified, however, in some studies it has been
found that the abundance of Turicibacter increases during
enteritis (Bretin et al., 2018). Moreover, it has been reported
that the increase of bile salt hydrolase and urease enzymes in
intestinal diseases provides an environment for the survival of
Romboutsia (Gerritsen et al., 2017). Obviously, these colonies
share common characteristics: (a) The abundance increased
with diarrhea; (b) Adapt, maintain and even promote diarrhea.
By contrast, the percentages of Rikenellaceae_RC9_gut_group,
Ruminococcaceae_UCG-005, and Christensenellaceae_R-7_group
were significantly reduced. Rikenellaceae are correlated with
resistance to the development of colitis following CTLA-4
blockade and can limit inflammation by stimulating T-regulatory
cell differentiation (Dubin et al., 2016). Ruminococcaceae and
Christensenellaceae regarded as potential beneficial bacteria
because they participated in the positive regulation of the

intestinal environment and linked to immunomodulation and
healthy homeostasis (Kong et al., 2016; Shang et al., 2016).
This conveys a message that diarrhea leads to a decrease in
beneficial bacteria, or that the reduction in beneficial bacteria
exacerbates diarrhea. As mentioned in the previous analysis,
there was no significant difference in intestinal microbiota in
different age groups, whereas significant changes occurred in
the diarrhea group, which made us more convinced that the
occurrence of diarrhea caused obvious dynamic changes in
intestinal microbiota. The pathogenic bacteria are increasing and
the probiotics are decreasing. If some measures are taken, making
a large increase in beneficial bacteria or a large reduction in
pathogenic bacteria, may have a positive therapeutic effect on
diarrhea.

In this work, our samples were mainly from the rectal
contents of goats. Due to the fermentation in the hindgut
segments of mammals (Caporaso et al., 2010), researchers
should generally refrain from extrapolating fecal inventories
as indicators of microbial diversity of specific gut regions.
However, fecal inventories are still useful to researchers. Fecal
inventories are informative when comparing treatment groups
or species within a study, and provide the opportunity to
conduct repeated sampling of an individual or collect non-
invasive samples (Kohl et al., 2014). The primary objective
of this study is to guide the diagnosis of goat disease by
analyzing the intestinal microbiota of goats of different ages
and health status. In addition, it also provides a theoretical
basis for the development of intestinal microecological
preparations.

It is well established that diarrhea involve a multifactorial
disease, and the microbiota is just one of several factors in
the pathogenesis of the disease. However, we believe that
microbes can better reflect the health status of animals. Future
studies will evaluate the parameters of GM after treatment
as a comparison for microbiota dysbiosis associated with
goat diarrhea, and the usefulness of tracking microbiota over
time and in response to treatment. When more validated
treatment options become available, the study on analysis
of intestinal microbes in different health states may help
the clinician to judge whether the microbiota returns to a
normal state. Of course, this requires further exploration and
research.

CONCLUSION

Taken together, our study found that the GM in diarrheic
goats undergoes drastic changes, and there is a significant
difference in the composition of GM between diarrhea kids
and healthy kids. Conversely, the difference in composition
of GM between healthy kids and adult goats is not obvious.
Compared with adult goats, lambs are more susceptible to
diarrhea, which may have little to do with the composition of
GM, and are more likely to be caused by other factors. However,
for kids, once diarrhea occurs, for whatever reason, it may
significantly affect the state of the GM which will exacerbates
intestinal dysfunction. In addition, we have also found that some
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bacteria, such as Clostridium_sensu_stricto_1, Paeniclostridium,
Rikenellaceae_RC9_gut_group, and Ruminococcaceae_UCG-
005, can serve as the signal of conventional diarrhea,
which their abundance obviously increased or decreased
after diarrhea. These findings can also be regarded
as a normal instruction for evaluating intestinal
health.
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Non-forage Fiber Sources in Diets
in vitro
Kun Wang1,2†, Xuemei Nan1†, Kangkang Chu3, Jinjin Tong4, Liang Yang1,
Shanshan Zheng1, Guangyong Zhao2, Linshu Jiang4* and Benhai Xiong1*
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The rumen microbial complex adaptive mechanism invalidates various methane (CH4)
mitigation strategies. Shifting the hydrogen flow toward alternative electron acceptors,
such as propionate, was considered to be a meaningful mitigation strategy. A completely
randomized design was applied in in vitro incubation to investigate the effects of
replacing forage fiber with non-forage fiber sources (NFFS) in diets on methanogenesis,
hydrogen metabolism, propionate production and the methanogenic and bacterial
community. There are two treatments in the current study, CON (a basic total mixed
ration) and TRT (a modified total mixed ration). The dietary treatments were achieved
by partly replacing forage fiber with NFFS (wheat bran and soybean hull) to decrease
forage neutral detergent fiber (fNDF) content from 24.0 to 15.8%, with the composition
and inclusion rate of other dietary ingredients remaining the same in total mixed
rations. The concentrations of CH4, hydrogen (H2) and volatile fatty acids were
determined using a gas chromatograph. The archaeal and bacterial 16S rRNA genes
were sequenced by Miseq high-throughput sequencing and used to reveal the relative
abundance of methanogenic and bacterial communities. The results revealed that
the concentration of propionate was significantly increased, while the concentration
of acetate and the acetate to propionate ratio were not affected by treatments.
Compared with CON, the production of H2 increased by 8.45% and the production
of CH4 decreased by 14.06%. The relative abundance of Methanomassiliicoccus was
significantly increased, but the relative abundance of Methanobrevibacter tended to
decrease in TRT group. At the bacterial phylum level, the TRT group significantly
decreased the relative abundance of Firmicutes and tended to increase the relative
abundance of Bacteroidetes. The replacement of forage fiber with NFFS in diets can
affect methanogenesis by shifting the hydrogen flow toward propionate, and part is
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directed to H2 in vitro. The shift was achieved by a substitution of Firmicutes by
Bacteroidetes, another substitution of Methanobrevibacter by Methanomassiliicoccus.
Theoretical predictions of displacements of H2 metabolism from methanogenesis to
propionate production was supported by the dietary intervention in vitro.

Keywords: non-forage fiber sources, methanogenesis, hydrogen metabolism, propionate production, archaeal
and bacterial community

INTRODUCTION

Microorganisms in the rumen can ferment feeds rich in cellulose
and can convert plant materials that people can’t utilize directly
into meat and milk products. At the same time, the process
of hydrolyzing complex compounds is accompanied by the
formation of gasses, such as hydrogen (H2) and carbon dioxide
(CO2). To keep the fermentation continuing, methanogenic
archaea in the rumen produce methane (CH4) by using H2 and
CO2 to scavenge H2 and keep the partial pressure of H2 low
(Moss et al., 2000). Methanogenesis from ruminants can result
in a significant loss of feed efficiency (2–12%), depending upon
the types of diets (Johnson and Johnson, 1995). To mitigate the
negative impact on climate change and to improve feed efficiency,
various mitigation strategies have been conducted to reduce CH4
emissions from ruminants, including using essential oils (Patra
and Yu, 2012), plant extracts (Wang et al., 2016), ionophores
(Weimer et al., 2008), and vaccines (Williams et al., 2009).
However, the rumen ecosystem is exceedingly complex and the
ability of this system to efficiently convert complex carbohydrates
to volatile fatty acids (VFA) is in part due to the effective disposal
of H2 by reducing CO2 to produce CH4. Methanogenesis can
be inhibited for short periods, but the ecology of the system
is such that it frequently reverts back to the initial levels of
methane production through all various adaptive mechanisms
(McAllister and Newbold, 2008). On the other hand, the problem
with chemical residues, toxicity, and high costs, have greatly
limited these strategies utilization in animal production.

The type of feed offered to ruminants has a major effect
on the profile of VFA and the level of methane production.
Kessel and Russell (1996) reported that methane production
was completely inhibited at a pH less than 6.0 when feeding
a high-concentrate diet. However, when microorganisms in the
rumen are exposed to large amounts of fermentable substrates
for short periods, the rate of VFA production will exceed the
VFA utilization, resulting in subacute ruminal acidosis or acute
ruminal acidosis, which has negative impacts on animal health
and performance (Nagaraja and Titgemeyer, 2007; Sato, 2015).
Non-forage fiber sources (NFFS) from high-fiber byproducts
usually have limited utility in non-ruminant diets, but ruminant
nutritionists can use them to partially replace both forages and
concentrates in lactation diets (Allen and Grant, 2000; Stock
et al., 2000). Although they have different production responses
(Huhtanen, 1993; Huhtanen et al., 1995; Alamouti et al., 2009),
NFFS-based diets can maintain or improve the performance
of dairy cattle under certain conditions (Pereira et al., 1999;
Ertl et al., 2015). The strategy of primarily replacing some
forage fiber with NFFS for higher-producing cows but only

partially replacing some starch for lower-producing cows can
optimize nutrient utilization and potentially control feed costs
without compromising animal health or productivity (Bradford
and Mullins, 2012). Moreover, Pereira and Armentano (2000)
reported that low-forage, medium-neutral detergent fiber (NDF)
(12.6% forage NDF, 27.5% total NDF) diets and low-forage, high-
NDF diets (12.7% forage NDF, 35.7% total NDF) had a lower
acetate to propionate ratio and a higher proportion of propionate
than the traditional diet (20.1% forage NDF, 25.2% total NDF).
The formation of acetate and butyrate results in production of
H2 which can be used to generate CH4 by methanogenic archaea
(Moss et al., 2000). Propionate is an end-product of rumen
fermentation that is probably the principal alternative of the H+
sink after CH4, and the acetate to propionate ratio in the rumen
has a relationship with methanogenesis (Lana et al., 1998; Russell,
1998). The balance between propionate formation and acetate
and butyrate formation has a key role in determining H2 available
in rumen for utilization by methanogenic archaea. Janssen (2010)
reported that increases in propionate formation are strongly
associated with decreases in CH4 production. In a meta-analysis,
Ungerfeld (2015) found that inhibiting CH4 production in batch
cultures resulted in redirection of metabolic hydrogen toward
propionate and H2, but not butyrate. In addition, propionate is
predominantly used as a glucose precursor in ruminants, and
more propionate formation would likely result in a more efficient
utilization of feed energy. Maximizing the flow of metabolic
hydrogen in the rumen away from CH4 and toward VFA
(mainly propionate) would increase the efficiency of ruminant
production and decrease its environmental impact (Ungerfeld,
2015). Therefore, modifying the dietary formulation with NFFS
may be an effective measure to shift the hydrogen flow toward
alternative electron acceptors such as propionate.

The objective of this study was to build a model of metabolic
hydrogen shifts in vitro to explore the effects of replacing
forage fiber with NFFS in diets on methanogenesis, hydrogen
metabolism, propionate production and the methanogenic and
bacterial community by high-throughput sequencing.

MATERIALS AND METHODS

Experimental Design and in vitro
Incubation
A completely randomized design was applied in an in vitro
incubation to investigate the effects of the replacement of forage
fiber with NFFS in diets on rumen fermentation, methanogenesis
and the methanogenic and bacterial community. There are two
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TABLE 1 | Composition and nutrient levels of experiment substrates.

Item Experiment Substrates

CON TRT

Ingredient, % of DM

Alfalfa hay 18.59 5.51

Corn silage 25.65 22.06

Steam-flaked corn 26.02 26.47

Soybean meal 7.43 7.35

Cottonseed meal 7.43 7.35

Beet pulp 5.58 5.51

DDGS 7.43 7.35

Wheat bran – 8.27

Soybean hull – 8.27

Premix1 1.86 1.84

Chemical composition, % of DM

CP 16.4 16.4

RDP (% of CP) 56.3 56.7

NDF 34.2 34.5

f NDF 24.0 15.8

ADF 23.0 23.2

NFC2 39.3 35.6

Starch 24.9 24.8

NE3
L , Mcal/kg 1.53 1.60

1Premix composition per kilogram: 1,230 mg of Cu [minimum (min)], 4,950 mg of
Zn (min), 1,760 mg of Mn (min), 50 mg of I (min), 61 mg of Se (min), 37 mg of Co
(min), 504,800 IU of vitamin A (min), 88,800 IU of vitamin D3 (min), and 2,100 IU of
vitamin E (min), 700 mg of vitamin B3 (min).
2Calculated as 100 − (% NDF + % CP + % ether extract + % ash).
3Estimated according to National Research Council [NRC] (2001).

treatments in the current study: CON (a basic total mixed ration)
and TRT (a modified total mixed ration). The dietary treatments
were achieved by partly replacing forage fiber with NFFS (wheat
bran and soybean hull) to decrease the content of forage neutral
detergent fiber (fNDF) from 24.0 to 15.8%, with the composition
and inclusion rate of other dietary ingredients remaining the
same in total mixed rations (TMRs) (Table 1).

Chinese Academy of Agricultural Sciences Animal Care and
Use Committee (Beijing, China) approved the procedures used
to collect the rumen fluid from donor animals. The ruminal fluid
for the in vitro incubations was collected from three rumen-
cannulated lactating Holstein cows 2 h after the morning feeding;
the animals were fed a TMR twice daily. Ruminal fluid was
brought to the laboratory within 30 min and was strained through
layers of cheesecloth under continuous flushing with CO2. Equal
volumes of rumen fluid collected from each of the cows were
combined as the inoculum and diluted with buffer solution (1:2
v/v), which was prepared as described by (Menke, 1988), at
39◦C with the continuous flow of CO2 for 3–5 s to remove
headspace air. The inoculum-buffer mixture was dispensed into
120-ml serum bottles (75 mL/bottle) containing 500 mg of TMR
substrates (CON or TRT). An extra three bottles without any
substrate served as blanks. After they were sealed with butyl
rubber plus crimped aluminum seals, all the serum bottles were
connected with vacuumed air bags and incubated at 39◦C for 48 h

with horizontal shaking at 60 rpm. The in vitro incubation was
repeated in three experimental batches and three fermentations
per treatment were arranged in each batch.

Sampling and Analyses of Biogas and
VFAs
At the end of the 48 h of incubation, the total gas production
of each air bag was measured using 100 mL calibrated glass
syringes (Häberle Labortechnik, Lonsee-Ettlenschieß, Germany),
and the inner wall was coated with Vaseline. The pH values of the
in vitro incubations were measured using a portable pH meter
(Seven GoTM portable pH meter, Mettler Toledo, Switzerland).
The whole biomass material in each bottle was individually
filtered through pre-weighed nylon bags (8 cm× 12 cm, 42 µm).
The filtered incubation fluid samples (2.5 ml) were individually
collected into microcentrifuge tubes and preserved at −80◦C
for VFAs and microbial analysis. Afterwards, the nylon bags
were washed gently with cold running water till the effluent
ran clear and then they were dried at 55◦C for 48 h till they
achieved a constant weight for analysis of dry matter (DMD),
neutral detergent fiber (NDFD) and acid detergent fiber (ADFD)
disappearance. The contents of NDF and ADF were determined
using the Ankom A200 fiber analyzer (Ankom Technology,
Macedon, NY, United States) based on the procedures of Van
Soest et al. (1991) using α-amylase and sodium sulfide for NDF.

The concentrations of methane and hydrogen in the gas
samples were determined using a gas chromatograph (7890B,
Agilent Technologies, United States) equipped with a thermal
conductivity detector and a packed column (Porapak Q, Agilent
Technologies, United States). The initial oven temperature was
maintained at 30◦C and held at this temperature for 1.5 min,
and the reaction continued for 1.5 min. The detector temperature
was 100◦C, and the carrier gas was nitrogen. Gas production
volume (total gas, CH4 and H2) was corrected for temperature
(25◦C) and pressure (101.325 kPa) conditions. The productions
of methane and hydrogen were calculated from the methane
and hydrogen concentration and total gas production. The VFA
concentrations in the cultures were also analyzed by a gas
chromatograph (7890B, Agilent Technologies, United States)
fitted with a flame ionization detector and a capillary column
(30 m × 0.250 mm × 0.25 µm; BD-FFAP, Agilent Technologies,
United States). The oven initial temperature was maintained
at 90◦C, increased by 5◦C/min to 120◦C, holding at this
temperature for 2 min, and the reaction continued for 8 min.
Then, the temperature was increased by 20◦C/min to 250◦C and
held at this temperature for 10 min and the reaction continued
for 24.5 min. The injector temperature was 250◦C, the detector
temperature was 280◦C, and the carrier gas was nitrogen.

DNA Extraction
Microbial DNA was extracted using an extraction kit
(E.Z.N.ATM Mag-Bind Soil DNA Kit, Omega, Norcross, Georgia,
United States) in triplicate according to the manufacturer’s
instructions and the resulting extracts were composited
to average out the bias in sampling and extraction. The
concentration and quality of the extracted DNA were assessed
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by 1% agarose gel electrophoresis and a Qubit 3.0 spectrometer
(Invitrogen, United States), respectively.

Microbial 16S rRNA Genes Amplification
and Illumina Sequencing
The V4 region of the bacterial and archaeal 16S rRNA
gene was amplified using the universal primers 515F
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 2011)
with forward primers tagged with unique barcode sequences for
each sample. While the abundance of the archaeal community
was much lower in comparison to the bacterial community,
the archaeal community was especially analyzed using nested
PCR. In the nested PCR approach, the specific archaeal
community was first amplified using the primers Arch340F
(5′-CCCTAYGGGGYGCASCAG-3′) and Arch1000R (5′-GA
GARGWRGTGCATGGCC-3′) as described by Gantner
et al. (2011), and then the PCR product was used as a
template in the second PCR using the primers Arch349F
(5′-GYGCASCAGKCGMGAAW-3′) and Arch806R (50-
GGACTACVSGGGTATCTAAT-3′) (Takai and Horikoshi, 2000).
A 30 µL PCR reaction mixture contained 15 µL of 2 × Taq
Master Mix, 1 µL of 10 µM Bar-PCR primer F, 1 µL of 10 µM
Primer R, and 10–20 ng of genomic DNA template. PCR
was performed using a T100TM Thermal Cycler (BIO-RAD,
United States) under the following conditions: 94◦C for 3 min;
followed by 5 cycles of 94◦C for 30 s, 45◦C for 20 s, and 65◦C
for 30 s; then 20 cycles of 94◦C for 20 s, 55◦C for 20 s, and 72◦C
for 30 s; and finished with a final extension at 72◦C for 5 min.
Illumina bridge-type compatible PCR primers were introduced
for the next round (the second round for bacterial DNA and
the third round for archaea DNA) of PCR. The next round of
PCR was performed under the following conditions: 95◦C for
3 min followed by 5 cycles of 94◦C for 20 s, 55◦C for 20 s, and
72◦C for 30 s; and concluding with a final extension at 72◦C for
5 min. DNA was amplified in triplicate for each sample, and then
PCR amplicons were further purified with a DNA purification
kit (Gel Purification kits, Sangon, Shanghai, China), and the
concentrations were determined using spectrometry (Qubit 3.0,
Invitrogen, United States). At last, the purified 16S rRNA gene
amplicons were pooled and subjected to paired-end sequencing
using the Illumina MiSeq platform at Shanghai Sangon Biotech
Co., Ltd.

Sequencing Data Processing and
Analysis
Pairs of reads from the original DNA fragments were first merged
using FLASH (Magoč and Salzberg, 2011), and then PRINSEQ
was used for quality control of these merged reads (Schmieder
and Edwards, 2011). Merged reads were assigned to each sample
based on the unique barcode. Then, the barcode and primers were
removed. PCR chimeras were filtered out using UCHIME (Edgar
et al., 2011). After the above filtration, the average length of all the
clean reads was 416 and 379 bp, and the average sequencing depth
was ca. 68,381 and 61,343 clean reads for bacterial and archaeal
community analysis, respectively. Operational taxonomic units

TABLE 2 | Effects of the replacement of forage fiber with NFFS in diets on rumen
fermentation and biogas production in vitro (n = 9).

Items Treatment (f NDF/%)1 SEM2 P

CON(24.0) TRT(15.8)

pH 6.73 6.72 0.006 0.3782

DMD3 0.8227 0.8450 0.00440 0.0007

NDFD4 0.7717 0.8296 0.00923 0.0007

ADFD5 0.7492 0.8169 0.01074 0.0005

TVFA/(mmol/L)6 77.14 77.56 0.792 0.6896

Acetate/(mmol/L) 47.72 47.91 0.563 0.7966

Propionate/(mmol/L) 17.90 18.30 0.140 0.0146

Isobutyrate/(mmol/L) 0.73 0.74 0.020 0.9023

Butyrate/(mmol/L) 8.57 8.43 0.119 0.5361

Isovalerate/(mmol/L) 1.32 1.28 0.038 0.4917

Valerate/(mmol/L) 0.90 0.90 0.021 0.8978

Acetate/Propinate 2.60 2.62 0.029 0.2347

Total gas production/(mL) 77.56 72.56 4.829 0.6258

H2/(µg) 11.37 12.42 0.481 0.2526

CH4/(mg) 6.26 5.38 0.232 0.0789

1CON, control diet, a basic total mixed ration; TRT, treatment diet, a modified total
mixed ration with replacement of alfalfa by wheat bran and soybean hull.
2SEM, standard error of the mean.
3DMD, dry matter disappearance.
4NDFD, neutral detergent fiber disappearance.
5ADFD, acid detergent fiber disappearance.
6TVFA, total valid fatty acid.

(OTU) were clustered at 97% sequence identity using UPARSE
(Edgar et al., 2011). The taxonomic classification of the sequences
was carried out using the Ribosomal Database Project (RDP)
Classifier at the bootstrap cutoff of 80% as suggested by the
RDP. Simpson, Shannon, Chao1, Coverage and ACE indices
were calculated for each sample. The weighted UniFrac distance
was used for a principal coordinate analysis (PCoA) (Lozupone
et al., 2007), and an analysis of similarity (ANOSIM) in QIIME
with 999 permutations (R Core Team, 2013) was conducted
to assess the significant differences between treatments. The
relative abundance of bacteria was expressed as a percentage.
The difference in relative abundance of bacteria and archaea
was expressed as a percentage and extended error bar plot was
performed to visualize the difference by bioinformatics software
(STAMP). Welch’s two-sided test was used and Welch’s inverted
was 0.95 (Parks et al., 2014).

Statistical Analysis
Gas production volume (total gas, CH4 and H2), pH, VFAs,
DMD, NDFD, ADFD, bacterial abundance, and diversity index
were analyzed using PROC MIXED of SAS 9.4 (SAS Institute,
Inc., Cary, NC, United States) as shown in the following model:
Y ijk = µ + Ti + Bj + TBij + eijk, where Y ijk is the dependent
variable, µ is the overall mean, Ti is the effect of treatment
(CON or TRT, considered fixed), Bj is the effect of batches
(j = 1,2,3, considered fixed), TBij is the interaction between Ti
and Bj (considered fixed effects), and eijk is the residual. Data
on the bacterial abundance were transformed to log10 (n+1) to
ensure normal distribution. Other data were checked for normal
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FIGURE 1 | Composition of the predominant archaea genera among treatments in vitro. CON, control diet, a basic total mixed ration; TRT, treatment diet, a modified
total mixed ration with the replacement of forage fiber by wheat bran and soybean hull. The top 5 abundant archaea genera are shown and the others are not shown
(n = 9).

distribution and homogeneity by Shapiro–Wilk’s and Levene’s
tests in SAS 9.4. Differences were declared significant at P < 0.05
and trends at 0.05 ≤ P < 0.10.

Nucleotide Sequence Accession Number
All the raw sequences were submitted to the NCBI Sequence Read
Archive (SRA1), under accession number SRP134679.

RESULTS

Biogas Production, Degradability, pH,
and VFA
The DMD, NDFD, and ADFD increased significantly when
the dietary forage fibers were partly replaced by NFFS. The
concentration of propionate was significantly increased, while
the concentration of the acetate and acetate to propionate ratio

1http://www.ncbi.nlm.nih.gov/Traces/sra/

were not affected by the treatments. The production of total gas
was not significantly affected in response to treatments, it just
decreased by only 6.4%. Compared with CON, the production
of H2 of TRT increased by 8.45% and was also not significantly
affected. The production of CH4 tended to decrease by 14.06%,
when the dietary forage fibers (mainly from alfalfa) were partly
replaced by NFFS (wheat bran and soybean hull) (Table 2).

Diversity of Methanogenic and Bacterial
Community
The structure of the archaeal and bacterial community was
characterized by sequencing the V4 region of 16S rRNA gene with
Illumina MiSeq.

Archaea
After merging and a quality check, a total of 1,182,452 merged
sequences and 1,142,612 high-quality sequences were generated
from 18 samples, with an average read length of 379 bases
acquired. After filtering the chimeras, the remaining 1,104,189
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TABLE 3 | Alpha diversity indices of archaea and bacteria among treatments
in vitro (n = 9).

Items Treatment (f NDF/%)1 SEM2 P

CON(24.0) TRT(15.8)

Archaea

OTU3 1127 1093 25.0 0.5057

Coverage 0.99 0.99 0.001 0.3506

Chao1 2042 1888 46.7 0.0946

ACE4 2631 2625 171.6 0.9890

Shannon 2.30 2.25 0.030 0.3591

Simpson 0.25 0.27 0.009 0.0951

Bacteria

OTU 4062 4131 54.3 0.5868

Coverage 0.98 0.98 0.001 0.7395

Chao1 5978 5983 79.1 0.9802

ACE 6926 6787 134.2 0.6396

Shannon 6.46 6.51 0.019 0.0954

Simpson 0.005 0.005 0.0001 0.5094

1CON, control diet, a basic total mixed ration; TRT, treatment diet, a modified total
mixed ration with replacement of forage fiber by wheat bran and soybean hull.
2SEM, standard error of the mean.
3OTU, operational taxonomic units.
4ACE, abundance-based coverage estimator.

sequences were used to generate OTUs with 97% sequence
similarity across all the samples. The OTU table was filtered,
leaving 5,163 OTUs for further analysis. The archaeal community
was represented by two different phyla, Euryarchaeota and
Thaumarchaeota, where Euryarchaeota represented on average
99.9%. Genera that were each represented by ≥0.1% of the
total sequences were selected for further analysis. The 5
predominant genera were Methanomassiliicoccus (57.62%),
Methanobrevibacter (28.67%), Methanomicrobium (11.36%),
Methanobacterium (1.76%), and Methanosphaera (0.37%)
(Figure 1).

Alpha diversity indices of the archaeal community were
presented in Table 3. No significant differences were observed
among treatments based on the OTU numbers and coverage,
indicating that the sequencing depth was desirable for the
analysis. The alpha diversity indices of Chao1, ACE, Shannon
and Simpson were not affected by treatments, showing that
decreasing the content of fNDF from 24.0 to 15.8% didn’t
change the archaeal community richness and diversity. PCoA
analysis based on the weighted UniFrac metrics was performed
to compare the two treatments (Figure 2). The ANOSIM analysis
revealed no significant differences in the structure of the archaeal
community between CON and TRT (R = 0.016, P = 0.304).
Principal coordinate 1, 2, and 3 accounted for 69.4, 19.4, and 5.7%
of the total variation, respectively.

Bacteria
A total of 1,414,889 merged sequences and 1,367,883 high-quality
sequences were generated from 18 samples, with an average read
length of 416 bases acquired. After removing chimeric sequences,
the remaining 1,230,862 sequences were used to generate OTUs
with 97% sequence similarity across all the samples. After filtering

FIGURE 2 | Principal coordinate analysis (PCoA) of archaeal community
structures among treatments in vitro. PCoA plots were performed using the
weighted UniFrac method. CON, control diet, a basic total mixed ration; TRT,
treatment diet, a modified total mixed ration with the replacement of forage
fiber by wheat bran and soybean hull (n = 9).

the OTU table, 15,542 OTUs were left for further analysis. Across
all samples, 19 bacterial phyla were identified. Firmicutes and
Bacteroidetes were the dominant phyla, representing 48.03 and
41.79% of the total sequences, respectively. Verrucomicrobia,
Actinobacteria, and Proteobacteria represented average
percentages of 2.74, 1.47 and 1.44%, respectively (Figure 3).
The remaining phyla represented less than 1% of all the
sequences. Genera that were each represented by ≥0.1% of
the total sequences were selected for further analysis. The nine
predominant genera were Prevotella (6.59%), Acetobacteroides
(3.87%), Falsiporphyromonas (3.60%), Succiniclasticum (3.20%),
Sporobacter (2.68%), Subdivision5_genera_incertae_sedis
(2.31%), Ruminococcus (2.21%), Lachnospiracea_incertae_sedis
(2.12%) and Lachnobacterium (2.08%).

Alpha diversity indices of the bacterial community were also
presented in Table 3. Similar to the archaeal community, no
significant differences were observed about any alpha diversity
indices. Therefore, the replacement of forage fiber with NFFS
in diets didn’t change the bacterial community richness and
diversity. PCoA analysis based on the weighted UniFrac metrics
was performed to compare the two treatments (Figure 4).
The ANOSIM analysis revealed no significant differences on
the structure of the bacterial community between treatments
(R = −0.100, P = 0.953). Principal coordinate 1, 2, and 3
accounted for 48.1, 14.6, and 13.6% of the total variation,
respectively.

Relative Abundance of Methanogenic
and Bacterial Communities
Archaea
At the phylum level, Euryarchaeota, as the most predominant
archaeal phylum, represented on average 99.9% of the
all sequences. Methanomassiliicoccus, Methanobrevibacter,
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FIGURE 3 | Composition of the predominant bacterial phyla among treatments in vitro. CON, control diet, a basic total mixed ration; TRT, treatment diet, a modified
total mixed ration with the replacement of forage fiber by wheat bran and soybean hull. The top 5 abundant bacteria phyla are shown and the others are not shown
(n = 9).

Methanomicrobium, Methanobacterium, and Methanosphaera
from Euryarchaeota were the five predominant genera in the
present study. The relative abundance of Methanomassiliicoccus
was significantly increased in TRT compared with the
CON group (P = 0.001). However, the relative abundance
of Methanobrevibacter tended to decrease in the TRT
group (P = 0.076). Similarly, the relative abundance of
Methanomicrobium was lower in TRT group, but not significantly
decreased (P = 0.123) (Figure 5).

Bacteria
At the phylum level, replacement of the forage fiber with NFFS in
diets significantly decreased the relative abundance of Firmicutes
(P = 0.012) and tended to increase the relative abundance of
Bacteroidetes (P = 0.065). The other phylum that accounted for
≥1% of the total sequences in at least one of the samples were not
significantly affected by treatments (Figure 6).

At the genus level, the relative abundance that was
represented by ≥0.1% of the total sequences in at least one
of the samples were further analyzed. The influenced genera
by treatments and the other six predominant genera were
listed in Figure 7. All the influenced genera belonged to
Firmicutes. Compared with the CON group, the relative
abundance of most influenced genera was decreased. Specifically,
replacement of forage fiber with NFFS in diets significantly
decreased the relative abundance of Ruminococcus (P = 0.031)
and Clostridium XIVa (P = 0.049) and tended to decrease
the relative abundance of Lachnospiracea_incertae_sedis
(P = 0.050), Coprococcus (P = 0.053), Lachnobacterium
(P = 0.056) and Acetatifactor (P = 0.097). In contrast, the relative
abundance of Marvinbryantia (P = 0.08) was significantly
increased in the TRT group. The relative abundance of
Hydrogenoanaerobacterium (P = 0.063) and Christensenella
(P = 0.063) were tended to increase in TRT group. In addition,
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FIGURE 4 | Principal coordinate analysis (PCoA) of bacterial community
structures among treatments in vitro. PCoA plots were performed using the
weighted UniFrac method. CON, control diet, a basic total mixed ration; TRT,
treatment diet, a modified total mixed ration with the replacement of forage
fiber by wheat bran and soybean hull (n = 9).

the relative abundance of Succiniclasticum, Sporobacter
and Prevotella was higher, but the relative abundance of
Acetobacteroides and Subdivision5_genera_incertae_sedis was
lower in the TRT group. They were not significantly affected by
treatments.

DISCUSSION

Non-forage fiber sources are generated by several industries,
which are high in fiber (like forages) but are rapidly passed
from the rumen (like concentrates). The judicious use of NFFS
can improve the productivity and health of cattle in all stages
of lactation while potentially controlling feed costs (Bradford
and Mullins, 2012). Most non-forage fiber is relatively digestible
compared with forge fiber, resulting in higher digestibility
(Bhatti and Firkins, 1995; Dann et al., 2007). In our study, the
replacement of forage fiber with NFSS significantly increased
DMD, NDFD, and ADFD, but numerically increased the

concentration of TVFA. On the contrary, total gas production
was numerically decreased, unlike the concentration of TVFA.
This may be explained by the fact that non-forage fiber is
more digestible, but not better in fermentation than alfalfa fiber,
which usually was considered to be the best forage fiber. The
production of CH4 decreased by 14.06%, and H2 production was
numerically increased by 8.45%, followed by significant increases
in the concentration of propionate. The formation of acetate
and butyrate results in production of H2 which can be used
to generate CH4 by methanogenic archaea (Moss et al., 2000).
In propionate formation, pyruvate is reduced to propionate,
while in H2 formation, protons (H+) are reduced to H2. The
two pathways are both electron accepting, so Janssen (2010)
thought that propionate formation was an alternative pathway
to H2 formation and was accompanied by decreasing in CH4
production. The balance between propionate formation and
acetate and butyrate formation has a key role in determining
H2 available in rumen for utilization by methanogenic archaea.
These results indicated that the replacement of forage fiber with
NFFS may reduce the utilization of hydrogen in methanogenesis
and shift hydrogen flow from CH4 to propionate and H2 by
changing the relative abundance of certain archaea or bacteria.
Similar to previous studies, inhibition of CH4 production in batch
cultures resulted in the redirection of metabolic hydrogen toward
propionate and H2 (Ungerfeld, 2015). Mitsumori et al. (2012)
found that some [H] spared from CH4 production is redirected
to propionate, and part is directed to atypical [H] sinks like H2.

As the sole producers of methane in the rumen, a correlation
between the number of methanogens and methanogenesis might
be expected. Wallace et al. (2014) and Veneman et al. (2015)
suggested that the number of archaea, rather than the population
structure, might be the major driver of methane production
in the rumen. Some strategies, including supplementation of
essential oils (Duarte et al., 2017b) or ionophores (Shen et al.,
2017), reduce enteric methane emissions by inhibiting the activity
or richness of the microbiota. Inhibition of the microbiota
generally results in decreasing feed digestion (Ungerfeld, 2015).
However, Morgavi et al. (2010) reported that decreasing methane
production did not affected fiber digestibility in several in vitro
experiments. Shen et al. (2017) found that supplementation
of nisin in diets decreased methane production, while feed
digestion was unaffected. This may be explained by shifts in the

FIGURE 5 | Difference in the relative abundance of 5 predominant archaeal genera (abundance of the genera was expressed as %). Extended error bar plot was
performed by bioinformatics software (STAMP). Welch’s two-sided test was used and Welch’s inverted was 0.95. CON, control diet, a basic total mixed ration; TRT,
treatment diet, a modified total mixed ration with the replacement of forage fiber by wheat bran and soybean hull (n = 9).
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FIGURE 6 | Difference in the relative abundance of 5 predominant bacteria phyla (abundance of the phylum was expressed as %). Extended error bar plot was
performed by bioinformatics software (STAMP). Welch’s- two-sided test with two-side was used and Welch’s inverted is was 0.95. CON, control diet, a basic total
mixed ration; TRT, treatment diet, a modified total mixed ration with the replacement of forage fiber by wheat bran and soybean hull (n = 9).

FIGURE 7 | Difference in the relative abundance of bacterial genera that accounted for ≥0.1% of the total sequences in at least one of the samples and other
predominant genera (abundance of the genera was expressed as %). Extended error bar plot was performed by bioinformatics software (STAMP). Welch’s two-sided
test was used and Welch’s inverted was 0.95. CON, control diet, a basic total mixed ration; TRT, treatment diet, a modified total mixed ration with the replacement of
forage fiber by wheat bran and soybean hull (n = 9).

microbial population. Various methanogen groups have different
methanogenic potential (Leahy et al., 2013) and a shift in the
methanogen community toward less effective methanogenesis
might also explain the differences in methane production.
We observed decreased methane production and increased
propionate concentration, while dry matter disappearance was
increased in the present study. It is possible that changes in
the population structure of the microbiota can also affect the
methane production, like the inhibition of microbial richness
or activity. Belanche et al. (2016) found that ivy fruit saponins
reduced the methane production by modifying the structure
of the methanogen community and decreasing its diversity.
In contrast, chitosan promoted a shift in the fermentation
pattern toward propionate production to reduce the methane

production, which is achieved by a simplification of the structure
in the bacterial community. Therefore, both the richness of
the methanogen and the population structure of the microbial
community plays an important role in methanogenesis. On
the other hand, the richness and diversity of the archaeal and
bacterial community were not affected by treatments, together
with a similar pH value and TVFA production, also suggesting
that the replacement of forage fiber with NFFS in the diets
didn’t have significant detrimental effects on the overall rumen
fermentation in vitro.

Archaea
Methane is produced in the rumen as a product of normal
fermentation of the feedstuffs, and methanogens, which belong to
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the domain Archaea and the phylum Euryarchaeota are the only
known microorganisms capable of methane production (Hook
et al., 2010). However, compared to the number of methanogens,
the efficiency of different methanogens is considered to be
more important in methanogenesis (Shi et al., 2014). Given
that the positive relationship of increased methane production
and increased transcripts of mcrA gene, methanogens that can
express more mcrA genes are believed to contribute more to
methane production (Freitag and Prosser, 2009). In our study,
differences between treatments were observed at the genus level,
where the relative abundance of Methanomassiliicoccus (belongs
to Methanomassiliicoccaceae family) was significantly increased,
but the relative abundance of Methanobrevibacter tended to
decrease in the TRT group. Danielsson et al. (2017) reported
that unclassified Methanomassiliicoccaceae was 1.5-fold more
abundant in low CH4 emitters than that in high CH4 emitters.
Luo et al. (2017) reported that dietary pea fiber increased the
diversity of the colonic methanogen community structure of pigs
with a shift from Methanobrevibacter to Methanomassiliicoccus
and Methanomassiliicoccus-like genus. Hydrogenotrophic
pathway, methylotrophic pathway and acetoclastic pathway are
the three major pathways of methanogenesis.Methanobrevibacter
is one kind of hydrogenotrophic methanogen, that converts
H2 and/or formate to CH4 (Leahy et al., 2013), while
Methanomassiliicoccus, which belong to the novel order
Methanomassiliicoccales, has capacity to use methylamine
substrates for methanogenesis by H2-dependent methylotrophic
pathway (Lang et al., 2015; Moissl-Eichinger et al., 2018).
Although methanogenic archaea can acquire substrates form
environment, some species would increase efficiency by forming
contacts with protozoa, which produce large quantities of H2 by
their hydrogenosomes (Embley et al., 2003). Methanobrevibacter
is considered to be the predominant protozoa-associated
methanogens (Belanche et al., 2014), while the relation between
Methanomassiliicoccus and protozoa has not been reported.
Compared with Methanobrevibacter, Methanomassiliicoccus
may be less effective in methane production. Different sources
of fiber may stimulate the growth of different microbiota and
change the relative abundance of the microbial community.
Replacement of forage fiber with NFFS in diets would mitigate
CH4 emission from ruminants by changing the relative
abundance of Methanobrevibacter and Methanomassiliicoccus at
the archaea level.

Methanomassiliicoccus is more abundant in our study
than Methanobrevibacter, which was believed to be the most
predominant genus in a previous study (Janssen and Kirs,
2008). In another recent study (Danielsson et al., 2017),
Methanobrevibacter was also observed as the most predominant
genus. Danielsson et al. (2017) used the same primers of both
bacteria and archaea to construct 16S rRNA amplicon libraries,
resulting in an average of 505 archaeal sequences per sample
(61434 archaeal sequences per sample in our study). Different
sequencing depths may be responsible for the difference between
our study and others. Similar to our study, Paul et al. (2015) also
reported a high abundance of Methanomassiliicoccaceae present
in the rumen of Nili-Ravi buffalo by 16S rDNA analysis of
archaea.

Bacteria
In the present study, the rumen microbiota was dominated
by Bacteroidetes and Firmicutes, which are considered to be
the predominant phyla in most studies (Kim et al., 2010; de
Menezes et al., 2011; Martinez-Fernandez et al., 2016; Duarte
et al., 2017a). The Bacteroidetes are considered net H2 utilizers
whereas the Firmicutes phylum includes H2 producers (Stewart
et al., 1997). Belanche et al. (2016) reported that supplementing
chitosan in the control diet promoted a shift in the fermentation
pattern toward propionate production, which explained about
a third of the decrease in methanogenesis, which was achieved
by the substitution of fibrolytic (Firmicutes and Fibrobacteres)
by amylolytic bacteria (Bacteroidetes and Proteobacteria). In
another study, a shift in the microbiota with an increase in
the Bacteroidetes to Firmicutes ratio was accompanied by a
30% decrease in methanogenesis and increase in propionate
production, using chloroform as a methane inhibitor (Martinez-
Fernandez et al., 2016). Kittelmann et al. (2013) observed a
positive correlation between the occurrence of methanogens
and fibrolytic bacteria. In the present study, the TRT group
had a higher abundance of Bacteroidetes (mainly amylolytic
bacteria) and a lower abundance of Firmicutes (mainly fibrolytic
bacteria) compared with the CON group. This substitution
of fibrolytic by amylolytic bacteria may result in the higher
concentration of propionate as fermentation products in the TRT
group.

At the genus levels, all bacterial genera whose relative
abundance changed (P < 0.1) belonged to the Firmicutes phylum.
Most of these genera have higher relative abundance in the CON
group, except Marvinbryantia, Hydrogenoanaerobacterium, and
Christensenella. Marvinbryantia belongs to the Lachnospiraceae
family, which degrades complex polysaccharides to short
chain fatty acids, including acetate, butyrate, and propionate
(Biddle et al., 2013). Hydrogenoanaerobacterium belong to the
Ruminococcaceae family, which contains a large number of
healthy gut-associated butyrate-producing bacteria (Morissette
et al., 2017). A recent study suggests that the presence of
Christensenella in the gut, a low abundant (less than 0.001%) and
highly heritable (transmissible from parent to offspring) bacterial
genus, decreases body weight gain in obese mice (Goodrich et al.,
2014). There are few references about these genera and whether
they participate in the metabolism of propionate is unknown.
However, as described above, these genera are all involved in
energy metabolism and maybe have certain relationships with
shifting hydrogen flow toward propionate.

CONCLUSION

Theoretical predictions of displacements of H2 metabolism
from methanogenesis to propionate production was supported
by the dietary intervention in vitro. A modified dietary
formulation strategy can affect methanogenesis by shifting the
hydrogen flow toward propionate and partially toward to H2.
The shift was achieved by a substitution of Firmicutes by
Bacteroidetes and another substitution of Methanobrevibacter by
Methanomassiliicoccus. In conclusion, the replacement of forage
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fiber with NFFS in diets may be a meaningful strategy to shift the
hydrogen flow toward propionate and further studies need to be
conducted to explore if the same microbiota modulation would
be observed in vivo.
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Background: Microbiome studies need to analyze massive sequencing data, which
requires the use of sophisticated bioinformatics pipelines. Up to date, several tools are
available, although the literature is scarce on studies that compare the performance of
different bioinformatics pipelines on rumen microbiota when 16S rRNA amplicons are
analyzed. The impact of the pipeline on the outcome of the results is also unknown,
mainly in terms of the output from studies using these tools as an intermediate
phenotype (pseudophenotypes). This study compares two commonly used software
(Quantitative Insights Into Microbial Ecology) (QIIME) and mothur, and two microbial gene
data bases (GreenGenes and SILVA) for 16S rRNA gene analysis, using metagenome
read data collected from rumen content of a cohort of dairy cows.

Results: We compared the relative abundance (RA) of the identified OTUs at the
genus level. Both tools presented a high degree of agreement at identifying the
most abundant genera: Bifidobacterium, Butyrivibrio, Methanobrevibacter, Prevotella,
and Succiniclasticum (RA > 1%), regardless the database. There were no statistical
differences between mothur and QIIME (P > 0.05) at estimating the overall RA of
the most abundant (RA > 10%) genera, either using SILVA or GreenGenes. However,
differences were found at RA < 10% (P < 0.05) when using GreenGenes as database,
with mothur assigning OTUs to a larger number of genera and in larger RA for these
less frequent microorganisms. With this database mothur resulted in larger richness
(P < 0.05), more favorable rarefaction curves and a larger analytic sensitivity. These
differences caused significant and relevant differences between tools at identifying the
dissimilarity of microbiotas between pairs of animals. However, these differences were
attenuated, but not erased, when SILVA was used as the reference database.

Conclusion: The findings showed that the SILVA database seemed a preferred
reference dataset for classifying OTUs from rumen microbiota. If this database was used,
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both QIIME and mothur produced comparable richness and diversity, and also in the
RA of most common rumen microbes. However, important differences were found for
less common microorganisms which impacted on the beta diversity calculated between
pipelines. This may have relevant implications at studying global rumen microbiota.

Keywords: mothur, QIIME, 16S rRNA, rumen microbiota, bovine

INTRODUCTION

Research on ruminal microbiota is becoming increasingly
important in dairy cattle as the microbial communities and
their genome expression are related to important traits as
health condition (Zilber-Rosenberg and Rosenberg, 2008), feed
enteric fermentation (Zhou et al., 2009, 2010), or methane
emissions (Wallace et al., 2015; Kamke et al., 2016; Roehe et al.,
2016). The differences in the microbiota composition have also
been proposed as a predictor or proxy of the differences in
complex traits and environmental phenotypes (Ross et al., 2013;
Kamke et al., 2016). Improving these traits is relevant for farm
profitability and sustainability (Basarab et al., 2013; Bell et al.,
2013; González-Recio et al., 2014a). Further, there is increasing
interest on inferring the host genetic influence on the microbiota
composition (Goodrich et al., 2016; Roehe et al., 2016). Tools
that accurately estimate the microbial composition are essential
to associate microbiota to phenotype variability.

Advances in sequencing technologies allow for obtaining
genomic information in a fast and affordable manner. Whole
metagenome and rRNA amplicons sequencing provide useful
information to characterize the microbial composition in a given
environment. Metagenomic information from hypervariable
regions in the 16S and 18S ribosomal RNA amplicons are so
far preferred in microbiome research due to their lower cost
and reasonable accuracy. The results of these kind of studies
rely on computational tools that provide accurate characteristics
from large data sets of DNA sequences from the community
under investigation (Lindgreen et al., 2016). Several authors
have reviewed the specifications of different bioinformatics
tools to analyze 16S rRNA gene sequences (Lozupone et al.,
2005; Nilakanta et al., 2014; Oulas et al., 2015). Among these
tools, mothur (Schloss et al., 2009; Kozich et al., 2013) and
Quantitative Insights Into Microbial Ecology (QIIME) (Caporaso
et al., 2010) are currently two of the most used suits of
tools to analyze sequencing information from rRNA amplicons.
However, comparisons between these tools on real data sets
are scarce. For instance, other authors performed a benchmark
study in order to investigate the performance of several tools
in terms of microbial taxonomy and function (Lindgreen et al.,
2016). These authors applied the methods on synthetic whole
sequence metagenomes, which aim to represent the complexities
encountered in a non-specific environment. In that study, QIIME
resulting on a high specificity at determining the genus level
but low sensitivity, whereas mothur was not tested. A recent
study evaluated QIIME and mothur in fecal samples collected
from preterm infants, showing slight differences in terms of
the effective number of genera, richness and relative abundance
(RA) detected (Plummer and Twin, 2015). Up to the best of

our knowledge, the performance of these tools has not been
yet evaluated in aligning rumen metagenome samples to public
amplicons databases. Rumen microbiota poses the difficulty that
most species have not been yet isolated, and therefore gene data
bases may lack of many of the species in the rumen.

The aim of this study was to compare the rumen microbiota
composition resulted from two different software: mothur and
QIIME, when aligned against GreenGenes (GG) or SILVA
databases. The null hypothesis is that the software and data
base used to determine the ruminal microbial composition do
not impact the results and conclusion from rumen microbiota
studies.

RESULTS

This study used sequence data from the hypervariable region
V4 of the 16S amplicon from ruminal content in 18 dairy
cows. The libraries were generated by means of Nextera kit.
The 250 bp paired-end sequencing reactions were performed
on a MiSeq platform (Illumina, San Diego, CA, United States).
The sequences were processed using the two softwares: QIIME
package version 1.9.1 (Caporaso et al., 2010) and mothur version
1.39.5 (Kozich et al., 2013). The RA of 16S rRNA gene reads
for each sample and bioinformatics tool was used to infer the
taxonomical composition of the samples, taking into account
the copy number of 16S genes calculated from each tool. Two
reference panels were considered for this purpose: GreenGenes
(GG) database (May 2013 version) and SILVA (release 132). The
detailed pipeline from each software is shown in Figure 1.

After filtering and chimera removal, both tools used a similar
number of sequences to cluster (P > 0.05), regardless the database
used. In average, QIIME left 54,544 reads (SD = 9,041) per
animal, whereas mothur worked with 53,790 reads per sample
(SD = 7,709). However, mothur clustered these sequences in a
larger number of OTUs regardless the database (Figure 2). Using
QIIME with GG as reference database kept the lowest number of
OTUs for classification.

Taxonomical Richness
The performance of each tool was evaluated by looking at
the assignment of individual OTUs and the number of genera
classified. The RA of genera in each sample was calculated after
excluding those genera that appeared at RA < 0.1% across all
samples.

Figure 3 shows the rarefaction curves from each tool. Mothur
detected a larger number of OTUs (Figures 3A,B) and also of
microbial taxa at the genus level (Figures 3C,D) (P < 0.01) in
the samples than QIIME using both GG and SILVA databases.
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FIGURE 1 | Overview of the workflows used in this study on QIIME and mothur for 16S rRNA amplicons analysis.

FIGURE 2 | Number of OTUs per sample left for taxonomic classification within reference database (above) or within software (below).
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FIGURE 3 | Rarefaction curves on OTUs (A,B) or classified genera (C,D) for the samples analyzed with each tool prior to filtering by relative abundance <0.1%.
(A,C) represent curves from GreenGenes as the reference database, whereas (B,D) are obtained from SILVA database.

Opposite, QIIME classified a larger number of genera after
filtering by RA > 0.1% (Table 1). Most of the additional genera
encountered by mothur were in very low abundance.

Classification
GreenGenes
On average, mothur clustered a significantly (P < 0.001)
higher number of OTUs per sample than QIIME. In average
per sample, QIIME could not assign 61% (SD = 2.7) of
clustered OTUs to a known genus, considering known every
genus not named as “unclassified,” “uncultured,” “ambiguous,”
“unidentified,” “unknown,” or null, whereas mothur could not
assign a larger proportion (67%, SD = 2.5) of OTUs. QIIME
was less restrictive at assigning OTU to genus level (P < 0.001),
which might be related with the higher initial number of OTUs
clustered by mothur, as we mentioned before. With this database,
mothur identified a total of 29 different genera appearing in more
than one sample, whereas QIIME assigned 24. Twenty three of
these genera were common to both pipelines. The former aligned
sequence data to six additional known genera, although most
of them appeared in an average RA lower than 0.5%. Three
out of these six genera had low representativeness, appearing
in less than four out of 18 samples. On the other hand, the
only QIIME-exclusive genus, Bacillus, had a low average RA and
low representativeness, appearing only in three samples. Table 1
shows the average RA of genera assigned by one or both tools,
highlighting that reads that were assigned to a known genus by

only one of the tools appeared in very low RA. Both tools were
capable of assigning around 99% of reads to any known taxonomy
rank belonging to either bacteria or archaea kingdoms.

A scatter plot of the RA estimated by each tool for each
genus within sample are shown in Figure 4. A strong Pearson
correlation (0.996; P < 0.001) was found between RA obtained
from each tool. Although some small variability can be seen
for some samples, there were not statistical differences in the
overall RA between tools (P > 0.05). However, this disagreement
was more evident for microorganisms at RA < 10%, for which
significant differences were found between both tools (P < 0.05),
and these differences were even higher at RA < 1% (P < 0.01),
and the regression coefficient of RA from QIIME on RA from
mothur differed from one, becoming even lower when subsetting
the RA dataset (Table 2).

SILVA
Mothur also clustered a significantly higher number of OTUs
in known taxa than QIIME (P < 0.001) when SILVA was the
reference database even though mothur filtered out a larger
number of reads, but the differences were more attenuated than
using GG. These OTUs from mothur were nonetheless classified
into a lower number of known taxa than using QIIME (Table 1).
Both tools identified a total of 52 known genera. Mothur aligned
sequence data to three additional exclusive known genera that
appeared in more than 1 sample, and QIIME identified 13 genera
that did not appeared in mothur. With SILVA as database, mothur
could not assign an average of 36.1% per sample (SD = 1.37)
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TABLE 1 | Total of genera (N) and its average relative abundance (standard deviation within brackets) assigned by each tool (only by QIIME, only by mothur or by both).

Reference database Total genera assigned Relative abundance

QIIME Mothur Mothur and QIIME QIIME Mothur Mothur and QIIME

GreenGenes 1 6 23 0.19 (-)1 2.89 (9.67) 2.60 (8.30)

SILVA 13 3 52 0.28 (0.13) 1.90 (6.51) 1.79 (5.67)

Results from each reference data set are presented separately. 1No standard deviation calculated with n = 1.

FIGURE 4 | Relative abundance of the different microorganisms (by genera) detected by QIIME and mothur within the 18 samples using GreenGenes as reference
data set. The subset shows the correlation between data with QIIME RA < 1%. Points represent individual RA within each sample.

of clustered OTUs to a known genus, but with QIIME only
9.1% (SD = 1.36) of OTUs were not assigned to known genera.
Thus, mothur appeared to be much more restrictive (P < 0.001)
at assigning OTUs to genus level when SILVA was used as the
reference database.

Figure 5 shows a scatter plot of the RA estimated by each
tool. As in the previous case for GG, a strong correlation
(0.996; P < 0.001) was found between RA obtained from each
tool. However, the regression coefficient of RA from QIIME
on RA from mothur deviated from 1 at RAs < 10%, although
smaller differences were observed compared to GG (Table 2).
This suggests that mothur detects larger RA of microbes that are
present in lower proportion in the rumen.

In summary, both tools were able to classify microorganism
from the following genus: Prevotella, Butyrivibrio, Succinic-
lasticum, Methanobrevibacter, Treponema, Bifidobacterium,
Pseudobutyrivibrio, Ruminococcus, Mogibacterium, Lachnospira,
Acetobacter, Methanosphaera and Desulfovibrio, regardless the
database. In addition, other microbes were not identified

to genus level, but as members of Lachnospiraceae and
Ruminococcaceae families, regardless the database. The OTUs
unable to be classified by QIIME at the genus level were
from the Paraprevotellaceae, Coriobacteriaceae, Prevotellaceae,
and Succinivibrionaceae families when GG was used as the
reference database and from the Christensenellaceae family
when SILVA was used as the reference dataset. The OTUs
that were not assigned to a genus level by mothur belonged to
Enterobacteriaceae and Spirochaetaceae families using GG, and to
Bacillaceae, Enterobacteriaceae, Erysipelotrichaceae, Family_XIII,
Prevotellaceae, and Spirochaetaceae families using SILVA. Also,
members from Bacteroidetes, Firmicutes, and Proteobacteria
phyla were not assigned to family level when using mothur,
regardless the database.

The genera that were identified exclusively by either mothur
or QIIME are shown in Table 3. This table includes the reference
database they were detected with, and previous studies reporting
these microbes in rumen microbiota. Other genera were classified
by both tools, but not for both databases. Among those with
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TABLE 2 | Regression (slope and regression coefficient estimates) of the relative
abundance from QIIME on the relative abundance from mothur using GreenGenes
or SILVA as reference data set.

GreenGenes SILVA

Reference population Coefficient R2 Coefficient R2

All 1.10∗∗ 0.90∗∗ 1.14∗∗ 0.98∗∗

Relative abundance < 10% 0.50∗∗ 0.31∗∗ 0.86∗∗ 0.84∗∗

Relative abundance < 1% −0.03∗∗ 0.05∗∗ 0.12∗∗ 0.14∗∗

∗∗P < 0.001.

RA > 0.5% we found YRC22 and Clostridium when GG was the
reference database, and Acetitomaculum, Saccharofermentans,
Schwartzia, Candidatus_Saccharimonas and some groups from
families Ruminococcaceae, Christensenellaceae, Rickenellaceae,
Lachnospiraceae, and Prevotellaceae when SILVA was used. Five
taxa were identified for any combination of tool and database
that have not been reported in rumen so far: Eubacterium hallii
group, Eubacterium_nodatum_group, Ruminococcaceae UCG-
011, Ruminococcus gauvreanii group, and Prevotella P9.

Diversity
Beta-diversity was calculated to investigate the dissimilarity
between rumen microbiotas within tool. Results clearly clustered
by software at taxonomical levels of genus, family and Phylum,
regardless the reference database used (Figure 6). This figure

also shows that the dissimilarities between samples were larger
between than within software at lower taxonomic levels (genus
and family), whereas distances at the phylum level were similar
between and within software.

Computation requirements were not reported here as they
greatly depend on the computational strategy applied in
terms of parallelization, available number of cores, and the
bioinformatician’s creativity to design more efficient pipelines.

DISCUSSION

The results of this study support previous research showing
differences between bioinformatics tools analyzing 16S
rRNA amplicons. The number of OTUs and the taxonomic
classification resulted thereof was compared between mothur
and QIIME.

The results herein show that the final number of taxa and
their overall RAs are not statistically different between tools
using SILVA as reference database, but beta-diversity between
samples clustered together by software used. Mothur worked
with a larger number of OTUs, and these were classified into
a larger number of genera than by QIIME when GG was
the reference database. Plummer and Twin (2015) showed
larger richness (total number of different genera) using QIIME
compared to mothur, using the same reference database for
alignment, although they used human preterm gut samples.

FIGURE 5 | Relative abundance of the different microorganisms (by genera) detected by QIIME and mothur within the 18 samples using SILVA as reference data set.
The subset shows the correlation between data with QIIME RA < 1%. Points represent individual RA within each sample.

Frontiers in Microbiology | www.frontiersin.org 6 December 2018 | Volume 9 | Article 301055

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-03010 December 12, 2018 Time: 15:39 # 7

López-García et al. Mothur vs. QIIME Ruminal 16S Analysis

TABLE 3 | Genera identified exclusively by mothur or QIIME, their function or activity in the rumen (if known), the reference database it was identified from, and
information source or reference.

Genus Function/activity in rumen Reference database Tool Previous source(s)

p-75-a5 Detected in ruminal liquid fraction GreenGenes mothur Jewell et al., 2015

SHD-231 Detected in rumen. Reduced in diets
containing linseed diets

GreenGenes mothur de Carvalho et al., 2017

Lachnospira bacterium FD2005 Detected in rumen SILVA mothur Azevedo et al., 2015.

Papillibacter Detected in rumen. Cellulose- degrading
bacteria

SILVA mothur Zhang et al., 2014

Ruminococcus Cellulolytic bacteria SILVA QIIME Wallace et al., 2015.

Bacillus Amylolytic bacterium GreenGenes, SILVA QIIME Gallo et al., 2016

Eubacterium_ cellulosolvens_group Fibrolytic (Sika deer)
Detected in sheep rumen

SILVA QIIME Li et al., 2013
Azevedo et al., 2015

Eubacterium_coprosta noligenes_group Detected in rumen SILVA QIIME Tong et al., 2018
Popova et al., 2017

Eubacterium_ ruminantium_group Present in rumen with an appropriate balance
of degradable protein and carbohydrates

SILVA QIIME Abdelmegeid et al., 2018

Eubacterium_ ventriosum_group Present in forestomach (Alpacas and Sheep) SILVA QIIME Abdelmegeid et al., 2018

Lachnospiraceae_ NK4A136_group Detected in rumen SILVA QIIME Azevedo et al., 2015

Roseburia Adherent bacteria community involved in
plant degradation

SILVA QIIME Huws et al., 2016

FIGURE 6 | Two first dimensions of a non-metric multidimensional scaling for samples analyzed with mothur (red dots) or QIIME (blue dots) using either SILVA
(above) or GreenGenes (below) as the reference dataset at the genus, family, and phylum taxonomical levels.

They also showed statistical differences between tools on the
comparison for diversity within samples. Our results show that
using more updated SILVA releases mitigated these differences
in terms of richness and diversity, suggesting that not only

the implemented pipeline/program strongly influences diversity
results, but database should also be considered in microbiota
analysis. Therefore, it must be pointed out that comparison
between pipelines in terms of number of OTUs must be done

Frontiers in Microbiology | www.frontiersin.org 7 December 2018 | Volume 9 | Article 301056

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-03010 December 12, 2018 Time: 15:39 # 8

López-García et al. Mothur vs. QIIME Ruminal 16S Analysis

within database, and in terms of number of OTUs remaining for
classification. It is also worth to highlight that in the current study
both pipelines utilize a reference database for chimera filtering
as well as a differentiated OTU labeling, making the comparison
for raw OTUs unfeasible. Analyzing OTUs instead of taxonomical
levels might be of interest in some circumstances. The results at
the taxa level showed differences between tools and databases,
which may be extended at the more specific level of OTUs.

It must be pointed out that the objective of this study was
not to determine what tool provides a more accurate picture of
the true microbiota composition, since the latter is unknown in
cultivated rumen samples. There is no gold standard microbiota
with known composition as many of the microbes in the rumen
cannot be isolated or have not been yet cultivated. Sequencing
the 16S rRNA gene poses the limitation that closely related
microbes can be indistinguishable as they harbor almost identical
sequences at this amplicon, and the different tools handle these
drawbacks differently. A favorable pipeline should maximize
sensitivity with a minimum impair in specificity. According
our results, we infer that mothur provides higher diversity
than QIIME regardless the reference database. There were five
taxonomy groups detected in our study that have not been
reported in rumen microbiota before. The rumen microbiota is
largely underrepresented in databases and most of them have not
been cultured yet (Stewart et al., 2018). Therefore, we consider
that these groups of microorganisms might be considered as new
candidates, although it must be corroborated in future studies
through deep sequencing analysis or culture isolation. If they are
true positive, they may be potential candidates to create mock
communities to challenge bioinformatics tools. Lindgreen et al.
(2016) showed low sensitivity scores and an impaired prediction
performance with QIIME using a benchmark metagenome.
However, as noted by these authors, QIIME uses custom
databases that only contain specific marker sequences such
as 16S rRNA. Therefore, performance of QIIME in whole
metagenome analyses cannot be extrapolated to 16S or 18S
amplicons studies. In addition, mothur was not used in such a
study.

There are two main differences between mothur and QIIME:
the OTU clustering algorithm and the algorithm for taxonomic
classification. The alignment and clustering processes differ
between software, as well as the chimera detection. Mothur
handles the taxonomic classification using a naïve Bayesian
classifier using a pseudo-bootstrapping to generate a confidence
score, which must be over 80% to assign a read to a given
taxonomy (Wang et al., 2007). QIIME uses the usearch algorithm
to find the closest match in a reference data base (Edgar,
2010), which has been reported problematic at identifying the
closest reference because it is sensitive to the order of the
reference sequences as they can be identical over the region
being considered (Westcott and Schloss, 2015). Usearch shows a
high level of sensitivity to detect reference sequences, however,
the specificity of those matches was poor relative to the true
best match. High error rates have been previously reported
with GG, and could be substantially improved by randomizing
the sequences (Westcott and Schloss, 2015). Further the poorly
GreenGenes-aligned sequences artificially increases the distances

between sequences, which may also impair the accuracy of the
classification. QIIME uses a closed reference pick up strategy
in a single step, which implies some difficulties at disentangling
all dissimilarities with mothur. The way mothur is implemented
here resembles a pseudo open-reference pick up, because there
were a previous step of chimera filtering and a known reference
database was used for classification. These arguments might
explain the poorest performance of QIIME in our data set when
GG was used as the reference data set.

This is a proof of principle analysis showing how the
choice of bioinformatics pipeline and the reference data set
can impact the analysis of 16S rRNA gene sequencing data
from rumen microbiotas. Nonetheless, the bio-informatics tools
could perform differently in samples from different sites as
different body parts may host different taxonomic composition,
making the algorithms more or less efficient at detecting the true
composition.

In the light of the results obtained in this study we can
conclude that the impact of the tool is relatively small in terms
of richness as a more updated and comprehensive reference
database is used. SILVA seems to be a preferred reference data
set as a larger number of different genera were identified, and
more consistent results were obtained between tools. SILVA is
a more updated database, whereas GG has not been updated
since 2013. However, differences were detected in terms of
beta-diversity, and differences between pipelines were obtained
for microbes in lower abundances, yet belonging to the core
microbiome. In this sense, mothur showed larger sensitivity
at detecting microorganisms that can potentially populate the
cow rumen. This may be important, as differences in the RA
of less frequent groups of microbes may be relevant. These
differences affect the microbiota similarity between samples or
individuals. In turn, this would affect the phenotypic variance
of a complex trait explained by the microbiota using mixed
models that accounted for the microbiota composition as a
random effect with a covariance structure given by these
similarities between samples. Performance of mixed model
methodology under Best Linear Unbiased Prediction or any other
Reproducing Kernel Hilbert Space scenario greatly depends on
the structure of the covariance or kernel matrix used as reported
in González-Recio et al. (2009, 2014b). Incorrect or improper
microbiotas similarity matrices might bias the proportion of
variance explained by the microbiota or genetic correlation
estimates between host genome and its metagenome. Up to the
best of our knowledge, there is no proof of concept to determine
what tool provides a more suitable similarity matrix. The degree
of aimed microbiota specificity may affect the choice of the
pipeline. Mock communities that mimic the true composition
of rumen microbiota are not yet available. This study also
highlights the necessity to create benchmark samples with a
known composition of cultivated ruminal microorganisms to
evaluate different bioinformatics tools, as well as the convenience
of including more rumen specific communities into the gene
databases. In this sense, those mock samples could include the
genera that have been detected by only one of the tools (Table 3).
Moreover, It must be consider that the samples used in this
study combined the four possible ruminal fractions and the RAs
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in the samples might differ from the true composition in the
rumen. Nonetheless, this is not expected to affect the comparison
between pipelines.

MATERIALS AND METHODS

This study was carried out in accordance with Spanish
Royal Decree 53/2013 for the protection of animals used for
experimental and other scientific purposes. An ethics committee
was not necessary in this case because it was conducted
on pre-existing data from a previous trial based on routine
management practices in commercial farms. Data used in this
study were described in Gonzalez-Recio et al. (2018). In brief,
samples were obtained from ruminal content from 18 cows
from 2 breeds (10 Holstein and 8 Brown Swiss) allocated in
the Fraisoro Farm School (Zizurkil, Gipuzkoa, Spain). Ruminal
samples were collected from each dairy cow using a stomach
tube connected to a mechanical pumping unit. About 100 ml
of each ruminal extraction were placed into a container and
were frozen immediately after the extraction and then stored
at −20 ± 5◦C until analysis. Samples were gradually thawed
overnight at refrigeration (5 ± 3◦C) and squeezed through four
layers of sterile cheesecloth to separate solid (solids with a particle
size smaller than the diameter of the sampling tube) from liquid
digesta phases. This latter phase was subsequently separated
into planktonic organisms and bacteria associated with the
liquid fraction. The solid phase was separated in associated and
adherent fractions. Fractionation procedures were carried out
following the methodology described in Yu and Foster (2005).
The four fractions were lyophilized and combined to obtain a
unique sample with the four fractions represented proportionally
(on dry matter basis).

After composition, DNA extraction was performed using
the commercial Power Soil DNA Isolation kit (Mo Bio
Laboratories, Inc., Carlsbad, CA, United States) following
manufacturer’s instructions. The extracted DNA was subjected
to paired-end Illumina sequencing of the V4 hypervariable
region of the 16S rRNA. Universal bacterial 16S rRNA gene
primers (515F: 5′-GTGCCAGCMGCCGCGGTAA-3′ and 806R:
5′-GGACTACHVHHHTWTCTAAT-3′ (Caporaso et al., 2011)
were used to generate the bacterial amplicon libraries (expected
amplicon size 250 bp). The libraries were generated by means
of Nextera kit. The 250 bp paired-end sequencing reactions
were performed on a MiSeq platform (Illumina, San Diego, CA,
United States). Data are publicly available at http://www.ebi.ac.
uk/ena/data/view/PRJEB26635.

Sequences were pre-processed using Trimmomatic tool (v
0.36) (Bolger et al., 2014). Sequences below 220 bp in length and
average quality score below 30 on a window of 20 bases were
discarded. In total, 3,261,168 reads were analyzed. The remaining
sequence data were then processed using the two softwares:
QIIME package version 1.9.1 (Caporaso et al., 2010) and mothur
version 1.39.5 (Schloss et al., 2009; Kozich et al., 2013). In
the case of QIIME, forward and backward reads were joined
with join_paired_ends.py. Chimeras were identified and filtered
using usearch method (Rognes et al., 2016). Finally, the tool

was used to pick closed-reference OTUs from the GreenGenes
database (May 2013 version) or SILVA database (Quast et al.,
2013)1 (release 132) and representative sequences with a 99%
of similarity were kept. The pipeline for mothur also began
by joining forward and backward reads. Chimeras and unique
sequences were removed using UCHIME (Edgar et al., 2011).
Sequences were then preclustered, and finally classified using
the default method (naïve Bayesian classifier; Wang et al., 2007)
on classify.seqs(), with the same cut-off for sequence identity
and reference databases as above. OTUs were summarized at
phylum, class, order, family, and genus. Phylogenetic groups with
an abundance lower than 0.1% in all samples were excluded from
the final analyses. The pipelines used can be found in a git-hub
repository2.

All statistical analyses were performed in R v3.5.1 (R Core
Team, 2015). When Pearson correlation was calculated, the
statistical significance was tested using the cor.test() command
from the base package.

Filtering and Chimera Removal
Differences in the number of sequences left after chimera removal
from each tool (mothur vs. QIIME) was computed using a least
squared mean regression.

The linear model was:

y = µ+ xβ+ e

where y was the vector of the number of reads left for
each sample after filtering and chimera removal with either
mothur or QIIME (n = 2 × 18), µ is the intercept, x is the
incidence vector assigning each record to the corresponding
tool (mothur vs. QIIME), β is the coefficient estimate, and e
is the vector of residuals assumed to be independently and
identically normally distributed. The level of significance was set
to α = 0.05.

Richness and Relative Abundance
Differences between mothur vs. QIIME were computed using
a simple generalized linear model. Sequence reads from each
sample (n = 18) were analyzed with the mothur or QIIME
pipelines, and using either SILVA or GG databases. The statistical
analysis for the resulting richness and RAs were computed within
database as follows:

y = µ+ xβ+ e

where y was the vector of number of microbial taxa at the
genus level (or their RA) assigned either with mothur or
QIIME (n = 2 × 18) using GG, µ is the intercept, x is the
incidence vector assigning each record to the corresponding
tool (mothur vs. QIIME), β is the coefficient estimate, and e
is the vector of residuals assumed to be independently and
identically normally distributed. The level of significance was set
to α = 0.05.

1http://www.arb-silva.de
2https://github.com/alopgar/16S-analysis/tree/master/16S-mothur-and-QIIME-
pipeline-comparison
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Further, the same statistical analysis was performed using the
RAs obtained with SILVA as the reference data base.

Similarly, the number of unclassified reads from each tool
within reference database were analyzed using the same model
as above.

Dissimilarity Matrix and Principal
Component Analyses
Non-metric multidimensional scaling (nMDS) was performed to
explore the ruminal community structure, using the phyloseq
package (v 1.24.2). The ordinate function was used to estimate
dissimilarities using Bray–Curtis distances. Plot_ordination
was used to plot these dissimilarities between mothur and
QIIME pipelines with either SILVA or GreenGenes as the
reference databases, grouping taxa by genus, family, and phylum
levels.
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Mastitis is an inflammatory disease, affects the dairy industry and has a severe economic

impact. During subclinical mastitis, milk production and milk quality deteriorates.

Recently, rumen microbial composition has been linked to rumen health, but few studies

have investigated the effect of rumen microbiota on mammary health in cows. This study

was undertaken to identify the rumen microbial composition and associated microbial

fermentation in cows with different somatic cell counts (SCC), with the speculation

that cows with different health statuses of the mammary gland have different rumen

bacterial composition and diversity. A total of 319 Holstein dairy cows fed the same

diet and under the same management were selected and divided into four groups

as SCC1 (N = 175), SCC2 (N = 49), SCC3 (N = 49), and SCC4 (N = 46) with

<200,000, 200,001–500,000, 500,001–1,000,000, and >1,000,000 somatic cells/mL,

respectively. Further, 20 cows with the lowest SCC and 20 cows with the highest

SCC were identified. The rumen microbial composition was profiled using 16S rRNA

sequencing, along with measurement of rumen fermentation parameters and milking

performance. Compared to low SCC, cows with high SCC showed poorer milk yield,

milk composition, and rumen volatile fatty acids concentration, but higher rumen bacterial

diversity. Although the predominant rumen bacterial taxa did not vary among the SCC

groups, the relative abundance of phyla SR1 and Actinobacteria, unclassified family

Clostridiales and genusButyrivibriowere significantly different. In addition, Proteobacteria

and family Succinivibrionaceaewere enriched in cows with low SCC. Our results suggest

that specific rumen microbes are altered in cows with high SCC.

Keywords: somatic cell counts, subclinical mastitis, milk production, rumen fermentation, rumen microbiota

INTRODUCTION

Mastitis of dairy cows is an inflammatory disease caused by intramammary infection (IMI), with
high incidence and prevalence. It involves a host-pathogen interaction driven by host and bacterial
determinants. Subclinical mastitis is characterized by no visible changes in the appearance of
milk or the udder, but milk production decreases, milk composition is altered, somatic cell count
increases (SCC), and pathogens may be present in the secretion (Batavani et al., 2007). The IMI in
dairy cows can cause severe economic losses due to reducedmilk production, discardedmilk, lower
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conception rates, premature culling, and treatment costs (Seegers
et al., 2003; Halasa et al., 2007). In the dairy industry, SCC
have been extensively used to distinguish healthy quarters from
quarters with an inflammatory response due to IMI (Tsenkova
et al., 2001).

Recently, the fundamental role of naturally occurring diverse
gastrointestinal microbes in the well-being of ruminants and
humans has been demonstrated (Clemente et al., 2012; Mao
et al., 2015). The constituents of microbiota have been shown
to interact with each other and with the host immune system
in ways that influence the development of disease. In human
studies, it has been reported that milk bacteria as well as mastitis
can be affected by gut microbiota (Rodriguez, 2014). The oral
administration of strains of probiotics isolated from milk has
been shown to be an alternative method for the treatment
of human mastitis (Arroyo et al., 2010). These studies lead
to the speculation that there could be an interaction between
gut microbiota and mammary gland, although the mechanism
remains under-investigated.

The rumen is considered as one of the major organs in
dairy cows, which directly affect milk production and health
of the host. Dairy cows depend on rumen microbes to convert
human-indigestible feedstock to human-edible products, by
providing volatile fatty acids (VFAs) and microbial proteins.
In recent years, major efforts in characterizing the rumen
microbial composition and function have been made, along
with studying the factors that affect rumen microbiota, such
as diet (Zhu et al., 2017), lactation stage, rumen development
and age (in pre-weaned calves) (Robert et al., 2012). In
addition, host-microbial interactions in the rumen have been
studied, aiming to maximize the performance of dairy cows,
including lactation performance (Xue et al., 2018), feed efficiency,
and regulation of methane emission (McCann et al., 2014).
Rumen microbial composition has also been linked to the
health of rumen (acidosis and subacute acidosis) (Mao et al.,
2015). To our knowledge, it is unknown whether the rumen
microbiota could be associated with mammary health of the
host.

In the current study, it is hypothesized that rumen microbial
composition, diversity, and rumen fermentation parameters
differed in cows with different health statuses of mammary gland
(different levels of SCC). The16S rRNA gene sequencing was
performed to investigate the rumen bacterial composition, and
microbial fermentation products were characterized in 319 dairy
cows with different levels of SCC. The current study provides
a better understanding of rumen microbial composition and
fermentation in cows with different health statuses of mammary
gland.

MATERIALS AND METHODS

Ethics Statement
The experimental procedures used in this study
were approved by the Animal Care Committee of
Zhejiang University (Hangzhou, China) and were in
accordance with the University’s guidelines for animal
research.

Experimental Design
A total of 319 multiparous (parity ranged from 2 to 7) Holstein
dairy cows in mid-lactation (day in milk [DIM] ranged from
92 to 218) with no clinical signs of disease were selected from
652 lactating cows in a commercial dairy farm (Hangzhou,
China). The animals were fed the same diet three times daily
at 0630, 1400 and 2000 h, with forage to concentrate ratio of
45:55 (Supplementary Table S1), and had free access to water.
Animals were divided into four groups according to the SCC in
milk, including 175 cows with SCC ranging from 0 to 200,000
cells/mL (SCC1), 49 cows with SCC ranging from 200,001 to
500,000 cells/mL (SCC2), 49 cows with SCC ranging from
500,001 to 1,000,000 cells/mL (SCC3), and 46 cows with SCC
greater than 1,000,000 cells/mL (SCC4). The SCC cut-offs were
established based on a previous study on SCC values in healthy
quarters (Hand et al., 2012). In order to increase the statistical
power when comparing the rumen microbiota and fermentation
(Supplementary Table S2), cows with extremely low and high
SCC (including 20 cows with the lowest SCC [L_SCC] and
20 cows with the highest SCC [H_SCC]) were selected from
the 319 cows based on the extreme phenotype characterization
approach (Shabat et al., 2016). A previous study has reported that
rumen samples from 16 cows are sufficient to cover the microbial
diversity in rumen fed the same diet (Jami and Mizrahi, 2012).

Sample Collection and Analysis
Milk yield of all the 319 cows was recorded for three consecutive
days. Milk samples of all the 319 cows were collected on the
third day (sampling day) for the measurement of milk protein,
fat, lactose, urea nitrogen (MUN) and SCC by infrared analysis
(Laporte and Paquin, 1999) using a spectrophotometer (Foss-
400; Foss Electric A/S, Hillerod, Denmark).

Rumen content of all the 319 cows was collected using oral
stomach tubes (Shen et al., 2012) before the morning feeding
on the sampling day. The pH of the rumen fluid was measured
immediately using a pH meter (FE20-FiveEasy PlusTM; Mettler
Toledo Instruments Co. Ltd., Shanghai, China). The rumen
content of all the 319 cows were used for analysis of VFAs and
ammonia nitrogen (NH3-N). One set of triplicate samples of
1mL were acidified with 20 µL orthophosphoric acid for analysis
of VFAs, one set of triplicate samples of 1mL were acidified with
6NHCl and frozen at−20◦C for analysis of NH3-N, as described
by Hu et al. (2005). The third set of triplicate samples of 1mL
were frozen at−80◦C until DNA extraction.

DNA Extraction and Sequencing
Total DNA was extracted from rumen content of all the 319
cows using the bead-beating method (Li et al., 2009). DNA
qualities and quantities were measured using the NanoDrop 2000
Spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). The DNA was amplified using the 341F/806R primer set
(341 F: 5′-CCTATYGGGRBGCASCAG-3′, 806R: 5′-GGACTA
CNNGGGTATCTAAT-3′), which targets the V3-V4 region of the
bacterial 16S rRNA gene. The reaction contained 0.5U of Taq
polymerase (TransGen Biotech, Beijing, China) in 25 µL of 10×
PCR buffer, 200µM of each dNTP, 0.2µM of each primer and 2
µL of DNA (50 ng/µL). Double distilled water was added tomake
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the volume reach 25 µL. The PCR reactions were performed
using Phusion High-Fidelity PCR MasterMix (New England
Biolabs LTD., Beijing, China) with the following program, 94◦C
for 3min, 35 cycles of 94◦C for 45 s, 50◦C for 60s and 72◦C
for 90s, followed by 72◦C for 10min. The PCR products were
visualized on 2% agarose gels and purified using the QIAquick
Gel Extraction Kit (QIAGEN, Dusseldorf, Germany). Amplicon
sequencing was conducted on an Illumina HiSeq platform using
the paired-end 2× 250 bp sequencing (Caporaso et al., 2012).

Analysis of Sequencing Data
Paired-end reads were merged using FLASH (V1.2.7, http://
ccb.jhu.edu/software/FLASH/) (Magoč and Salzberg, 2011).
Sequences were de-multiplexed and quality-filtered using
QIIME (version 2, http://qiime.org/index.html) and bases with
quality scores higher than 20 were retained for further analysis
(Caporaso et al., 2010). Chimeric sequences were identified and
removed using the UCHIME algorithm (UCHIME Algorithm,
http://www.drive5.com/usearch/manual/uchime_algo.html)
(Edgar et al., 2011). Operational taxonomic units (OTUs) were
clustered based on 97% similarity threshold using UPARSE
(Uparse v7.0.1001, http://drive5.com/uparse/) (Edgar, 2013),
and taxonomy was assigned using the latest Greengenes
database (http://greengenes.secondgenome.com Greengenes
May 2013 release). The OTU-level alpha diversity of the bacterial
communities was determined using various diversity indices
(Chao1, Shannon, Simpson and Ace indexes) and calculated
using procedures within QIIME (version 2). Jack-knifed beta
diversity was calculated based on OTU-level weighted and
unweighted Unifrac distances using QIIME (version 2), and
visualized by principal coordinates analysis (PCoA) using PAST
software (version 3.18, http://folk.uio.no/ohammer/past).

Statistical Analysis
Lactation performance (DIM, parity, milk yield, milk fat, milk
protein, lactose, MUN and SCC), total and individual rumen
VFA (acetate, propionate, butyrate, isobutyrate, valerate, and
isovalerate) concentrations and alpha diversity indices of the
four SCC groups were analyzed using one-way ANOVA; and
the relative abundances of bacterial taxa among the four SCC
groups were compared using Kruskal-Wallis H test (four SCC
groups). Scheffe’s method was used for multiple comparisons
of means among the four SCC groups. Lactation performance,
total and individual rumen VFAs concentrations and alpha
diversity indices in H_SCC and L_SCC groups were analyzed
using t-test; and the relative abundances of bacterial taxa between
the two groups were compared using Wilcoxon rank-sum test.
Statistical analysis was performed using SPSS (version 22), with
statistical significances declared at P < 0.05. The P-values from
the Kruskal-Wallis H test and Wilcoxon rank-sum test were
adjusted by the false discovery rate (FDR < 0.05) (Benjamini
and Hochberg, 1995), with statistical significances declared at
FDR-adjusted P < 0.05. Linear discriminant analysis effect size
(LEfSe) was used to further compare relative abundances of
microbial taxa in H_SCC and L_SCC groups, and significant
differences were considered by a linear discriminant analysis
(LDA) score > 2 and P < 0.05.

RESULTS

Measurement of SCC, Lactation
Performance and Rumen VFAs
The parities of the 319 dairy cows were 3.1 ± 0.07 (mean ±

standard error of the mean [SEM]), and the DIMs of the 319
dairy cows were 160± 1.87 (Table 1). Milk yield in SCC1 was the
highest among the four groups, followed by SCC2 and SCC3, and
the lowest in SCC4 (P < 0.01). Milk fat, milk protein and MUN
content were significantly higher (P < 0.01), and the lactose
content was significantly lower (P < 0.01) in SCC4 compared to
the other 3 groups (Table 1). Rumen pH, and concentration of
VFAs and NH3-N were not different among the four SCC groups.
With the increase in SCC, the acetate to propionate (A: P) ratio
increased, with higher A: P ratio in SCC4 (P< 0.05) than in SCC1
(Table 1).

Milk yield (P < 0.01), lactose content (P < 0.01) and MUN
(P = 0.03) were significantly higher in L_SCC, whereas the
content of milk fat (P = 0.01) and milk protein (P < 0.01)
were significantly higher in H_SCC. Molar proportion of
propionate (P = 0.03) and valerate (P = 0.04) were significantly
higher in L_SCC group than in H_SCC, whereas the A:
P ratio was significantly higher in H_SCC (P = 0.02,
Table 1).

Rumen Bacterial Communities in Cows
With Different Levels of SCC
The amplicon sequencing of rumen samples generated a
total of 19,253,662 high-quality sequences across all samples,
and an average of 1,826 OTUs per sample, with a Good’s
coverage of 99.9% across all samples. A total of 26 bacterial
phyla were identified across all the samples, with Firmicutes
(49.8 ± 0.45%) and Bacteroidetes (33.6 ± 0.48%) being the
most abundant and Proteobacteria (9.50 ± 0.38%), Tenericutes
(2.16 ± 0.04%) and Spirochaetes (1.42 ± 0.04%) being less
abundant (Table 2). At genus level, a total of 415 genera
were identified. The bacterial genera with relative abundance
> 1% were considered as predominant, accounting for 85.9
± 0.13% of the total sequences. Among the predominant
genera, Prevotella (19.3 ± 0.48%), unclassified_o_Clostridiales
(9.16 ± 0.11%), Ruminococcus (8.37 ± 0.10%),
unclassified_f_Succinivibrionaceae (8.03 ± 0.38%), and
unclassified_f_Ruminococcaceae (7.95 ± 0.12%) were the most
abundant.

The comparison of alpha diversity indices showed a significant
difference of Shannon index among the four SCC groups at
OTU level (Table 3). The Shannon index was significantly higher
in SCC4 (P = 0.04) compared to SCC1. The PCoA based
on weighted (Figure 1A) and unweighted Unifrac distances
(Supplementary Figure S1A) showed no clear separation among
the four SCC groups or between SCC1 and SCC4 (Figure 1B
and Supplementary Figure S1B). Specific bacterial genera were
unique to the rumen of cows with different levels of SCC
(Supplementary Table S3), and included 29, 6, 10 and 8
unique genera in SCC1, SCC2, SCC3 and SCC4 groups,
respectively. However, these unique bacterial genera in the
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TABLE 1 | The somatic cell counts (SCC), milk yield, milk composition, and rumen fermentation parameters of the lactating dairy cows.

Items1 Groups2 SEM P-value Contrasts Groups3 SEM P-value

SCC1 SCC2 SCC3 SCC4 L Q L_SCC H_SCC

n = 175 n = 49 n = 49 n = 46 n = 20 n = 20

SCC (×103/mL) 71.5d 332.5c 704.8b 3107.6a 78.9 <0.01 <0.01 <0.01 17.7b 5021.1a 503.8 <0.01

Parity 2.84b 3.41a 3.55a 3.35a 0.07 <0.01 0.01 0.01 2.80 3.40 0.15 0.10

DIM 154.7b 160.1ab 165.1ab 171.0a 1.87 <0.01 <0.01 0.96 163.7 162.2 5.03 0.88

Milk yield (kg/d) 34.5a 30.1b 30.2b 25.3c 0.45 <0.01 <0.01 0.81 38.8a 23.6b 1.96 <0.01

MILK COMPOSITION (%)

Milk fat 3.07b 3.21b 3.09b 3.73a 0.05 <0.01 <0.01 0.03 3.01b 3.70a 0.14 0.01

Milk protein 3.07b 3.13b 3.11b 3.32a 0.02 <0.01 <0.01 0.04 3.04b 3.38a 0.05 <0.01

Lactose 5.04a 4.98b 4.92b 4.77c 0.01 <0.01 <0.01 0.06 5.06a 4.65b 0.06 <0.01

MUN3 (mg/dL) 14.5a 14.1ab 14.0ab 13.5b 0.12 0.04 0.01 0.81 14.9b 13.4b 0.41 0.03

Rumen pH 6.87 6.88 6.89 6.90 0.01 0.89 0.89 0.89 6.90 6.93 0.03 0.70

VFA CONCENTRATION (MMOL/L)

Acetate 70.5 72.3 70.7 71.0 0.61 0.79 0.98 0.61 69.2 67.9 1.42 0.66

Propionate 17.4 18.1 17.2 16.2 0.25 0.29 0.06 0.17 17.7a 15.1b 0.63 0.03

Isobutyrate 0.96 0.93 0.96 0.99 0.01 0.69 0.38 0.32 0.96 0.98 0.05 0.82

Butyrate 11.0 10.8 10.6 11.1 0.14 0.67 0.99 0.27 10.7 10.3 0.32 0.56

Isovalerate 1.46 1.49 1.48 1.47 0.02 0.92 0.90 0.60 1.43 1.39 0.03 0.61

Valerate 1.16 1.20 1.13 1.10 0.01 0.15 0.04 0.29 1.17a 1.03b 0.03 0.04

Total VFA 102.8 105.0 100.2 101.9 1.04 0.62 0.45 0.92 101.1 96.7 2.21 0.32

A: P Ratio 4.11b 4.16ab 4.29ab 4.49a 0.04 <0.01 <0.01 0.43 4.05b 4.58a 0.11 0.02

Ammonia-N (mg/dL) 6.67 6.76 6.81 6.71 0.11 0.96 0.86 0.68 6.54 6.38 0.22 0.73

1VFA, volatile fatty acid; MUN,milk urea nitrogen; NH3-N, ammonium nitrogen. 2SCC1, somatic cell counts< 200,000/mL; SCC2, somatic cell counts range from 200,001 to 500,000/mL;

SCC3, somatic cell counts range from 500,001 to 1,000,000/mL; SCC4, somatic cell counts >1,000,000/mL. 3L_SCC, lowest SCC; H_SCC, highest SCC. a−cMeans with different

superscript letter differ (P < 0.05) within groups.

different SCC groups were in low abundance, with relative
abundance < 0.0002%.

The Shannon index was significantly higher (P = 0.03), and
the Simpson index significantly lower in H_SCC (P = 0.04)
compared to the L_SCC group (Table 3). The PCoA based
weighted (Figure 1C) and unweighted Unifrac distances
(Supplementary Figure S1C) showed no clear separation
between L_SCC and H_SCC groups. In addition, 64 and 31
unique bacterial genera existed in L_SCC and H_SCC groups,
respectively (Supplementary Table S4).

Differential Rumen Bacterial Taxa in Cows
With Different Levels of SCC
Further, Kruskal-Wallis H analysis of the relative abundances
of phyla revealed that phyla SR1 (FDR-adjusted P = 0.05)
and Actinobacteria (FDR-adjusted P < 0.01) were significantly
different among the four SCC groups (Figure 2A). At genus level,
Butyrivibrio was significantly higher in SCC4 (FDR-adjusted P
= 0.02, Figure 2B). Three unclassified taxa belonging to the
families Clostridiales (FDR-adjusted P = 0.04), S24-7 (FDR-
adjusted P = 0.04) and RF 16 (FDR-adjusted P = 0.03) were
significantly different among the four SCC groups.

The most differentially abundant bacterial taxa
in the H_SCC group tested by the LEfSe analysis
belonged to the genera unclassified_f_RF16, Paenibacillus,

unclassified_c_Deltaproteobacteria, unclassified_f _BS11,
unclassified_f _Succinivibrionaceae, Lysinibacillus, unclassified_f
_Pirellulaceae, unclassified_o _GMD14H09 and Sutterella
(Figure 3). The genera unclassified_f _Succinivibrionaceae,
Rhodobacter, Comamonas, Enterococcus, and unclassified_c
_Gammaproteobacteria were more abundant in the L_SCC
group (Figure 3). The genera unclassified_f_RF16 and
unclassified_f_Succinivibrionaceae weighted most to the
differences between the communities, with an absolute LDA
score factor of approximately 3.

DISCUSSION

Animal IMI is the major factor that influences SCC (González-
Rodríguez et al., 1995), with high SCC (> 200,000 cells/mL) in
dairy cows indicating infection and low milk quality (Pyorala,
2003). The SCC at the cow level is commonly used as a tool
to diagnose subclinical mastitis in dairy farms. Although the
variation of SCC may exist among mammary quarters within a
cow, the SCC at cow level can also reflect the general statuses of
mammary quarters (Schukken et al., 2003) and is easier to detect
relatively compared with SCC at quarter level. In this study, none
of the cows in the cohort showed clinical signs of disease, but
the cohort had varied SCC (ranging from 8,000 to 11,963,000
cells/mL), indicating that higher SCC cows (> 200,000 cells/mL,
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TABLE 2 | Phylum and genus composition (Relative abundances >1%) of the rumen bacteria in cows with different somatic cell counts (SCC).

Items Groups1 (%) SEM P-value Groups2 (%) SEM P-value

SCC1 SCC2 SCC3 SCC4 L_SCC H_SCC

n = 175 n = 49 n = 49 n = 49 n = 20 n = 20

Firmicutes 49.9 48.8 49.3 50.9 0.45 0.60 48.2 49.7 1.21 0.53

unclassified_o__Clostridiales 9.27 9.03 8.96 9.11 0.11 0.72 8.92 8.65 0.29 0.67

Ruminococcus 8.39 8.23 8.17 8.67 0.10 0.55 7.78 8.40 0.26 0.25

unclassified_f__Ruminococcaceae 7.86 7.62 8.01 8.57 0.11 0.12 7.37 8.40 0.38 0.18

unclassified_f__Lachnospiraceae 3.29 3.32 3.39 3.49 0.03 0.15 3.24 3.38 0.08 0.39

unclassified_o__Clostridiales 3.06 2.86 2.95 3.23 0.05 0.13 2.93 3.28 0.14 0.22

Butyrivibrio 3.05a 2.85ab 2.71b 3.05a 0.04 0.03 2.93 3.08 0.12 0.56

Coprococcus 2.24 2.25 2.39 2.23 0.03 0.27 2.31 2.13 0.07 0.17

unclassified_f__Lachnospiraceae 2.09 2.09 2.10 2.08 0.02 0.99 2.08 1.99 0.05 0.37

Clostridium 1.33 1.32 1.39 1.39 0.02 0.39 1.28 1.37 0.05 0.46

unclassified_f__Ruminococcaceae 1.26 1.23 1.28 1.34 0.02 0.29 1.20 1.36 0.06 0.16

Shuttleworthia 1.23 1.35 1.26 1.01 0.01 0.47 1.43 1.02 0.15 0.18

unclassified_f__[Mogibacteriaceae] 0.95 0.92 1.01 1.01 0.01 0.06 0.88 1.00 0.04 0.14

Bacteroidetes 33.3 33.4 33.7 34.6 0.49 0.86 32.0 36.5 1.47 0.13

Prevotella 19.2 19.4 18.7 19.9 0.48 0.94 19.0 21.5 1.35 0.35

unclassified_o__Bacteroidales 5.64 5.70 5.94 5.66 0.08 0.66 5.20 5.62 0.19 0.29

unclassified_o__Bacteroidales 2.49 2.49 2.79 2.77 0.05 0.10 2.23b 2.84a 0.16 0.05

unclassified_f__S24-7 1.39 1.18 1.32 1.38 0.03 0.06 1.29 1.52 0.09 0.19

CF231 1.00 1.03 1.07 1.08 0.02 0.61 0.98 1.02 0.07 0.67

unclassified_f__RF16 0.97 0.99 1.08 1.08 0.02 0.10 0.91b 1.13a 0.05 0.03

Proteobacteria 9.70 10.6 9.77 7.30 0.38 0.10 12.95a 6.85b 1.34 0.02

unclassified_f__Succinivibrionaceae 8.27 9.04 8.26 5.80 0.00 0.09 11.49a 5.47b 1.34 0.02

Tenericutes 2.13 2.24 2.18 2.15 0.04 0.84 2.06 2.02 0.13 0.89

unclassified_o__RF39 1.55 1.63 1.62 1.59 0.04 0.86 1.53 1.48 0.12 0.89

Spirochaetes 1.39 1.48 1.42 1.41 0.04 0.93 1.44 1.28 0.12 0.56

Treponema 1.38 1.46 1.41 1.39 0.04 0.95 1.42 1.26 0.12 0.48

1SCC1, somatic cell counts < 200,000/mL; SCC2, somatic cell counts range from 200,001 to 500,000/mL; SCC3, somatic cell counts range from 500,001 to 1,000,000/mL; SCC4,

somatic cell counts >1,000,000/mL. 2L_SCC, lowest SCC; H_SCC, highest SCC. a−cMeans with different superscript letter differ (P < 0.05) within groups.

including cows in SCC2, SCC3, and SCC4) are at risk of IMI and
suffer from subclinical mastitis.

It has been reported that milk yield and composition were
negatively affected by IMI, and the degree of changes depended
on the inflammatory response (Pyorala, 2003). This change can
be the result of damage to mammary epithelial cells by either
mastitis-causing bacteria or by the cow’s immune response to
infection (Gray et al., 2005). It has also been reported that
the ruminal VFAs derived from microbial fermentation are
also key factors that directly affect the milk biosynthesis (Flint
and Bayer, 2008). The VFA concentrations were significantly
different between cows with the lowest SCC (L_SCC group)
and highest SCC (H_SCC group), with higher concentrations
of propionate and valerate, and a lower A: P ratio in the
cows of L_SCC group. Such differences in rumen microbial
metabolites suggests an altered trend in rumen microbial
fermentation in animals at risk of IMI. As the major microbial
fermentation product, propionate is themain glucogenic nutrient
in ruminants (Danfær, 1994; Reynolds et al., 2003), and glucose
is the main precursor for lactose synthesis. The increase in

post-hepatic glucose availability could be a potential regulator
of milk yield. In this study, the higher rumen propionate,
lactose, and better milk yield in cows with lower SCC compared
to cows with higher SCC, suggests that IMI cows have a
different rumen microbial fermentation pattern from healthy
cows, and the fermentation products affect milk synthesis in
the mammary gland. These observations could be associated
with differential microbial composition and function in the
rumen.

When the alpha diversity indices of rumen microbial
community were compared, the Shannon index was significantly
higher in H_SCC group, and the Simpson index were
significantly lower in the L_SCC group. The differences in
the alpha diversity indices between the two groups suggested
that the rumen microbial population had higher diversity
and less strength of dominance in cows with IMI (Rocchini
et al., 2015). Additionally, the comparison of rumen bacterial
taxa indicated that the predominant phyla (Firmicutes and
Bacteroidetes) along with the well-studied genera were not
different in cows with different SCC levels. For example, the
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TABLE 3 | Bacterial alpha diversity of the cows with different somatic cell counts (SCC).

Items Groups1 SEM P-value Contrasts Groups2 SEM P-value

SCC1 SCC2 SCC3 SCC4 L Q L_SCC H_SCC

n = 175 n = 49 n = 49 n = 46 n = 20 n = 20

Shannon 6.19b 6.18b 6.25ab 6.31a 0.02 0.04 <0.01 0.35 6.07b 6.31a 0.06 0.03

Simpson 0.009 0.010 0.008 0.006 0.00 0.14 0.02 0.43 0.015a 0.007b 0.00 0.04

Ace 2,528 2,530 2,572 2,563 6.61 0.06 0.02 0.71 2555 2596 17.0 0.26

Chao 1 2,582 2,573 2,627 2,620 7.25 0.07 0.02 0.95 2612 2655 19.6 0.27

1SCC1, somatic cell counts < 200,000/mL; SCC2, somatic cell counts range from 200,001 to 500,000/mL; SCC3, somatic cell counts range from 500,001 to 1,000,000/mL; SCC4,

somatic cell counts >1,000,000/mL. 2L_SCC, lowest SCC; H_SCC, highest SCC. a-cMeans with different superscript letter differ (P < 0.05) within groups.

FIGURE 1 | Principal coordinates analysis (PCoA) based on weighted Unifrac distances of OTUs. Samples are indicated by points and colored for different SCC

groups. (A) PCoA of the four SCC groups. (B) PCoA of the four SCC groups with SCC1 and SCC4 highlighted. (C) PCoA of L_SCC and H_ SCC groups.

main cellulolytic and hemicellulolytic bacteria (Fibrobacter,
Ruminococcus, Clostridium and Eubacterium), amylolytic
bacteria (Streptococcus and Ruminobacter), proteolytic bacteria
(Treponema and Lachnospira) and saccharolytic bacteria
(Succinivibrio, Selenomonas, Lactobacillus, and Bifidobacterium)
did not vary among cows with different SCC levels. These
results suggest that the bacterial communities, which play
a fundamental role in rumen functions, are relatively
stable in cows with different health statuses of mammary
gland.

Specific microbes, notably at phylum level were observed
to be variable among cows with different levels of SCC (four
groups). The SCC1 group had lower abundance of SR1 and
higher abundance of Actinobacteria than the other groups. The
phylum SR1 exists in the rumen of many herbivores (Davis
et al., 2009), and Actinobacteria are regular, though infrequent,
members of the rumen microflora, representing up to 3% of
total rumen bacteria (Singh et al., 2012). However, information

is limited on the ecology and biology of these two taxa (Sulak
et al., 2012; Campbell et al., 2013). Further studies to identify the
functions of taxa within SR1 and Actinobacteria in the rumen
are required to determine whether these two taxa are linked to
IMI in dairy cows. Additionally, when the H_SCC and L_SCC
groups were compared, Proteobacteria was significantly enriched
in the L_SCC group, and unclassified Succinivibrionaceae,
the most abundant genera within Proteobacteria, was the
major contributor to this difference. Microbes belonging to
Succinivibrionaceae commonly produce succinate, the precursor
of propionate (Pope et al., 2011). Although succinate was
not measured in this study, propionate was significantly
higher in the L_SCC group, suggesting that this taxon
could contribute to the higher propionate in the L_SCC
group.

Traditionally, the mammary gland is considered a sterile
environment, and bacterial cells in milk are considered to
be the result of environmental contamination. However, the
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FIGURE 2 | Comparison of relative abundances of bacterial phyla and genera in the different SCC groups. (A) The 10 most abundant phyla in the four groups. (B) The

20 most abundant genera are presented. *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01.

detection of live bacterial cells and/or DNA from anaerobic
species that are usually related to the gut environment in
milk has fueled scientific debate on the origin of milk-
associated bacteria (Jost et al., 2014). Young et al. (2015)
investigated the microbial composition of milk, blood, and feces
of healthy lactating cows, and found that OTUs belonging to
Ruminococcus, Bifidobacterium, and Peptostreptococcaceae were
present in all three samples from the same animal, suggesting
the existence of endogenous entero-mammary pathways during
lactation in dairy cows. In a recent study comparing structural
and functional features of the gut microbiome between
mastitic and healthy cows, Ma et al. (2016) reported that
the changes of fecal microbial community of mastitis cows
was similar to that of the milk, characterized by a general
increase in the mastitis pathogens (Enterococcus, Streptococcus,
and Staphylococcus) and deprivation of Lactobacillus and
its members. The above studies indicated that the gut
microbiota could be associated with different health statuses
of mammary gland. Since the gastrointestinal cross-talk in
ruminants (including different segments, such as rumen, small
and large intestine), along with the relationship between
gastrointestinal microbiota and health statuses of mammary
gland in ruminants has not been studied in detail, it is therefore
recommended that both gut and rumen microbiota are taken
into consideration and to investigate the relationship between
mammary gland health and gastrointestinal microbiota in further
studies.

Although the cows with the lowest and highest SCC in the
cohort were selected and compared to get adequate power to

detect the rumen microbial components, the power analysis
based on the microbiome outcomes still indicated a low power
(Supplementary Table S2). Due to the animals in this study
showed no clinical signs of mastitis, it is speculated that
the rumen microbial community may differ more evidently
between healthy cows and cows with clinical mastitis. Such
speculations need to be confirmed by further studies comparing
rumen microbiota between healthy cows and cows with clinical
mastitis.

CONCLUSION

Compared to cows with lower SCC (71,460 ± 3,890 cells/mL),
cows with higher SCC (3,107,610 ± 368,100 cells/mL) had lower
milk yield, poorer milk composition, and reduced rumen VFA
concentrations, but higher rumen bacterial diversity. Although
the beta diversity and the predominant rumen bacterial taxa
did not vary among cows with different SCC levels, the
relative abundance of phyla SR1 and Actinobacteria, unclassified
family Clostridiales and genus Butyrivibrio were significantly
different among the SCC groups. Proteobacteria and family
Succinivibrionaceae were enriched in cows with extremely
low SCC (L_SCC group). The rumen microbiota and rumen
fermentations are different in the context of different statuses of
udder health, however, this association behind the results needs
to be further investigated. The results in this study improve our
understanding of the rumen microbiota under different health
statuses of the mammary gland.
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FIGURE 3 | The LDA effect size (LEfSe) analysis of bacterial taxa between L_SCC and H_SCC groups. (A) Cladogram shows significantly enriched bacterial taxa

(from phylum to genus level). (B) Bar chart shows LDA score of L_SCC and H_SCC groups. Significant differences are defined as P < 0.05 and LDA score > 2.0.
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Increasing feed efficiency is a key target in ruminant science which requires a better

understanding of rumen microbiota. This study investigated the effect of a shift from a

non-grazing to a grazing diet on the rumen bacterial, methanogenic archaea, fungal,

and protozoal communities. A systems biology approach based on a description of the

community structure, core microbiota, network analysis, and taxon abundance linked

to the rumen fermentation was used to explore the benefits of increasing depth of the

community analysis. A total of 24 sheep were fed ryegrass hay supplemented with

concentrate (CON) and subsequently ryegrass pasture (PAS) following a straight through

experimental design. Results showed that concentrate supplementation in CON-fed

animals (mainly starch) promoted a simplified rumen microbiota in terms of network

density and bacterial, methanogen and fungal species richness which favored the

proliferation of amylolytic microbes and VFA production (+48%), but led to a lower (ca.

4-fold) ammonia concentration making the N availability a limiting factor certain microbes.

The adaptation process from the CON to the PAS diet consisted on an increase in

the microbial concentration (biomass of bacteria, methanogens, and protozoa), diversity

(+221,+3, and+21 OTUs for bacteria, methanogens, and fungi, respectively), microbial

network complexity (+18 nodes and +86 edges) and in the abundance of key microbes

involved in cellulolysis (Ruminococcus, Butyrivibrio, and Orpinomyces), proteolysis

(Prevotella and Entodiniinae), lactate production (Streptococcus and Selenomonas), as

well as methylotrophic archaea (Methanomassiliicoccaceae). This microbial adaptation

indicated that pasture degradation is a complex process which requires a diverse

consortium of microbes working together. The correlations between the abundance of

microbial taxa and rumen fermentation parameters were not consistent across diets

suggesting a metabolic plasticity which allowed microbes to adapt to different substrates

and to shift their fermentation products. The core microbiota was composed of 34, 9,
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and 13 genera for bacteria, methanogens, and fungi, respectively, which were shared by

all sheep, independent of diet. This systems biology approach adds a new dimension

to our understanding of the rumen microbial interactions and may provide new clues to

describe the mode of action of future nutritional interventions.

Keywords: core microbes, grazing, network analysis, rumen microbiota, taxa abundance

INTRODUCTION

Rumen bacteria, archaea, anaerobic fungi, protozoa and phages
make up the complex microbial ecosystem which enables
ruminants to efficiently utilize forage. This multi-kingdom
rumen microbiota has been described as “the most elegant and
highly evolved cellulose-digesting system in nature” (Weimer
et al., 2009). As a result ruminants are among the few livestock
types which potentially do not compete for human edible foods
(Gill et al., 2010). Fresh grass has traditionally been a major
feedstuff for ruminants and grazing systems generally have a
positive perception in society in terms of animal well-being
(Somers et al., 2005). However, in the context of growing demand
for animal products, modern ruminant production systems based
on large scale farms tend to replace fresh pastures with preserved
forages, such as hay, supplemented with concentrate feeds during
certain periods of the year when the grass is unavailable (e.g.,
winter time) or when a greater control of the diet is required (e.g.,
lactation period). However, the decision “to graze or not to graze”
is often arbitrary without taking into consideration the impact on
the rumen microbiota, feed efficiency and on the environment
(Pol-van Dasselaar et al., 2008).

Several studies have described the rumen microbial changes
over the transition from forage to concentrate diets (Fernando
et al., 2010; Zhu et al., 2017) however much less research has
been conducted to explore the microbial adaptation to fresh
forage diets. Differences between fresh grass and grass hay in
terms of rumen fermentation and digestion of nutrients have
been extensively reported (Minson, 1990; Givens et al., 2000).
A recent in vitro study linked the kinetics of feed colonization
with changes in the rumen microbiota and we demonstrated that
a fresh grass diet, in comparison to grass hay, can accelerate
the microbial feed colonization of ingested feed (Belanche
et al., 2017) leading to higher feed digestibility, microbial
protein synthesis and lower methane emissions (Belanche
et al., 2016b). It is well-known that different diets provide
different primary substrates for fermentation in vitro; however
animal physiological features, such as feeding behavior, rumen
temperature, pH or feed retention time may cause different
inter-relationships between the rumen microbial groups in vivo
to those observed in vitro. Moreover, due to the complexity
of the rumen ecosystem, most studies focus on highlighting
properties of individual microbial species in response to dietary
treatments, leaving the interactions within and between the
microbial communities unexplored. Thus, there is a need to
implement new methodological approaches to reveal the impact
of nutritional strategies on the whole rumen microbiota under
farm conditions.

Recent studies across different habitats have demonstrated
that a better picture of the whole function of a microbial

ecosystem can be achieved by combined interpretation of
quantitative (taxon abundance and diversity) and qualitative
approaches, such as core microbiota and network/co-occurrence
analysis. It is likely that similar to human gut (Turnbaugh
et al., 2009), there is a “rumen core microbiota” that remains
stable regardless of difference in diet or host genetics (Petri
et al., 2013; Henderson et al., 2015). However, only few studies
have implemented this concept in ruminants using a limited
number of experimental animals (Taxis et al., 2015; Tapio et al.,
2017a).Microbial networks have successfully been used to predict
the dynamics and structure of oceanic plankton ecosystems
(Lima-Mendez et al., 2015), soil environments (Barberán et al.,
2012) and to identify taxa interactions within the human
gut in health and disease (Baldassano and Bassett, 2016).
Preliminarymulti-kingdom studies of the co-occurrence patterns
of bacteria, archaea and eukaryotic rumen microbes across
different ruminant species (Kittelmann et al., 2013) and diets
(Kumar et al., 2015) have revealed that the rumen microbial
community is shaped by various biotic and abiotic factors which
still need to be better understood (Henderson et al., 2015).

The aim of this study was to implement multi-kingdom
community analyses (including bacteria, methanogens, fungi and
protozoa) in order to investigate the rumen microbial adaptation
when animals face a feeding challenge consisting of a shift
from a conventional non-grazing diet to a grazing situation.
Moreover, the use of a relatively large number of experimental
animals allowed identification of the core rumen microbiota and
generation of robust microbial networks based on co-occurrence
patterns between microbial taxa.

MATERIALS AND METHODS

Animals and Diets
Animal procedures were conducted in accordance with the
HomeOffice Scientific Procedures, Act 1986 and were authorized
by the Aberystwyth University Ethics Committee (PLL 40/3653;
PIL 40/9798). Twenty four Aberdale ewes of an average body
weight of 68 ± 6.7 kg were used in a straight through
experimental design consisting of two 45-days periods. During
the first period all sheep received a diet composed of ryegrass
hay (Lolium perenne) offered ad libitum and supplemented
with 725 g DM of commercial concentrate per animal and
day (Ewemaster Gold 19 Nuts, Wynnstay, Aberystwyth, UK).
Concentrate was divided into two equal meals fed at 09:00
and 17:00 h, respectively. During the second period all sheep
grazed a perennial ryegrass pasture. Ryegrass hay was obtained
from a second cut of a ryegrass monoculture (Lolium perenne
L. cv. AberMagic, Germinal GB Ltd, Lincoln, UK) located in
Aberystwyth, UK (52◦43′N, 4◦02′W) and had a target maturity of
reproductive stage R1-index 3.1 which shows a visible spikelet of
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inflorescence emergence (Moore andMoser, 1995). After cutting,
ryegrass was left to dry on the field for 7 days, tedded and packed
into 20 kg bales. The grazing period took place on the same
ryegrass pasture from which the hay was harvested and both
forages had similar maturity stage. All animals remained together
in the same flock and had free access to fresh water. Feed chemical
composition was determined (Belanche et al., 2013) and reported
in Table 1.

Rumen Sampling and Analyses
At the end of each period, rumen fluid (200ml per sheep) was
withdrawn by orogastric intubation prior to morning feeding
(09:00 h). Rumen fluid was filtered through cheesecloth, pH was
measured and five subsamples were taken: the first subsample
(40ml) was immediately snap-frozen in liquid N for DNA
extraction and microbial characterization. The second (4ml) was
diluted with 1ml deproteinizing solution (20% orthophosphoric
acid containing 10mM of 2-ethylbutyric acid) for volatile fatty
acid (VFA) determination. The third subsample (1ml) was
diluted with 0.6ml of trichloroacetate (25% w:vol) for ammonia
analysis. The fourth subsample (1ml) was snap-frozen for lactate
determination, and the last subsample (1ml) was diluted with
1ml of formalin (9.25% and NaCl 0.9% w:vol) for protozoal
optical counting and classification (Dehority, 1993).

Rumen concentrations of protozoa, ammonia, VFA and
lactate were determined as previously described (Belanche
et al., 2013). Rumen DNA was extracted from freeze-
dried samples (Yu and Morrison, 2004) and quantitative
PCR was used (Table S1). To determine the absolute
concentration of bacteria, methanogens, anaerobic fungi,
and protozoa (Belanche et al., 2015).

Next Generation Sequencing (NGS)
Rumen bacteria, methanogenic archaea, and fungal communities
were analyzed using NGS DNA metabarcoding as previously
described (Belanche et al., 2016a; Detheridge et al., 2016). Briefly,
for bacteria and methanogens sequencing of the V1-V2 and the
V2-V3 hypervariable regions of the 16S rRNA were performed
respectively, while for the fungi the D1 variable region of
the large subunit (28S LSU) of the rRNA locus was amplified
(Table S1). Amplicons were pooled in equimolar concentrations,

TABLE 1 | Feed composition (in % of DM).

Feed Concentrate Ryegrass hay Ryegrass pasture

Dry matter (% FM) 91.4 86.9 17.8

Organic matter 92.1 93.6 90.4

Crude protein 18.9 6.1 11.4

Water soluble carbohydrates 6.7 13.6 17.1

Starch 22.1 – –

Carbon 44.3 44.2 44.6

Carbon/Nitrogen ratio 14.6 45.4 9.3

Neutral detergent fiber 51.5 64.4 51.0

Acid detergent fiber 14.6 34.6 22.1

purified using an E-gel and analyzed and quantified using a
Bioanalyser 2100 (Agilent Technologies, Santa Clara, USA).
Library preparation and sequencing was performed using an
Ion Torrent system and 2 PGM Sequencing 316TM v2chips
were used for bacteria and fungi, respectively (Life Technologies
Ltd, Paisley, UK), while one smaller 314TM v2 chip was used
for methanogens. Sequences were trimmed at 300 bp length
(200 bp for fungi) and Mothur software was used the quality
filtering consisting of: maximum 10 homo-polymers, quality
Q15 average over 30 bp window and no mismatches with the
primer/barcoding were allowed (Schloss et al., 2009). Error rate
was controlled using UParse (error = 1). Chimera checking
was performed using Uchime and sequences were clustered
into OTUs at 97% identity using Uclust (Edgar et al., 2011).
Taxonomic classification was conducted using the Ribosomal
Database Project II classifier containing curated sequences of
the bacterial 16S and fungal LSU sequences (Cole et al., 2013),
while the RIM-DB database was used for methanogens (Seedorf
et al., 2014). Singletons were removed and only taxonomical
annotations with a confidence (bootstrap value) above 80%
were considered, otherwise were considered as unclassified. This
approach allowed methanogens to be mostly classified at the
species level, while bacteria and fungi were mostly classified at
the genus level. To maximize the comparability across samples,
the number of reads per sample was manually normalized to the
sample with the lowest number of reads. Raw sequences reads
were deposited at EBI Short Read Archive (PRJEB27535).

Calculations and Statistical Analyses
Protozoal cell counts, quantitative PCR data and the number
of reads of each microbial taxon were log-transformed to
assume normality. Rumen fermentation and microbial data
were analyzed based on a repeated-measures ANOVA using the
MIXED models of Genstat 18th Edition (VSN International,
Hemel Hempstead, UK) as follows:

Yijk = µ + Di + Aj + eij

where Yijkis the dependent, continuous variable (n= 24),µ is the
overall mean, Di is the fixed effect of the diet (i = CON vs. PAS),
Al is the random effect of the animal (j = 1–24) and eijkl is the
residual error. Significant effects were declared at P < 0.05 and
tendency to difference at P < 0.1.

Sequence data were log-transformed, and the diet and
animal effects were studied: to determine the impact of
the diet on the microbial community structure a non-
parametric permutational multivariate analysis of variance
(PERMANOVA) was conducted based on the Bray-Curtis
dissimilarity (PRIMER-6 Ltd., Plymouth, UK). Statistical
significance was calculated after 999 random permutations
of residuals under the reduced model using the Monte Carlo
test. A heatmap containing the taxonomical information
and the community structure (R statistics, Vegan package)
was performed for graphical interpretation. A canonical
correspondence analysis (CCA) was also conducted to explore
the relationships between the structure of microbial community
and the fermentation pattern. The significance of each variable
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was also calculated after 999 random permutations (R statistics;
Vegan package). For microbial taxa abundance, data were
log-transformed and False Discovery Rate was minimized
using the Bonferroni statistical test. Spearman correlation
coefficients were calculated to assess the relationships between
the ruminal abundance of the main microbial taxa and the
fermentation data.

In order to decipher the structure of the rumen microbial
community and the multi-kingdom interactions, network
analyses were performed under different dietary situations
(Belanche et al., 2017). This approach, based on the co-
occurrence of bacterial, methanogen, fungal and protozoal taxa
described inter-relationships based on their positive and negative
correlations. For eachmicrobial network, only those taxa (mainly
at the genus level) present in more than 50% of the individuals
were included. Spearman correlation analysis was performed
between all microbial taxa using log-transformed data and only
correlation coefficients larger than 0.5 and adjusted P-values
below 0.05 were further included in the correlation network.
Network analysis was generated using R package igraph (Csardi
and Nepusz, 2006). Microbial network complexity was described
in terms of number of nodes (genera), number of edges (positive
or negative correlations), betweenness (measure of centrality in
a graph based on shortest paths) and contribution to the total
community. The core microbiota was calculated as those genera
(or species) present in >95% animals (Turnbaugh et al., 2007).

RESULTS

Rumen Fermentation and Microbial
Diversity
Diet modified most rumen fermentation parameters (Table 1):
the CON diet promoted a high fermentation rate in terms of total
VFA as well as high lactate, H2 production and molar proportion
of acetate (P < 0.001). On the contrary, the shift to the PAS diet
promoted a higher rumen ammonia concentration and higher
molar proportions of propionate, butyrate, branched-chained
VFA (iso-butyrate and iso-valerate) as well as higher ratio of D
to L lactate (P < 0.001).

Quantitative PCR (Table 2) showed a higher ruminal
concentration of bacteria (P< 0.001) and protozoa (P= 0.011) in
sheep fed with the PAS than with the CON diet. On the contrary
the CON diet promoted a higher concentration of anaerobic
fungi per mg of DM (P = 0.027). The absolute concentration
of methanogens was not affected by the diet, but their relative
abundance with respect to bacteria was higher for the PAS diet
(P< 0.001). Next generation sequencing produced 2.46, 0.37, and
1.64 million high quality sequences and samples were normalized
at 12,500, 1,098, and 8,901 reads per sample for bacteria,
methanogens, and fungi, respectively. After this normalization,
Good’s coverage index remained high indicating that sequencing
depth was sufficient and comparable across samples. Sheep fed
on the PAS diet, in comparison to the CON diet, showed higher
bacterial and fungal diversity indexes (P < 0.05). Similarly, PAS
diet also promoted higher methanogen richness (P < 0.001)
but with a lower Evenness than in the CON diet (P = 0.008)

TABLE 2 | Effects of the diet on the rumen fermentation, absolute abundance,

and alpha diversity of the main microbial groups in sheep.

Item CON PAS SED P-value

Body weight (kg) 65.7 70.1 1.038 <0.001

RUMEN FERMENTATION

pH 6.86 6.77 0.052 0.117

Ammonia-N (mg/l) 26.8 105 6.285 <0.001

VFA (mM) 87.7 59.4 3.284 <0.001

Molar proportion (%)

Acetate 71.4 59.4 0.963 <0.001

Propionate 15.4 20.1 1.053 <0.001

Butyrate 9.39 13.5 0.240 <0.001

Iso-butyrate 1.70 2.23 0.106 <0.001

Valerate 0.69 1.36 0.035 <0.001

Iso-valerate 1.14 2.15 0.080 <0.001

Caproate 0.25 0.75 0.096 <0.001

Iso-caproate 0.01 0.44 0.027 <0.001

Lactate (mM) 11.9 5.91 1.561 <0.001

D/L Lactate ratio 0.30 2.25 0.036 <0.001

H2 productiona (mM) 173 117 6.200 <0.001

CONCENTRATIONS (LOG COPIES/MG DM)

Bacteria 8.38 8.91 0.104 <0.001

Methanogens 5.90 6.28 0.702 0.593

Methanogens (103 × 1CT ) 0.31 1.00 0.130 <0.001

Anaerobic fungi 6.90 5.85 0.446 0.027

Protozoa 5.10 8.49 1.226 0.011

BACTERIAL ALPHA DIVERSITY

Richness 1940 2161 73.77 0.006

Shannon 6.10 6.35 0.080 0.006

Evenness 0.81 0.83 0.008 0.015

Simpson 0.99 0.99 0.001 0.077

Good’s 0.93 0.92 0.004 0.040

METHANOGENS ALPHA DIVERSITY

Richness 25.4 28.0 0.668 <0.001

Shannon 2.33 2.27 0.054 0.263

Evenness 0.72 0.68 0.014 0.008

Simpson 0.84 0.83 0.012 0.307

Good’s 0.86 0.79 0.020 0.002

FUNGAL ALPHA DIVERSITY

Richness 66.7 87.6 6.906 0.006

Shannon 1.37 1.97 0.079 <0.001

Evenness 0.33 0.44 0.016 <0.001

Simpson 0.61 0.73 0.025 <0.001

Good’s 0.75 0.76 0.043 0.794

CON, ryegrass hay diet supplemented with concentrate; PAS, ryegrass pasture.
aHydrogen production stoichiometrically calculated (Marty and Demeyer, 1973).

suggesting the co-occurrence of highly abundant methanogen
species together with very low abundant species.

Core Microbiota and Microbial Network
The core microbiota present across the vast majority of
the individuals was affected by the diet, but to different
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magnitudes according to the microbial community considered
(Figure 1A). The core bacterial microbiota was composed of
34 genera across diets and represented ∼20% of the bacterial
community. Moreover, eight (Microbacterium, Olsenella,
Alkalitalea, Porphyromonas, Elusimicrobium, Mogibacterium,
Robinsoniella, and Leptotrichia) and 10 additional genera
(Actinomyces, Barnesiella, Alloprevotella, Sphingobacterium,
Howardella, Hydrogenoanaerobacterium, Mitsuokella, Lawsonia,
Campylobacter, and Endomicrobium), representing 1.2 and 1.6%
of the community respectively, formed the diet-specific core
bacterial community for CON and PAS diets, respectively. The
core methanogen community was composed of nine species
which represented nearly the entire methanogen population
(96%) across diets and there was not a diet-specific core
community. The core fungal community was composed of
13 genera and was the most affected by the diet because this
community represented 91.1% of the fungal community in the
CON diet but only 74.8% in the PAS diet. Moreover, a substantial
diet-specific core community was observed comprising 11 and
10 fungal genera and representing 6.5 and 18.5% for the CON
and the PAS diets, respectively.

Microbial network analysis showed that sheep fed a CON
diet, in comparison to a PAS diet, had a lower microbial
network complexity in terms of nodes, edges, average number of
neighbors and in the abundance of the rumen microbiota taking
part of this network (Figure 1B). Most of the nodes belonged
to bacterial genera (61%) followed by fungi (22%), methanogens
(14%) and protozoa (3%) (Table S3 and Figure S4). These figures
were modulated by the diet with an increase in the number of
fungal nodes and positive edges with the PAS diet.

Bacterial Community Structure and
Taxonomy
PERMANOVA revealed substantial differences in the community
structure between animals for the bacterial community
(P = 0.028), but also for the methanogen (P = 0.001) and fungal
communities (P = 0.020). This animal effect was considered as
random and is not further discussed. The bacterial community
structure was also visibly affected by the diet (Figure 2; Table S2)
to a greater extent than observed for methanogen and fungal
communities, as noted by the lower Pseudo-F values (14.7 vs.
32.8 vs. 33.9) and similarity values (36.6 vs. 70.7 vs. 45.3) for
bacteria, methanogens, and fungi, respectively. As a result,
the CCA (Figure 2A) and the heatmap (Figure S1) of the
bacterial community based on the dissimilarly showed a clear
separation between samples from animals fed the CON and
the PAS diet. CCA analysis showed that the structure of the
bacterial community in sheep fed the CON diet was positively
correlated with the rumen concentration of VFA, total lactate,
L-lactate and acetate molar proportion, while for the PAS diet
the bacterial structure was positively correlated with the rumen
concentration of ammonia, D-lactate, propionate and butyrate
molar proportion as well as to the abundance of bacteria and
protozoa and the bacterial and fungal diversity (richness).

With regard to the abundance of bacterial taxa (Table 3 and
Figure 2B), diet modified the concentration of 55% of the taxa
which were present in abundances above 0.05%. The shift from a
CON to a PAS diet did not promote a change in the proportions
of Firmicutes and Bacteroidetes but led to a greater abundance
of Actinobacteria (mainly Actinomyces), certain Firmicutes
families (Ruminococaceae, Erysipelotrichaceae) and genera (e.g.,

FIGURE 1 | (A) Venn diagrams describing the effect of the diet on the core microbial communities in the rumen. (B) Microbial network data describing the effect of the

diet on the number of nodes, edges and microbial abundance in the rumen of sheep. Networks were generated based on those genera which positively or negatively

correlated (r > 0.5 and adjusted-P < 0.05). CON, ryegrass hay diet supplemented with concentrate; PAS, ryegrass pasture.
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FIGURE 2 | (A) Canonical correspondence analysis illustrating the effect of the diet on the relationship between the structure of the bacterial community and the

rumen fermentation. PERMANOVA indicating the effect of the diet based on the Bray-Curtis dissimilarity. (B) Effect of the diet on the abundance of the main bacterial

taxa in sheep. CON, ryegrass hay supplemented with concentrate; PAS, ryegrass pasture.

Succiniclasticum, Solobacterium, Butyrivibrio, Lachnobacterium,
Syntrochococcus, Pseudoflavonifractor, Ruminococcus, or
Selenomonas) as well as some Bacteroidetes (Phocaeicola and
Paraprevotella) and Proteobacteria genera (Ruminobacter).
On the contrary, CON diets promoted higher levels of the
phyla Saccharibacteria and Fusobacteria, as well as several
genera (e.g., Anaerotronchus, Butyricicoccus, Ethanoligenenes,
Sporobacter, or Succinivibrio). Only the abundance of few genera
showed a consistent and similar correlation with fermentation
parameters under both dietary situations. Examples of this
consistency across diets were the positive correlation of the
lactate-producer Selenomonas with the rumen lactate and
butyrate levels; or the negative correlation between Prevotella
and the BCVFA concentration. However, most microbes showed
correlations with rumen fermentation parameters under only
one dietary treatment.

Methanogens and Protozoa Community
Structure and Taxonomy
Diet promoted a significant change in the structure of the
methanogen community (Table S2; Figure S2). CCA showed a
positive correlation between the structure of the methanogens
community in sheep fed the CON diet (based on the Bray-
Curtis dissimilarity) and the rumen concentration of total
VFA, L-lactate and acetate (Figure 3A). On the other hand, the
methanogen community structure in sheep fed a PAS diet (in
terms of dissimilarity) positively correlated with the ruminal
concentration of ammonia, D-lactate, bacteria and protozoa,
the butyrate and propionate molar proportion and the bacterial,
methanogens and fungal diversities. Similar to bacteria, the
abundances of 55% of the methanogen taxa were significantly
affected by the diet (Table 4). In particular (Figure 3B), the shift
from CON to PAS diet promoted a decrease in the abundance

of Methanobacterium, Methanobrevibacter gottschalkii,
Methanobassiliicocccaceae Group 12 and Methanomicrobium
mobile, along with a decrease in Methanobrevibacter bovis
koreani, Methanobrevibacter ruminantium, Methanosphaera,
and several Methanomassiliicoccaceae species (Groups 9, 10,
and 11). The correlation analysis showed that when animals
were fed the CON diet most Methanobacteriaceae taxa positively
correlated with propionate and negatively with lactate. Two
Methanomassiliicoccaceae taxa (Groups 3 and 8) positively
correlated with acetate and negatively with propionate, while
the opposite was true for the Groups 9 and 11, however these
observations only occurred when sheep were fed a PAS but not
with a CON diet.

All sheep showed an abundant and highly diverse protozoal
population (Table 4). Optical protozoal counting showed higher
protozoal levels with the PAS than with the CON diet. This
protozoal concentration positively correlated with the butyrate
and lactate concentrations but only when sheep were fed the
CON diet. A positively correlation was noted between propionate
and Entodiniinae, while this propionate negatively correlated
with Dasytricha spp. across diets.

Fungal Community Structure and
Taxonomy
The change from a CON to a PAS diet also promoted a
shift in the fungal community structure (Figure S3; Table S2).
CCA showed that the fungal community structure in the
rumen of sheep fed the CON diet (based on the Bray-Curtis
dissimilarity) was positively correlated with the fermentation
rate (total VFA, acetate and L-lactate), while in sheep fed
PAS this community was positively correlated with the
rumen concentration of bacteria, protozoa, ammonia, D-lactate,
propionate and butyrate and methanogen diversity (Figure 4A).
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FIGURE 3 | (A) Canonical correspondence analysis illustrating the effect of the diet on the relationship between the structure of the methanogen community and the

rumen fermentation. PERMANOVA indicating the effect of the diet based on the Bray-Curtis dissimilarity. (B) Effect of the diet on the abundance of the main

methanogen taxa in sheep. CON, ryegrass hay supplemented with concentrate; PAS, ryegrass pasture.

The concentration of most fungal taxa (91%) was affected by
the diet (Table 5 and Figure 4B): sheep fed a CON diet, in
comparison to a PAS diet, had higher levels of anaerobic fungi
(Neocallimastigomycota), notably Neocallimastix, Piromyces,
Anaeromyces, and Buwchfawromyces. Conversely, Ascomycota,
Basidiomycota, and some Neocallimastigomycota (Orpinomyces,
Pecoramyces, and Feramyces) were more abundant in PAS-
fed sheep. Ruminal concentration of total anaerobic fungi was
positively correlated with acetate and BCVFA and negatively
correlated with propionate molar proportion with both diets.
On the contrary, yeast was positively correlated with propionate
and negatively with acetate and BCVFA molar proportions
across diets.

DISCUSSION

Rumen Core Microbiota
This study explored the concept of “core rumen microbiota”
similar to that hypothesized for the human gut (Turnbaugh
et al., 2009). A core bacterial community was identified in
the rumen of sheep across diets. This community was formed
by 35 dominant genera including Prevotella, Sporobacter,
Ruminococcus, Anaeroplasma, Treponema, Ruminobacter,
Succinivibrio, Fibrobacter, Selenomonas, representing 20% of
the bacterial community. These core community members are
mostly similar to those identified in a previous study in which
32 genera were shared across 16 dairy cows fed different diets
(Jami and Mizrahi, 2012). Moreover, most of these genera have
also been found in other culture-dependent studies (Tajima
et al., 2001; Pitta et al., 2010). More interestingly, our study
found that diet-specific core communities were small in size
(<2%) indicating that most of the adaptation processes to the

PAS diet did not rely on the replacement of bacterial genera but
on increasing the bacterial concentration and diversity or on
modifying the taxa abundance and/or their activity.

Methanogenic archaea are the only organisms able to produce
methane (Hook et al., 2010). Our study identified a simple
methanogen community in terms of diversity (26.7 OTUs),
moreover the core community was also limited in diversity
(only nine species comprising M. gottschalkii, M. ruminantium,
Methanosphaera ISO3F5, and Methanomassiliicoccaceae groups
3a, 8, 9, 11, and 12), but large in size (95.5% of the total
methanogen abundance). As a result, no diet-specific core
community was observed. These findings agree with previous
observations (Tapio et al., 2017a) and indicated the presence of
a highly conserved core methanogen community. However, the
diet consumed by the ruminant affected both the overall structure
of the methanogens community and the abundance of 55% of the
methanogens taxa indicating a larger diet adaptation process than
reported for the bacterial community (Popova et al., 2013).

Fungi represent 10–20% of the rumen microbiota (Rezaeian
et al., 2004), we found that the great majority of the fungal species
(81.9%) belonged to anaerobic fungi (Neocallimastigomycota)
including most of the genera described so far in ruminants
(Edwards et al., 2017). Most of these anaerobic fungi formed
the core fungal community composed of 13 genera which were
shared across all sheep, representing over three quarters of
the total fungal abundance. However, this study also detected
a smaller proportion of fungi that were likely to have been
ingested with the feed materials, including plant-pathogens
(5.5%), saprotrophs (2.4%), yeast (0.7%) and other species of
unclassified fungi (9.5%). One example of a plant-pathogenic
fungus was the crown rust Puccinia coronata (Roderick and
Thomas, 1997) which was more abundant in PAS than in CON
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FIGURE 4 | (A) Canonical correspondence analysis illustrating the effect of the diet on the relationship between the structure of the fungal community and the rumen

fermentation. PERMANOVA indicating the effect of the diet based on the Bray-Curtis dissimilarity. (B) Effect of the diet on the abundance of the main fungal taxa in

sheep. CON, ryegrass hay supplemented with concentrate; PAS, ryegrass pasture.

sheep, while the xerophilic basidiomycetous yeast Wallemia was
more abundant in CON sheep because is commonly found
in dried feeds (Zajc and Gunde-Cimerman, 2018). The use of
generic fungal primers has been validated for rumen studies
(Edwards et al., 2017) because although most fungal species
entering the rumen with the feed are obligate aerobes, and thus
considered to be transient and non-functional (Bauchop, 1979),
some of them (e.g., yeast) can have modulatory effects on the
rumen function (Newbold et al., 1996).

Rumen Microbiota in Animals fed
Non-grazing Diets
This section describes the rumen microbiota when animals were
fed conventional diets based on grass hay plus concentrate
in order to further evaluate the adaptation process when
animals were shifted to a grazing diet, which is considered
the main objective of this study. Under our experimental
conditions, ryegrass hay had lower protein (−47%) and soluble
carbohydrates (−21%) and higher neutral (+26%) and acid-
detergent concentrations (+56%) than fresh ryegrass. This
nutrient loss is mainly due to degradation of sugars due to plant
respiration, oxidation of fatty acids and loss of leaves during
raking (Pizarro and James, 1972). As a result of this, under
farm conditions hay is often supplemented with concentrate, as
conducted in this study. This concentrate supplementation in
the CON diet led to high rumen VFA and lactate concentrations
due to the supply of high levels of rumen fermentable
material (mainly as starch). This observation was supported by
the higher proliferation of starch-degrading bacteria, such as
Saccharibacteria, Succinovibrio, and Succinomonas in CON than

in PAS fed sheep, as well as profound differences in the rumen
microbial community structure and fermentation.

CCA revealed that structure of the bacterial community
in the CON diet was positively associated with a higher
VFA concentration and negatively correlated with ammonia
and bacterial richness. According to Shabat et al. (2016) this
situation should indicate a more efficient rumen function based
on the study of the rumen microbiota of 146 milking cows.
However, they also noted that efficient cows had a higher
propionate/acetate ratio, aspect that was not observed in our
CON-fed animals. Firkins et al. (2007) reported that starch
supplementation in the rumen favors the ammonia incorporation
by the rumen bacteria (Firkins et al., 2007) and could explain
the low ammonia-N concentration observed in sheep fed CON
diet (26.8 g N/l). In particular, Oba and Allen (2003) indicated
that increasing the percentage of grain in the ration increased
microbial N flow to the duodenum by about 30%. Recycling
of blood urea N back to the rumen can partially ameliorate
this low ammonia-N availability in the rumen, but increases the
likelihood that amino-N precursors might become more limiting
for some microbes and ultimately limit the microbial protein
synthesis in ruminants feed high amounts of rumen-degradable
starch (Firkins et al., 2007). Rumen protozoa are unable to
use ammonia as N source (Williams and Coleman, 1992),
although anaerobic fungi and bacteria can uptake ammonia N,
presence of amino-N can substantially increase their growth rate
(Dijkerman et al., 1996; Atasoglu et al., 1999). Thus, the low
concentrations of rumen protozoa and bacteria, along with the
low fungal diversity observed in CON-fed sheep may indicate
that amino-N could represent the limiting factor for microbial
growth. Our study identified various microbes which could
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suffer this limitation (Alloprevotella, Butyricicoccus, Fusobacteria,
Bibersteinia, Sphingomonas, or Spirochaetes) because these
bacterial genera are not involved in proteolysis but showed a
positive correlated with the rumen ammonia concentration in
the CON-fed animals (Griswold et al., 2003). These findings
agree with a previous study (Belanche et al., 2012c) in which
a protein shortage (from 110 to 80% of the N requirements)
decreased not only the ruminal concentration of prokaryotes
(bacteria and methanogens) but also the concentration and
diversity of eukaryotes (protozoa and anaerobic fungi) which led
to a decreased feed digestibility in dairy cows.

Methanogenic archaea stabilize the fermentation process in
the rumen by utilizing H2 and reducing H2 partial pressure. The
stoichiometrical calculations based on the VFA concentration
suggested that CON-fed sheep had a high availability H2 in the
rumen for archaeal utilization (Marty and Demeyer, 1973). As a
result, higher abundances of M. gottschalkii, Methanobacterium,
andMethanomicrobium were noted when sheep were fed a CON
rather than PAS diet. All three species are hydrogenotrophic
using CO2 as the electron acceptor and H2 produced by
protozoa, bacteria and fungi as the electron donor (Liu and
Whitman, 2008). Most hydrogenotrophic methanogens can also
utilize formate as electron donor (equivalent to H2 +CO2)
by the activity of formate dehydrogenase (Liu and Whitman,
2008). In our studyMethanomicrobiumwas negatively correlated
with propionate, which together whit the low propionate
concentration in the rumen suggested that this product was
unlikely to be a substantial H2 sink in the CON diet. It
was described that M. gottschalkii clade is associated with
high methane emissions to a greater extent than the overall
methanogens concentration (Tapio et al., 2017b). However,
other microbiological features, such as low rumen levels of
Proteobacteria and high levels of H2 producing bacteria and
certain rumen protozoa and anaerobic fungi genera have also
been associated with high methane emissions (Tapio et al.,
2017b), aspect that was not noted when sheep were fed the CON
diet. These findings suggest that rumen microbiota analysis can
help to understand the rumen methanogenesis, but not yet in a
predictive manner.

Anaerobic fungi are among the most potent fiber degrading
organisms known to date due to their extensive set of enzymes
for the degradation of plant structural polymers (Solomon et al.,
2016) Moreover anaerobic fungi possess amylolytic (Gordon and
Phillips, 1998) and proteolytic activity (Gruninger et al., 2014)
which make this community dependent of the nutrient supply as
noted in our study. The high concentration of anaerobic fungi
in the CON-fed sheep was mostly due to increased levels of
Anaeromyces, Neocallimastix, Buwchfawromyces, and Piromyces.
While the substrate preference of the newly described genus
Buwchfawromyces is still unknown (Callaghan et al., 2015),
Anaeromyces and Piromyces have a preference for glucose and
fructose (Solomon et al., 2016). On the contraryNeocallimastix is
a monocentric fungus, able utilize a wider spectrum of substrates
(Edwards et al., 2017), such as cellulose, xylose, glucose, starch,
grass and straw. Despite their different substrate preferences,
all these fungal genera have been associated with increased
production of formate, acetate and lactate (Edwards et al., 2017).

This fungal activity could partially explain the unexpected higher
acetate levels observed in CON than in PAS fed animals as a
positive correlation between the fungal community structure and
acetate was noted in CON-fed sheep.

The correlation analysis also showed a general lack of
agreement between the abundance of bacterial, methanogens,
fungal and protozoal taxa and the rumen fermentation
parameters across diets suggesting a shift in their metabolic
pathways driven by the diet. This observation suggests that
functional diversity may occur even with similar taxonomical
distribution and thus expands a previous hypothesis which stated
that taxonomic differences mask functional similarity (Taxis
et al., 2015). Therefore, the notion that the availability of rumen
degradable energy and protein for microbial protein synthesis
which is commonly used in most feeding systems ignores how
microbial populations change with varying nutrient supply (i.e.,
starch, ammonia-N, peptides) or how these populations can
change their metabolism under different conditions (Firkins
et al., 2007). Our findings suggest that these microbial
adaptations should be revisited if new feeding systems are
developed in the future.

Microbial Adaptation to Grazing Diets
Fresh ryegrass represents a less fibrous and higher quality forage
than ryegrass hay in terms of protein and soluble carbohydrates
contents. The higher rumen protein availability in the PAS diet
led to increased levels of protein degradation products, such as
isobutyrate (+31%), isovalerate (+88%) and ammonia (+3.9-
fold) which seems to indicate a greater protein breakdown than
in the CON diet. Fresh forages are capable of degrading part
of its own protein within the first 2 h of ruminal incubation,
irrespective of the microbial colonization due to the presence of
active plant enzymes (Kingston-Smith et al., 2003). This study
revealed that several microbes seem to be associated with these
proteolytic processes since CCA and correlation analysis showed
that the structure of the bacterial, methanogens and fungal
communities, as well as the protozoal family Entodiniinae were
positively correlated with the ammonia concentration (Hobson
and Stewart, 2012). Moreover, the PAS diet also led to greater
rumen molar concentration of butyrate (+44%) which could
indirectly alter the proteolysis and deamination rates because
presence of butyrate-producing bacteria (mainly Bacteroidetes in
this study) have been described as modulators of the populations
of hyperammonia-producing bacteria (Firkins et al., 2007).

Regarding rumen energy metabolism, the lack of concentrate
supplementation in grazing animals led to lower rumen VFA
(−32%) and lactate concentration (−50%) likely due to a lower
starch supply. Both lactate isomers (D and L) are produced
in the rumen but in presence of soluble sugar most D-lactate,
and some L-lactate, is metabolized into propionate as the
main product (Counotte et al., 1983). Thus, the lower lactate
concentration, together with the high levels of lactate producers,
such as Streptococcus and lactate utilizers, such as Selenomonas
in the PAS diet may suggests that most of the lactate was
transformed into propionate (+31%) in grazing animals, possibly
due to the high availability of soluble carbohydrates (Huws
et al., 2009). Several studies have demonstrated a decrease in
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the Firmicutes/Bacteroidetes ratio and in the bacterial diversity
during the transition from high forage to high grain diets
(Fernando et al., 2010; Tapio et al., 2017a). In our study the
proportions of these two phyla remained constant indicating that
starch supply in the CON diet may be partially compensated in
the PAS diet by the higher water soluble carbohydrates content
and feed digestibility reported for fresh ryegrass in comparison
to ryegrass hay (Belanche et al., 2016b).

The shift from non-grazing to grazing diets caused an increase
in the bacterial concentration and diversity (+221 OTUs)
which has been suggested as an adaptation strategy to digest
forage diets (Belanche et al., 2012b). In this dietary situation
the bacterial community structure was positively correlated
to parameters associated with high microbial complexity,
such as the protozoal concentration or the bacterial, fungal
and methanogens diversities. A similar correlation pattern
was observed for the methanogen and fungal communities
suggesting that rumen microbial adaptation to degradation of
fresh pasture implies a larger number of microbes working
together than for non-grazing diets (McAllister et al., 1994).
The current study supported the concept that amino acids
availability in the rumen stimulates fibrolytic bacteria, especially
those involved in the degradation of hemicelluloses (Griswold
et al., 2003). In particular, the adaptation to the PAS
diet led to increased levels of cellulolytic (Ruminococcus
and Butyrivibrio) and proteolytic bacteria (Prevotella), but
also amylolytic (Ruminobacter, Succiniclasticum) and lactate
producers (Streptococcus and Selenomonas). Microbial network
analysis also showed a higher overall complexity with PAS rather
than CON diets (+18 nodes and +86 edges) mostly due to the
presence of more bacterial nodes (+10). This finding disagrees
with a recent in vitro study in which a similar bacterial network
complexity was observed in rumen liquid incubated with fresh
grass or grass hay (Belanche et al., 2017). This discrepancy may
be due to the different forage to concentrate ratio used in the
two studies.

Regarding methanogen community, the transition from
the CON to the PAS diet increased the methanogen relative
abundance and diversity (+2.6 OTUs). Wallace et al. (2014)
suggested that methane emissions are positively correlated
(R = 0.49) with the Archaea:Bacteria ratio. According to this
observation the PAS diet should promote as much as 2.2-folds
higher methane emissions than the CON diet. However, a
recent publication reported that the prediction of rumen
methanogenesis is a more complex task which requires the study
of the genes involved in the hydrogenotrophic methane synthesis
along with the methylotrophic methanogens and VFA profile
to better predict methane emissions across a range of dietary
conditions (Auffret et al., 2018). Our study revealed that the
adaptation process to the grazing diet was coupled with increases
in the abundance ofM. ruminantium,M. bovis,Methanosphaera
and Methanossiliicoccaceae Groups 9 and 11. Although
Methanobrevibacter is hydrogenotrophic, Methanosphaera, and
most members of the Methanomassiliicoccaceae family are
methylotrophic, reducing methylamines and methanol with
H2 (Paul et al., 2015). In the rumen, methylamines are derived
from glycine betaine and choline, which are present in plant

membranes, while methanol is a product of pectin hydrolysis
by protozoa and the esterase activity of bacteria (Poulsen et al.,
2013). These substrates are highly abundant in fresh forages and
may have favored the proliferation of these species in animals fed
the PAS diet. Moreover, the methanogens community structure
(dissimilarity) in animals fed PAS diet was positively correlated
with propionate molar proportion suggesting that may act as an
alternative H2 sink. Therefore, the increase in the propionate
molar proportion along with a decrease in the VFA concentration
when animals shifted from CON to PAS diet led to lower H2

production (−32%) which could partially reduce the expected
differences in methane emissions based on the methanogen
concentrations (Wallace et al., 2014; Auffret et al., 2018).

Microbial adaptation to the PAS diet also led to an increase
in protozoal cell concentration in which the Entoniniinae family
represented 90.8% of this community. This protozoal population
is actively involved in protein (Belanche et al., 2012a) and
carbohydrate degradation (Ushida et al., 1987), as supported by
the positive correlation with the ammonia and propionate levels
observed in our study. It has been estimated that between 9
and 25% of rumen methanogens are associated with protozoa
(Newbold et al., 1995) and produce ∼37% of the methane
emissions (Finlay et al., 1994). In previous publications we
demonstrated that the presence of rumen protozoa can increase
the methanogen concentration and diversity (Belanche et al.,
2012b, 2014), as noted in the present study, and suggests
a higher interspecies H2 transfer in animals fed the PAS
diet (Morgavi et al., 2010).

The early stages of feed colonization process is challenge
to rumen microbes, particularly when fresh and little damaged
plant material is ingested by the ruminant (Edwards et al.,
2008). Anaerobic fungi can facilitate this colonization process
because their rhizoids have the ability to physically penetrate
plant structural barriers (Callaghan et al., 2015). Thus, fungi
promote other microbes in further plant colonization (Belanche
et al., 2017). Our study agreed with these observations and
revealed that the rumen fungal adaptation from the CON to the
PAS diet was a multi-factorial process consisting of an increase in
diversity (+20.9 OTUs) and a shift in the community structure.
This new fungal community positively correlated with other
microbial groups, such as protozoa, bacteria, and methanogens
highlighting the aforementioned symbiotic relations. Cheng
et al. (2009) demonstrated that the activity of anaerobic fungi
was enhanced by methanogenic archaea which are known to
physically attach to fungal biomass (Li et al., 2017). A highly
complex fungal community has also been shown to improve
feed digestibility, feed efficiency, dairy weight gain, and milk
production (Puniya et al., 2015). In a previous study using
Automated Ribosomal Intergenic Spacer Analysis we observed
an increase in the fungal diversity when a starch-rich diet was
replaced by a fiber-rich diet in dairy cattle (Belanche et al.,
2012c). However, the use of NGS in the present study allowed
identifying the anaerobic fungi favored by the PAS diet, such
as Orpinomyces, Pecoramyces, and Feramyces. This increase
in Orpinomyces may relate to its long life cycle and more
indeterminate (polycentric) mode of growth which favors its
proliferation in animals grazing fresh forage, due to the longer

Frontiers in Microbiology | www.frontiersin.org 14 February 2019 | Volume 10 | Article 12284

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Belanche et al. Rumen Microbiota in Grazing vs. Non-grazing Sheep

rumen retention time (Dey et al., 2004). Orpinomyces has been
shown to be able to utilize various substrates, forming H2, CO2,
formate, acetate, lactate, and ethanol as fermentation products
(Edwards et al., 2017) as noted in the our study. It is also
possible that predation of fungal zoospores by rumen protozoa
(Lee et al., 2001) may lead to shift toward genera, such as
Orpinomyces with lower reliance on sporulation due to their
indeterminate growth, at the expense of monocentric taxa, such
as Neocallimastix with more limited capacity for development of
extensive thalli.

Microbial network analysis revealed that the adaptation to
the PAS diet promoted an increase in the importance of the
fungal community (+8 fungal nodes) which highly interacted
with multiple bacterial and methanogens taxa leading to an
increase in the overall network complexity and the proportion
of positive symbiotic interactions (+5%). Kumar et al. (2015)
also noted an increase in the co-occurrence between anaerobic
fungi, methanogens and bacterial genera when dairy cows were
fed a high forage diet rather than a concentrate diet. However,
this later study also indicated that co-occurrence studies can also
be affected by biotic factors, such as the age of the animal or the
number of lactations suggesting that the rumen microbiota is a
dynamic ecosystem which is still far from been fully understood.

IMPLICATIONS

Here we show that there are various layers of microbial
community analysis currently available, such as taxa abundance,
diversity, core community, network, and correlation analyses
which can provide a wealth of information about the rumen
community adaptation to different dietary situations. In
conventional non-grazing systems supplemented with starch-
rich concentrate the rumen microbiota had low complexity
in terms of diversity and network density suggesting a more
efficient nutrient utilization by the rumen microbes. This

scenario was associated with higher VFA production and lactate
fermentation. However, when animals shifted to a grazing diet
the rumen microbiota experienced an adaptation process in
order to face the challenge of colonizing and digest fresh plant
material. This process consisted on an increase in the microbial
concentration (higher abundance of bacteria, methanogens and
protozoa), diversity and network complexity. This adaptation
originated from a shift in the rumen microbiota promoted a
modification in the multi-kingdom microbial interactions and
fermentative activities (higher proteolysis) which could have
relevant productive implications; however functional genomics
would be required to definitively link these observations with the
feed degradation pathways.
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Growth retardation reduces the incomes of livestock farming. However, effective
nutritional interventions to promote compensatory growth and the mechanisms involving
digestive tract microbiomes and transcripts have yet to be elucidated. In this
study, Qinghai plateau yaks, which frequently suffer from growth retardation due
to malnutrition, were used as an experimental model. Young growth-retarded yaks
were pastured (GRP), fed basal ration (GRB), fed basal ration addition cysteamine
hydrochloride (CSH; GRBC) or active dry yeast (ADY; GRBY). Another group of
growth normal yak was pastured as a positive control (GNP). After 60-day nutritional
interventions, the results showed that the average daily gain (ADG) of GRB was similar
to the level of GNP, and the growth rates of GRBC and GRBY were significantly higher
than the level of GNP (P < 0.05). Basal rations addition of CSH or ADY either improved
the serum biochemical indexes, decreased serum LPS concentration, facilitated ruminal
epithelium development and volatile fatty acids (VFA) fermentation of growth-retarded
yaks. Comparative transcriptome in rumen epithelium between growth-retarded and
normal yaks identified the differentially expressed genes mainly enriched in immune
system, digestive system, extracellular matrix and cell adhesion pathways. CSH addition
and ADY addition in basal rations upregulated ruminal VFA absorption (SLC26A3, PAT1,
MCT1) and cell junction (CLDN1, CDH1, OCLN) gene expression, and downregulated
complement system (C2, C7) gene expression in the growth-retarded yaks. 16S
rDNA results showed that CSH addition and ADY addition in basal rations increased
the rumen beneficial bacterial populations (Prevotella_1, Butyrivibrio_2, Fibrobacter) of
growth-retarded yaks. The correlation analysis identified that ruminal VFAs and beneficial
bacteria abundance were significantly positively correlated with cell junction and VFA
absorption gene expressions and negatively correlated with complement system gene
expressions on the ruminal epithelium. Therefore, CSH addition and ADY addition in
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basal rations promoted rumen health and body growth of growth-retarded yaks, of
which basal ration addition of ADY had the optimal growth-promoting effects. These
results suggested that improving nutrition and probiotics addition is a more effective
method to improve growth retardation caused by gastrointestinal function deficiencies.

Keywords: growth-retarded yaks, compensatory growth, cysteamine hydrochloride, active dry yeast, rumen,
transcripts, microflora, association analysis

INTRODUCTION

Yaks (Bos grunniens) are an ancient bovine mainly distributed
on the Qinghai-Tibet Plateau at high altitudes from 3000 to
5400 m. Yaks have an important ecological niche in the plateau
ecosystem and play a crucial role in the lives of local herdsman by
providing meat, milk, fur and fuel (feces, as living fuel), but yaks
remain semi-domesticated livestock, grazing on plateau grassland
with a natural breeding mode and without artificial feeding. The
Qinghai-Tibet Plateau climate is sharp frost in the long-term
cold season from October to May (average temperature −5∼
−15◦C). Forage is extremely scarce for yaks because the grass
is withered and snow-covered in the cold season. Because of
yaks’ seasonal reproduction characteristics (mating during June
to October and delivery during May to September of the next
year after a 265-day gestation period), most of the gestation
and neonatal periods of yaks occur in the cold season. Severe
malnutrition in early life (gestation and neonatal periods) may
restrain development and growth in the future, which is referred
to as developmental programming (Du et al., 2010). Therefore,
growth-retarded yaks widely exist on the plateau grassland, and
their low body weight, high morbidity and mortality decrease
their farming economic efficiency.

Our previous study found that growth-retarded yaks had
lower serum somatotropic axis hormone concentrations, rumen
weights and skeletal muscle protein deposition compared to
normal yaks (Hu et al., 2016). The gastrointestinal tract
plays a crucial role in feed digestion, nutrient absorption,
immune and endocrine functions and is the basis for body
nutrient deposition and healthy growth (Celi et al., 2017;
Powell et al., 2017). Intestinal microflora plays a critical
role in regulating gastrointestinal homeostasis and functions
of the host. Microbial metabolites, particularly propionate
and butyrate, are considered as the important modulatory
media (Ohland and Jobin, 2015). The rumen is an important
digestive organ for ruminants to digest high-fiber forage
through microbial fermentation, approximately 65% of overall
DM digestion occurs in the rumen. The main microbial
metabolites are VFA absorbed on the ruminal epithelium and

Abbreviations: ACTB, β-actin; ADG, average daily gain; ADY, active dry yeast;
C2, component 2; C3, component 3; C7, component 7; CDH1, cadherin 1;
CLCN2, voltage-sensitive chloride channel 2; CLDN1, claudin 1; CLDN4, claudin
4; CSH, cysteine hydrochloride; DEGs, differentially expressed genes; DM, dry
matter; DSG2, desmoglein 2; GAPDH, glyceraldehyde 3 phosphate dehydrogenase;
IBD, inflammatory bowel disease; MCT1, monocarboxylate transporter 1; MYLK,
myosin light chain kinase; OCLN, occludin; OTUs, operational taxonomic
units; PAT1, putative anion transporter 1; RIN, RNA integrity number;
SLC26A3, downregulated in adenoma; SLC31A1, copper transporter; SLC40A1,
iron-regulated transporter; VFA, volatile fatty acids; ZO1, tight junction protein 1.

provide 70∼80% of metabolizable energy for the ruminant
(Gozho and Mutsvangwa, 2008) and also modulate the ruminal
epithelium functions (Li et al., 2016). In addition, severe
malnutrition during the early life of animals and humans
damages the gastrointestinal structure, functions and microflora
and causes subsequent growth failure (Yambayamba et al.,
1996; Kerr et al., 2015; Meyer and Caton, 2016), typically
in nutritionally stunted children with IBD living in the
developing world (Campbell et al., 2003; Wong et al., 2006).
Therefore, we hypothesized that rumen functional deficiencies
and microflora dysbiosis may play a dominating role in the
growth restriction of yaks.

The compensatory growth is a common phenomenon in
various animals and occurs with the improvement of nutrient
intake following a period of appropriate nutritional restriction
to reach the best growth capacity of animals (Hornick
et al., 2000). However, simple nutritional improvement may
fail to promote the compensatory growth of animals that
underwent excessive malnutrition; therefore, more efficient and
safe methods to promote compensatory growth are clearly
required. Generally, re-nutrition strategies for nutritionally
stunted children occur in two steps: one is providing adequate
nutrients for the rapid growth, and second is supplementing
with micronutrients, prebiotics and probiotics to repair the
physiological impairment (Caballero, 2002; Poinsot et al., 2018).
Cysteamine hydrochloride (CSH) is a natural substance produced
in the hypothalamus and gastrointestinal tract and facilitate
gastrointestinal development by exhausting somatostatin (SS)
(Barnett and Hegarty, 2016). ADY, a probiotic, can improve the
gastrointestinal microflora, immunity and nutrition digestibility
(Che et al., 2017; Crossland et al., 2018). To our knowledge,
most studies on the CSH and ADY stimulating growth were
focused on the normal healthy animal, the effects of improving
nutrition and the addition of CSH or ADY on rumen microflora,
epithelium functions and body growth of growth-retarded
yaks are unclear.

Therefore, we hypothesized that the growth restriction of
yaks was mainly caused by rumen microflora dysbiosis and
epithelium functional (nutrient absorption and metabolism)
deficiencies and that feeding basal rations with CSH or ADY
additions would improve the rumen microbial community
and epithelial functions and promote the compensatory
growth of growth-retarded yaks. In this study, an integrated
method combining microbiome and transcript analysis
was used to investigate the interaction between ruminal
microflora and the epithelium genes of growth-retarded yaks
after different nutritional interventions, to provide insights
into the effective nutritional intervention and its potential
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mechanisms for promoting the compensatory growth of
growth-retarded livestock.

MATERIALS AND METHODS

Ethics Statement
The animal experiment was performed according to the
Regulation on the Administration of Laboratory Animals
(2017 Revision) promulgated by Decree No. 676 of the State
Council. The protocol was approved by the Institutional
Animal Care and Use Committee in Sichuan Agricultural
University, Sichuan, China. The best practice veterinary care
has been provided and informed consent has been granted
by the Animal Husbandry and Veterinary Institute of Haibei
Prefecture, Qinghai, China.

Experimental Animals and Design
The experiment was performed at the farm (altitude from 3200
to 3500 m) of Animal Husbandry and Veterinary Institute of
Haibei Prefecture, Qinghai Province, China, from September
to November 2015. Growth retardation is defined as a body
weight of yaks that are 2-fold standard deviations (SD) less
than the average weight of the yak population with the same
breed and age (Xu et al., 1994; Hu et al., 2016). Forty
15-month-old Qinghai plateau yaks with growth retardation
(72.7 ± 6.03 kg, mean ± SD) were selected and randomly
divided into four groups with 10 yaks in each group as
follows: pasturing group (GRP), feeding basal ration group
(GRB), feeding basal ration addition of CSH (5 g/day each
yak, 30% purity, Walcom, Shanghai, China) (Hu et al., 2016)
group (GRBC), and feeding basal ration addition of ADY (0.1%
of basal ration, saccharomyces cerevisiae ≥ 2.0 × 1011 cfu/g,
Angel Yeast, Yichang, Hubei, China) (Liu et al., 2014) group
(GRBY). Another 10 normal-growth yaks (93.5 ± 5.99 kg,
mean ± SD) of the same breed, age and gender were selected
and treated similar to the yaks in the GRP group as a positive
control (GNP). All yaks were purchased from local herdsman
who traditionally graze yaks on native pasture without feed
supplements. After the yaks were marked with ear tags and
immunized and parasites were expelled, a 15-day transitional
period followed by 60 days of nutritional interventions was
implemented. The yaks in the GRP and GNP groups were
pastured on grassland without supplementary feed and housing.
Grass samples were collected from the natural pasture once
every month for analyzing the nutrient contents. Samples
were clipped from ten 1-m2 quadrats which were randomly
selected on the natural pasture. Then samples were pooled,
dried at 65◦C for 48 h and grounded to pass through
a 0.42-mm sieve. The macronutrient levels of the natural
pasture were analyzed (Casperson et al., 2018) and showed as
follows (air-dry basis): 4.81% crude protein (CP), 2.52% ether
extract (EE), 55.01% neutral detergent fiber (NDF), 36.59%
acid detergent fiber (ADF), 10.11% ash. Yaks in the GRB,
GRBC and GRBY groups were housed in 15 pens according
to treatment, with 2 yaks in each pen (3.5 × 8.0 m). Each
pen provided daily rations (at 0900 and 1600 h) and water

TABLE 1 | Ingredients and nutrition levels of the basal ration.

Items % of Dry Matter

Ingredients

Corn 18.55

Soybean meal 5.60

Wheat bran 5.95

Rapeseed dregs 2.80

Rapeseed oil 0.28

Calcium hydrophosphate 0.20

Calcium carbonate 0.60

Sodium chloride 0.28

Sodium bicarbonate 0.35

Choline chloride 0.04

Premix (trace minerals and vitamins)a 0.35

Oaten hay 65.00

In total 100

Nutrition levels

Dry matter 89.16

Net energy for gain NEg (MJ/kg) 3.28

Crude protein CP 12.35

Ether extract EE 2.74

Crude fiber CF 21.51

Neutral detergent fiber NDF 46.21

Acid detergent fiber ADF 27.55

Calcium Ca 0.57

Phosphorus P 0.38

aThe premix provided trace minerals and vitamins to the basal ration containing per
kilogram of 4400 IU VA, 550 IU VD, 110 IU VE, 0.10 mg Co, 8 mg Cu, 0.50 mg I,
40 mg Mn, 0.20 mg Se, 60 mg Zn, 100 mg Fe.

individually. All yaks had access to grass or daily rations and
water ad libitum. The basal ration was designed according
to the Chinese Beef Cattle Raising Standard 2004 (NY/T
815–2004), and the feed ingredients and nutrition levels are
shown in Table 1.

Sample Collection
The feed consumption of yaks in the GRB, GRBC and
GRBY groups were recorded in each pen each day, yaks
in GRP and GNP groups grazing on the grassland had no
forage intake record. All yaks were weighed on day 0 and
60 before the morning feeding. The ADG was calculated
from the initial weight and final weight. The feed to gain
ratio (F/G) was calculated from the daily ration DM intake
and ADG. Jugular blood samples were collected on the day
60 before the morning feeding, then serums were separated
and stored at −20◦C for glucose, total protein, triglyceride,
lipopolysaccharide (LPS) and TNF-α analysis using ELISA kits
(Nanjing Jiancheng, Nanjing, Jiangsu, China). Then six yaks
in each group, which were close to the group average weight,
were slaughtered after fasted 12 h via captive bolt stunning
and exsanguinated humanely. The slaughter process was in
accord with the national standard Operating Procedures of
Cattle Slaughtering (GB/T 19477-2004). The ruminal contents
were collected, mixed from ventral, dorsal and caudal areas
of the rumen, and then filtered through four-layer nylon
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cloth. The pH-value of the ruminal fluids was determined
immediately using a pH meter (INESA, Shanghai, China). The
ruminal digesta samples (solid parts) were stored at −80◦C
for bacterial community analysis. Ruminal fluid samples were
stored at −80◦C for VFA (acetate, propionate, and butyrate)
concentrations analysis using gas chromatography (Agilent
Technologies, Santa Clara, CA, United States) (Mao et al.,
2008). The rumen epithelia (approximately 1 g) in the ventral
sac were separated from the serosal and muscular layers,
rinsed 20 times with cold sterile PBS, minced and packed into
1.5 ml tubes, and then snap frozen in liquid nitrogen and
stored at −80◦C for RNA-seq and qRT-PCR analysis (Wang
et al., 2017). Additionally, rumen epithelia in the ventral and
dorsal sac were cut (2 cm × 2 cm) and placed into 4%
paraformaldehyde overnight, then tissues were dehydrated and
embedded in the paraffin, cut into 3 sections with 5 µm thick and
stained with Hematoxylin and Eosin (H&E). The morphological
characteristics were recorded using the Image-Pro Plus 6.0
software (Media Cybernetics Inc., Bethesda, MD, United States)
(Malhi et al., 2013).

Comparative Transcriptome of the
Ruminal Epithelium Between
Growth-Retarded and Normal Yaks
Ruminal epithelium samples of four yaks in GRP and GNP
group, respectively, which were close to the average group
weight, were analyzed by RNA-seq. Total RNA was extracted
by Trizol reagent (Takara, Dalian, Liaoning, China) reference
to the instruction, then concentration and purity of total
RNA were detected by a Nano-100 micro-spectrophotometer
(Thermo Scientific, Waltham, MA, United States). The RIN was
examined by Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, United States), and the RIN of samples
was higher than 7.0. All eight sequencing libraries were
constructed referenced to the standard procedures (Tang
et al., 2015), marked each sample with a unique barcode
and performed single-end sequencing using the BGISeq-500
platform in the Beijing Genomics Institute (BGI, Shenzhen,
Guangdong, China).

After low quality reads were removed from raw reads, clean
reads were obtained. Bowtie 2 (Langmead et al., 2009) and
HISAT (Kim et al., 2015) were used to map the clean reads
to yak gene and genome reference sequences (version 1.0) (Hu
et al., 2012), respectively. RSEM software (Li and Dewey, 2011)
was used to computed the values of fragments per kilobase of
transcript per million fragments mapped (FPKM) to evaluate the
gene expression levels. The relationship between samples were
analyzed by Hierarchical Clustering and Principal Components
Analysis (PCA) using the online resource1. NOISeq method
was used to screen DEGs between the two groups. Genes with
fold changes ≥ 2 and probability (Probability of significant
difference) ≥ 0.8 were identified as DEGs (Tarazona et al., 2011).
The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) were used to perform pathway enrichment

1http://www.omicshare.com/

analysis of DEGs by the online resource2, the P-value less than
0.05 determined significant difference (Zhang et al., 2017).

Nutritional Regulated of Rumen
Functional Gene Expressions Detected
by Real-Time PCR (qRT-PCR)
The selected key gene expression of the significantly enriched
pathways in GO and KEGG analysis were detected via qRT-PCR.
Six ruminal epithelium samples of each group were analyzed.
Amplification primers of the genes were designed using primer
5.0 software. The functions, names and primer information of
these genes were provided in Table 2. The cDNA was reverse
transcribed from the RNA, which was extracted according to
the method in the RNA-seq analysis section, using cDNA
Synthesis Kit (Takara, Dalian, Liaoning, China) reference to the
instructions. qRT-PCR was performed using the SYBR Green
Kit (Takara, Dalian, Liaoning, China) and CFX96 TouchTM

Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
United States) reference to the instructions. All samples were
performed in three duplicates. Relative expression of genes were
calculated by using 2−11Ct method with the housekeeping genes
ACTB and GAPDH (Livak and Schmittgen, 2001).

Microbial DNA Extraction, Library
Construction and Sequencing
The rumen digesta samples of four yaks in each group, which
were close to group average weight, were detected by 16s
rDNA sequencing. Bacterial total genome DNA was extracted
by using the TIANamp Stool DNA Kit (Tiangen Biotech.
Beijing, China) with the bacterial lysis step, bead-beating
step using a TGrinder H24 Tissue Homogenizer (Tiangen
Biotech. Beijing, China) and subsequent DNA purification
using spin column, as described in the handbook. The
concentration and purity of DNA was detected by 1%
agarose gels and the Nano-100 micro-spectrophotometer
(Thermo Scientific, Waltham, MA, United States). The universal
primer (341F: 5′-CCTAYGGGRBGCASCAG-3′ and 806R:
5′-GGACTACNNGGGTATCTAAT-3′) with sequencing adapter
and barcode were used to amplified the V3-V4 region of the
16S rRNA gene (Xia et al., 2015) using the Bio-rad T100TM

Thermal Cycler (Bio-rad Inc., Hercules, CA, United States).
The PCR products were qualified on 2% agarose gel, samples
with bright main strip between 400 and 450 bp were chosen
for further analysis using GeneJET Gel Extraction Kit (Thermo
Scientific, Waltham, MA, United States). Sequencing libraries
were generated using NEB Next R© UltraTM DNA Library Prep Kit
for Illumina following manufacturer’s recommendations. Then
samples were sequenced on an Illumina HiSeq platform
(Illumina, San Diego, CA, United States) at Novogene
Bioinformatics Technology Co., Ltd. (Tianjing, China).

Paired-end reads from the original DNA fragments were
merged by using FLASH and assigned to each sample
according to the unique barcodes. Then, reads were filtered
by QIIME quality filters (Caporaso et al., 2010). Sequences

2http://www.omicshare.com/
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TABLE 2 | Information of primers for qRT-PCR.

Functions Genes GenBank ID Primer sequence (5′-3′) Tm (◦C)

Complement system C2 XM_005893783.2 F: TGGCGGCTCCAGTAAGAACTCC 62.3

R: GCAGGCGGAAGAGGTTGATGTG

C3 XM_005890706.2 F: GCCTGCTGCTGCTGCTTCTAG 64.0

R: CCACAGTCTCCTCGCTCTCCAG

C7 XM_005889717.2 F: GTGTGAGCAAGGCGTCCTCTTAG 62.5

R: CCAGCTCCTCGTCTTCGCATTG

Ion and VFA absorption SLC40A1 XM_005889537.1 F: AGGCGTCATTGCTGCTAGAATCG 56.0

R: GGAGCCAGGATGACCATGATGAAG

SLC31A1 XM_005902484.2 F: ACAGTGCTGCACATCATCCAAGTG 60.4

R: TCCACTACCACCGCCTTCTTCC

CLCN2 XM_005909509.2 F: CACAGACGGCAGCACTTACAGG 64.0

R: CGGCGATCATAACAGGCAGGATG

SLC26A3 XM_005901422.1 F: CACCACCGCTGCCGCTATTC 54.7

R: CCACCACCAGGATAACCAAGGATG

PAT1 XM_005909349.1 F: GGGCACTTCTTCGATGCTTCT 59.5

R: GTCGTGGACCGAGGCAAA

MCT1 NM_001037319.1 F: CGGCTCAGATCACCAAGCACAAG 58.0

R: TTAGGTATCTGCCGAGCGACTCC

Epithelial cell junction CLDN1 XM_005897671.2 F: GCTGTGGATGTCCTGCGTGTCR 65.0

R: CCTCGTCGTCTTCCATGCACTTC

CLDN4 XM_005892850.2 F: TCATCGGCAGCAACATCGTCAC 63.5

R: CAGCAGCGAGTCGTACACCTTG

OCLN XM_005889348.2 F: GCACGTTCGACCAATGCTCT 64.5

R: CAGGCAAGAGTGGAGGCAAC

ZO1 XM_014476599.1 F: GAACACGACAGAGCAGCACATAGG 65.0

R: GGCTCGGAGAGGTGGCTAGTG

CDH1 XM_005896515.2 F: TGAACACCTACAACGCTGCCATC 63.5

R: TGCTCAAGCCTTCGCCGTTAAG

DSG2 XM_014479886.1 F: AGGTGGTGCTGCCTCTTCTGG 63.5

R: CACGATGGCTTCCTTGGCTGTC

Housekeeping genes ACTB XM_005887322.2 F: CAGGTCATCACCATCGGCAA 60.4

R: TAGAGGTCCTTGCGGATGTCG

GAPDH XM_014482068.1 F: CCTGGAGAAACCTGCCAAGTAT 60.4

R: GAGTGTCGCTGTTGAAGTCGC

with ≥ 97% similarity were assigned to the same OTUs. The
OTUs contained more than 3 counts in at least one of the
samples were retained for the further analysis (Shen et al., 2017).
The representative sequences of each OTU were picked to
annotate taxonomic information via using the Ribosomal
Database Project (RDP) classifier (identity threshold of
0.8). The RDP classifier can accurately provide taxonomic
assignments that 98% of the classifications are of high accuracy
(98%) and high estimated confidence (≥95%) (Wang et al.,
2007). The RDP classifier used the SILVA 128 database,
which has taxonomic information predicted down to the
species level (Quast et al., 2013; Glöckner et al., 2017).
Then OTUs were normalized to the relative abundance
in each sample. The alpha diversity included Chao1 and
Shannon index were calculated with rarefaction analysis.
Principal Coordinate Analysis (PCoA) was analyzed by
the online resource3.

3http://www.omicshare.com/

Statistical Analyses
The differences of data related to growth performance, serum
parameters, rumen morphology, mRNA expressions, rumen
fermentations and bacterial abundances between groups were
analyzed using One-way ANOVA followed Duncan’s post hoc
testing in SPSS v.19.0, results were presented as means ± SEM.
P-values less than 0.05 were regarded as statistical significance.
The correlation between rumen VFA concentrations or bacteria
abundances and epithelium gene expression was analyzed by
using Spearman’s correlation analysis in SPSS v.19.0, P-values less
than 0.05 and the absolute value of correlation coefficient more
than 0.8 were regarded as significant correlation.

Sequence Data Accession Numbers
The ruminal epithelium RNA-seq data and 16s rRNA gene
sequencing data have been deposited in NCBI Sequence
Read Archive database with the submission SRP166811 and
SRP166982, respectively.

Frontiers in Microbiology | www.frontiersin.org 5 February 2019 | Volume 10 | Article 31892

http://www.omicshare.com/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00318 February 19, 2019 Time: 17:8 # 6

Hu et al. Nutrition Promoted Stunted Yaks Growing

RESULTS

Effects of Nutritional Interventions on the
Growth Performance of
Growth-Retarded Yaks
The initial weights of growth-retarded yaks were significantly
lower than the normal yaks (P < 0.05). After different
nutritional interventions, the final weight of GRBY group was
the closest to the normal yaks. The ADG of the GRP group
was only 41.3% of the GNP group (P < 0.05). Feeding basal
ration significantly increased the ADG of growth-retarded yaks
(P < 0.05) to achieve a similar growth rate of normal yaks
(GNP; P > 0.05). Feeding basal ration addition of CSH or
ADY either significantly promoted the ADG of growth-retarded
yaks to exceed the growth rate of normal yaks (GNP) and
reduced the feed to gain ratio (F/G; P < 0.05). GRBY had the
highest ADG and lowest F/G in the nutritional intervention
groups (Table 3).

Effects of Nutritional Interventions on the
Serum Parameters of Growth-Retarded
Yaks
The serum parameters on day 60 showed that growth-retarded
yaks (GRP) had significantly lower serum total protein
(P < 0.05) concentrations and trended toward lower serum
glucose (P = 0.051) and higher serum LPS (P = 0.089)
concentrations compared to normal yaks (GNP). Feeding basal
ration significantly increased the serum triglyceride and total
protein concentrations (P < 0.05) and did not decrease the
serum LPS concentrations (P > 0.05) of growth-retarded yaks.
Basal rations addition of CSH or ADY either significantly
increased the serum glucose and total protein concentrations
compared to the GRP group (P < 0.05) and significantly
decreased the LPS concentrations compared to the GRB group
(P < 0.05) (Table 4).

Effects of Nutritional Interventions on the
Rumen Histomorphology of
Growth-Retarded Yaks
The ruminal papillae height and muscular thickness of the
GRP group were significantly lower than the GNP group

(P < 0.05). Feeding basal ration did not significantly increase
the ruminal papillae height and muscular thickness of growth-
retarded yaks (P > 0.05). Basal rations addition of CSH
or ADY either significantly increased the ruminal papillae
width (P < 0.05). Moreover, basal ration addition of CSH
significantly increased the muscular thickness of growth-retarded
yaks (P < 0.05) (Figure 1).

Comparative Transcriptome Analysis of
the Ruminal Epithelium Between
Growth-Retarded and Normal Yaks
The results identified that an average of 13,039 and
12,895 genes per sample in the GRP and GNP groups,
respectively. The RNA-seq data information were provided
in Supplementary Table 1. The correlation between samples
were analyzed by hierarchical clustering (Supplementary
Figure 1A) and PCA (Supplementary Figure 1B). In
total, 362 genes were significantly differentially expressed
in the rumen epithelium between growth-retarded and
normal yaks (probability ≥ 0.8, fold change ≥ 2), with
323 genes upregulated and 39 genes downregulated in
growth-retarded yaks (Supplementary Figure 1C). The
DEGs profiles were shown in the heatmap (Supplementary
Figure 1D). The top 20% up- and downregulated
(fold-change) DEGs were shown in Supplementary
Tables 2, 3, respectively.

The up- and downregulated genes were investigated
with Gene Ontology (GO) enrichment analysis, respectively
(Figure 2). Upregulated genes in growth-retarded yaks were
mostly involved in the extracellular region (P = 7.15 × 10−17),
defense response (P = 3.02 × 10−12), cytokine activity
(P = 9.59 × 10−9), immune system process (P = 5.30 × 10−8),
response to stimulus (P = 8.83 × 10−8), and extracellular matrix
(P = 1.03 × 10−6), whereas downregulated genes were mostly
related to transmembrane transporter activity and intrinsic
component of membrane (P = 0.005).

The KEGG analysis significantly enriched thirty-four
pathways from DEGs (P < 0.05) (Figure 3). In the immune
system, there were 15 DEGs enriched in the complement and
coagulation cascades pathway (P = 1.89 × 10−9). The genes
C2, C3, C4, and C7 had significantly higher expression in
growth-retarded yaks compared to normal yaks. The antigen

TABLE 3 | Effects of nutritional interventions on the growth performance of growth-retarded yaks (n = 10).

Items Groups SEM P-Value

GRP GRB GRBC GRBY GNP

Initial Weight (IW) kg 71.50b 73.80b 72.90b 72.30b 93.45a 1.479 0.000

Final Weight (FW) kg 77.77d 90.95c 96.92cb 99.84b 108.56a 1.724 0.002

Average Daily Gain (ADG) kg/d 0.104d 0.286c 0.401b 0.459a 0.252c 0.019 0.006

Dry Matter Intake (DMI) kg/d − 2.93 3.04 3.22 − 0.051 0.056

Feed/Gain Ratio F/G − 10.42b 7.63a 7.22a
− 0.332 0.000

GRP, growth-retarded yaks pasturing; GRB, growth-retarded yaks feeding basal ration; GRBC, growth-retarded yaks feeding basal ration addition CSH; GRBY, growth-
retarded yaks feeding basal ration addition ADY; GNP, growth-normal yaks pasturing. Data with different small letter superscripts within the same row are significantly
different (P < 0.05). SEM, standard error of the mean. “—” means there is no data, because yaks grazing on grassland had no DMI record.
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TABLE 4 | Effects of nutritional interventions on the serum parameters of growth-retarded yaks (n = 10).

Items Groups SEM P-Value

GRP GRB GRBC GRBY GNP

Glucose (mmol/l) 3.46b 4.01ab 4.45a 4.39a 3.92ab 0.098 0.001

Triglyceride (mmol/l) 0.17b 0.29a 0.30a 0.31a 0.19b 0.012 0.000

Total protein (g/l) 61.71c 67.13b 71.68ab 72.40a 68.31ab 0.960 0.000

LPS (EU/ml) 0.45ab 0.52a 0.41b 0.39b 0.37b 0.015 0.025

TNF-α (ng/ml) 0.40 0.45 0.40 0.37 0.34 0.014 0.233

GRP, growth-retarded yaks pasturing; GRB, growth-retarded yaks feeding basal ration; GRBC, growth-retarded yaks feeding basal ration addition CSH; GRBY, growth-
retarded yaks feeding basal ration addition ADY; GNP, growth normal yaks pasturing. Data with different small letter superscripts within the same row are significantly
different (P < 0.05). SEM, standard error of the mean.

FIGURE 1 | Effects of nutritional interventions on ruminal epithelium histomorphology of growth-retarded yaks. (A) Values are means ± SEMs (n = 6). Different small
letter superscripts represent significantly different (P < 0.05). (B) Representative micrographs of ruminal epithelium histomorphology, 40× magnification. GRP,
growth-retarded yaks pasturing; GRB, growth-retarded yaks feeding basal ration; GRBC, growth-retarded yaks feeding basal ration addition CSH; GRBY,
growth-retarded yaks feeding basal ration addition ADY; GNP, growth normal yaks pasturing.

processing and presentation pathway was significantly enriched
with 12 genes (P = 2.30 × 10−5), in which the MHC I and
MHC I genes were typically highly expressed and the HSPA2
gene was weakly expressed in growth-retarded yaks. In addition,

the allograft rejection (7 genes, P = 0.001) and phagosome (10
genes, P = 0.032) pathways were also significantly enriched.
It also identified DEGs enriched in the mineral absorption
pathway (9 genes, P = 4.40 × 10−5). Typically, the expression
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FIGURE 2 | Gene Ontology analysis of the up- (A) and downregulated (B) DEGs of the ruminal epithelium between growth-retarded and normal yaks. The top 10
GO terms with lowest P-values in molecular function, cellular component and biological process were shown, respectively. Y-axis represented GO terms and X-axis
represented the -log10 (P-Value).

levels of the nutrient transporter genes including SLC40A1,
HMOX1, SLC31A1, SLC26A3 and CLCN2 were markedly lower
in the ruminal epithelium of growth-retarded yaks compared
to normal yaks. There were 15 DEGs enriched in the focal
adhesion pathway (P = 0.002) and 8 DGEs enriched in the
ECM-receptor interaction pathway (P = 0.002). The DEGs in the
two pathways, including collagen, fibronectin 1 (FN1), filamin
C (FLNC), and dermatopontin (DPT), had markedly higher
expression levels in growth-retarded yaks. Additionally, the
cell junction negative regulatory genes MYL9 and MYLK in
the focal adhesion pathway had significantly higher expression
levels in growth-retarded yaks. In the metabolism functions,
the steroid hormone biosynthesis (6 genes, P = 3.81 × 10−4),
metabolism of xenobiotics by cytochrome P450 (5 genes,
P = 0.009), arachidonic acid metabolism (7 genes, P = 0.008),
Glycolysis/Gluconeogenesis (6 genes, P = 0.020) and pyruvate
metabolism (4 genes, P = 0.046) pathways were significantly
enriched between growth-retarded and normal yaks.

Effects of Nutritional Interventions on
Ruminal Epithelium Functional Gene
Expression of Growth-Retarded Yaks
The expressions of representative functional genes related to the
significantly enriched pathways (such as complement cascades,
mineral transmembrane absorption and epithelial integrity) in
GO and KEGG analysis were detected via qRT-PCR. The mRNA
expression levels of complement factors C2, C3 and C7 in
growth-retarded yaks were typically higher than those in normal
yaks (P < 0.05). Notably, the GRB group had the highest
C2 and C3 gene expressions in this study. The addition of
CSH in basal ration significantly decreased expression of the

C7 gene (P < 0.05), whereas the addition of ADY in basal
ration significantly decreased C2 and C7 gene expression in
growth-retarded yaks (P < 0.05) (Figure 4).

The nutritional regulations had no acceleration to these gene
expressions in growth retardation yaks. The mRNA expression of
SLC26A3 in the GNP groups was nearly 3 times higher than the
GRP group (P < 0.05). The basal rations addition of CSH or ADY
either significantly increased the SLC26A3 mRNA expression
of growth-retarded yaks (P < 0.05). The basal ration addition
of CSH significantly increased MCT1 gene expression, and
basal ration addition of ADY significantly increased PAT1 gene
expression (P < 0.05) compared to the GRP group (Figure 5).

Growth-retarded yaks had significantly lower CDH1 and
DSG2 mRNA expression (P < 0.05) and trended toward
lower OCLN mRNA expression (P = 0.059) compared to
normal-growth yaks. Feeding basal ration (GRB) and CSH
addition (GRBC) significantly promoted CDH1 gene expression
(P < 0.05), whereas basal ration addition of ADY significantly
increased the CLDN1, OCLN and CDH1 gene expression of
growth-retarded yaks (P < 0.05) (Figure 6).

Effects of Nutritional Interventions on
Rumen Bacterial Fermentation of
Growth-Retarded Yaks
Feeding basal ration significantly decreased the rumen pH of
growth-retarded yaks (P < 0.05), and basal ration addition
of ADY effectively alleviated the pH decline induced by basal
ration (P < 0.05). The GRP group had the lowest ruminal
propionate and butyrate concentrations in this study, and feeding
basal ration trended toward increasing the butyrate fermentation
(P = 0.063). The Basal rations addition of CSH or ADY either

Frontiers in Microbiology | www.frontiersin.org 8 February 2019 | Volume 10 | Article 31895

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00318 February 19, 2019 Time: 17:8 # 9

Hu et al. Nutrition Promoted Stunted Yaks Growing

FIGURE 3 | Kyoto Encyclopedia of Genes and Genomes pathway terms (P < 0.05) enriched by DEGs of rumen epithelium between growth-retarded and normal
yaks. X-axis means rich factor (Rich factor = DEGs enriched in the pathway ÷ background genes in the pathway). Y-axis represents the KEGG pathway terms. The
color of roundness represents P-value. The area of roundness represents number of DEGs enriched in this pathway.

significantly promoted the propionate and butyrate fermentation
compared to GRP group (P < 0.05) (Table 5).

Effects of Nutritional Interventions on
Rumen Bacterial Community of
Growth-Retarded Yaks
A total of 1,577,994 raw reads and an average of 65,566 ± 2,231
(SEM) effective reads per sample were identified. A total of 1,974
OTUs were identified. The 16S rDNA sequencing information

was provided in the Supplementary Table 4. The results showed
that grazing growth-retarded yaks had a significantly higher Chao
1 and lower Shannon index compared to normal yaks (P < 0.05).
The addition of CSH in basal ration significantly decreased the
Chao 1 and Shannon index when compared to the GRP and
GNP groups (P < 0.05), whereas the addition of ADY in basal
ration significantly decreased the Chao 1 when compared to the
GRP group (P < 0.05) (Supplementary Table 5). The PCOA
results showed the distinct microflora among different yak groups
(Supplementary Figure 2).
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FIGURE 4 | Effects of nutritional interventions on complement gene expressions in the rumen epithelium of growth-retarded yaks. Values are means ± SEMs (n = 6).
Different small letter superscripts represent significantly different (P < 0.05). GRP, growth-retarded yaks pasturing; GRB, growth-retarded yaks feeding basal ration;
GRBC, growth-retarded yaks feeding basal ration addition CSH; GRBY, growth-retarded yaks feeding basal ration addition ADY; GNP, growth normal yaks pasturing.

FIGURE 5 | Effects of nutritional interventions on the expression of genes related to ion and VFAs absorption in rumen epithelium of growth-retarded yaks. Values are
means ± SEMs (n = 6). Different small letter superscripts represent significantly different (P < 0.05). GRP, growth-retarded yaks pasturing; GRB, growth-retarded
yaks feeding basal ration; GRBC, growth-retarded yaks feeding basal ration addition CSH; GRBY, growth-retarded yaks feeding basal ration addition ADY; GNP,
growth normal yaks pasturing.

The OTUs annotated 24 bacterial phyla at the phyla
level in total. Firmicutes (50.58–54.87%), Bacteroidetes
(38.35–44.06%), Fibrobacteres (1.09–3.05%), Spirochaetes
(1.07–1.97%), Proteobacteria (0.75–1.01%), and Tenericutes
(0.71–1.09%) were the predominant phyla in the yak rumens
(relative abundance > 0.5%) (Figure 7A). The GRP group had
the lowest ratio of Firmicutes to Bacteroidetes (F/B ratio) in
this study. Basal ration addition of CSH significantly increased
the F/B ratio (Figure 7B) and increased the abundance of
Fibrobacteres (Figure 7C) and Spirochaetes (Figure 7D) in
growth-retarded yaks (P < 0.05).

At the genus level (Figure 8), Rikenellaceae_RC9_gut_group,
Saccharofermentans, Butyrivibrio, Prevotella, Ruminococcus,

and Fibrobacter were the dominant genera in yaks (relative
abundance 0.5%). The growth-retarded yaks had a higher
abundance of Rikenellaceae_RC9_gut_group (P < 0.05)
and a lower abundance of Butyrivibrio_2 (P < 0.05) in the
ruminal solid fraction compared to normal yaks. Feeding basal
rations significantly increased the abundance of Fibrobacter
(P < 0.05) and trended toward decreasing the abundance of
Rikenellaceae_RC9_gut_group (P = 0.055) in growth-retarded
yaks. Basal rations addition of CSH or ADY either significantly
decreased the abundance of the Coprostanoligenes_group
(P < 0.05). Moreover, basal ration addition of CSH
significantly increased the abundance of Fibrobacter,
Lachnospiraceae_XPB1014_group and Treponema_2 (P < 0.05)
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FIGURE 6 | Effects of nutritional interventions on the expression of genes related to barrier function in rumen epithelium of growth-retarded yaks. Values are
means ± SEMs (n = 6). Different small letter superscripts represent significantly different (P < 0.05). GRP, growth-retarded yaks pasturing; GRB, growth-retarded
yaks feeding basal ration; GRBC, growth-retarded yaks feeding basal ration addition CSH; GRBY, growth-retarded yaks feeding basal ration addition ADY; GNP,
growth normal yaks pasturing.

TABLE 5 | Effects of nutritional interventions on the rumen bacterial fermentation of growth-retarded yaks (n = 6).

Items Groups SEM P-Value

GRP GRB GRBC GRBY GNP

pH 6.93a 6.06c 6.28bc 6.52b 6.88a 0.066 0.000

Acetate (mmol/l) 33.05 41.52 50.01 47.31 40.22 2.204 0.104

Propionate (mmol/l) 8.29c 11.20abc 12.86ab 13.46a 9.05bc 0.638 0.034

Butyrate (mmol/l) 4.10b 6.27ab 6.65a 7.80a 5.45ab 0.395 0.028

GRP, growth-retarded yaks pasturing; GRB, growth-retarded yaks feeding basal ration; GRBC, growth-retarded yaks feeding basal ration addition CSH; GRBY, growth-
retarded yaks feeding basal ration addition ADY; GNP, growth normal yaks pasturing. Data with different small letter superscripts within the same row are significantly
different (P < 0.05). SEM, standard error of the mean.

and trended toward increasing the abundance of Butyrivibrio_2
(P = 0.087), whereas basal ration addition of ADY significantly
decreased the abundance of the Rikenellaceae_RC9_gut_group
and increased the abundance of Prevotella_1 (3.37 times the GRP,
P < 0.05) in growth-retarded yaks.

Correlations Between Ruminal
Epithelium Gene Expression and
Bacteria Populations
The results showed that ruminal microbial product (acetate,
propionate and butyrate) concentrations were significantly
positively correlated with epithelial VFA absorption gene (PAT1
and MCT1) expressions. Moreover, the acetate concentration
was positively correlated with OLCN gene expression. The
butyrate concentration was positively correlated with epithelial
CLDN1, OLCN and CDH1 (P = 0.055) gene expressions. The

abundance of Prevotella_1 was positively correlated with CLDN1
(P < 0.01) and PAT1 gene expression. The Butyrivibrio_2
population was negatively correlated with C3 gene expression and
positively correlated with DSG2 and SLC26A3 gene expressions.
Notably, the coprostanoligenes_group population was highly
positively correlated with C7 gene expression (P < 0.01)
and negatively correlated with CDH1, CLDN1, OCLN, and
PAT1 (P < 0.01) gene expressions. The abundance of the
Rikenellaceae_RC9_gut_group was negatively correlated with
SLC26A3 gene expression (Figure 9A).

DISCUSSION

Previous studies investigated the different ruminal epithelium
transcriptomes (Kern et al., 2016; Kong et al., 2016) or
bacterial communities (McCann et al., 2014; Myer et al.,
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FIGURE 7 | Effects of nutritional interventions on the rumen bacterial composition at phyla level of growth-retarded yaks (n = 4). (A) Each bar and color represent the
average relative abundance of each phyla taxon, the top 6 abundant taxa (relative abundance > 0.5%) were shown. (B) showed effects of nutritional interventions on
the F/B ratio. (C,D) showed effects of nutritional interventions on the relative abundance of Fibrobacteres and Spirochaetes, respectively. Values are means ± SEMs.
Bars with different small letter superscripts are significantly different (P < 0.05). GRP, growth-retarded yaks pasturing; GRB, growth-retarded yaks feeding basal
ration; GRBC, growth-retarded yaks feeding basal ration addition CSH; GRBY, growth-retarded yaks feeding basal ration addition ADY; GNP, growth normal yaks
pasturing.

2015) between high and low growth performance ruminants.
To our knowledge, this is the first study to investigate an
effective nutritional intervention to promote compensatory
growth in growth-retarded yaks with combined transcriptome
and microbiome analyses.

Effects of Nutritional Interventions on
Compensatory Growth and Rumen
Development of Growth-Retarded Yaks
Under the same breed, age, forage nutrition and environmental
conditions, the lower ADG (41.3% of the GNP group), serum
glucose and total protein concentrations and ruminal papillae
height of the GRP group compared to the GNP group suggested
the lower nutrition intake or efficiency of nutrient absorption
in growth-retarded yaks. However, feeding basal ration to
improve nutrition intake merely increased the ADG, serum
glucose and total protein concentrations of growth-retarded
yaks to a similar level as the GNP group, although the basal
ration had much higher CP and EE contents and lower NDF
and ADF contents than those of grass. Furthermore, feeding
basal ration did not decrease the serum LPS concentrations.
These results indicated that only nutritional improvement

cannot significantly improve the ruminal healthy development
and nutrient absorption efficiency of growth-retarded yaks. It
was well known that improving nutrition intake was helpful
for rumen development possibly through improving growth
factor secretions or microbial fermentations. High-grain diet
significantly affected the mRNA expression of IGF binding
protein in the rumen of dairy cattle (Steele et al., 2011).
This inconsistent result suggested the potential functional
deficiencies existed in the rumen of growth-retarded yaks.
The addition of CSH and ADY in basal rations significantly
increased the ruminal papillae width and nutritional status
(serum glucose and total protein concentrations), decreased
the serum LPS concentrations and F/G, and promoted growth
rate of growth-retarded yaks to exceed the levels of normal
yaks. The results suggested that improving nutrition intake
and addition of CSH or ADY may either effectively improve
the ruminal epithelium functions in growth-retarded yaks.
The CSH and ADY are widely used to promote growth
performance of healthy livestock through improving feeds
intake and nutrition digestibility. This study suggested that
CSH and ADY also had the ability to repair the rumen
damage and dysfunction of growth-retarded yaks induced
by severe malnutrition.
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FIGURE 8 | Effects of nutritional interventions on the rumen bacterial composition at genus level of growth-retarded yaks (n = 4). (A) The heatmap showed the
average relative abundance of each dominant genus taxon (relative abundance 0.5%) in different nutritional intervention groups. Y-axis represented different bacterial
genus and X-axis represented different groups. The relative abundance of bacterial genus is represented by color intensity, which is according to the legend. (B) The
bar graph showed the significantly changed bacteria at genus level. Values are means ± SEMs. Bars with different small letter superscripts are significantly different
(P < 0.05). GRP, growth-retarded yaks pasturing; GRB, growth-retarded yaks feeding basal ration; GRBC, growth-retarded yaks feeding basal ration addition CSH;
GRBY, growth-retarded yaks feeding basal ration addition ADY; GNP, growth normal yaks pasturing.

Effects of Nutritional Interventions on
Ruminal Epithelium Transcripts of
Growth-Retarded Yaks
To reveal the potential physiological deficiency and effects
of nutritional interventions on the ruminal epithelium of
growth-retarded yaks, firstly a comparative transcriptome

analysis of the ruminal epithelium between growth-retarded and
normal yaks was performed and then the effects of nutritional
interventions on functional gene expressions were determined
using qPCR.

Gene Ontology analysis results suggested that the
physiological dysfunctions of growth-retarded yaks may

Frontiers in Microbiology | www.frontiersin.org 13 February 2019 | Volume 10 | Article 318100

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00318 February 19, 2019 Time: 17:8 # 14

Hu et al. Nutrition Promoted Stunted Yaks Growing

FIGURE 9 | (A) The correlations between the ruminal epithelium gene expressions and VFA concentrations or bacteria populations. Y-axis represented different
VFAs and bacterial genus, X-axis represented the different functional genes. Color intensity represents P-values of correlation, ∗P < 0.05 and ∗∗P < 0.01. (B) The
proposed model of nutritional interventions promoting the compensatory growth of growth-retarded yaks. The black up and down arrow represent up- and
downregulated, respectively. Blue arrows represent the effects of CSH addition, and red arrows represent the effects of ADY addition on the growth-retarded yaks.
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focus on the inflammatory response, transmembrane transport
and cellular junctions of the ruminal epithelium. KEGG results
showed that the complement and coagulation cascades pathway
was enriched with the lowest P-value and Q-value, which is
an important component of the innate and adaptive immune
system (Dunkelberger and Song, 2010) and acts as the first
defense of host resistance to potential pathogens (Braem et al.,
2015). There are an abundance and diversity of microbes
colonized in the rumen. The pathogenic microbes and their
metabolites (LPS, glucan) are potential threats to rumen health.
The significantly higher expression of complement component
genes suggested that the inflammatory response was highly
activated in the rumen epithelium of growth-retarded yaks.
In addition, the significantly enriched antigen presentation
pathway and arachidonic acid metabolism pathway play major
role in inflammatory processes in the digestive tract. The
steroid hormone biosynthesis and metabolism of xenobiotics by
cytochrome P450 pathways significantly enriched in this study
mainly work on eliminating dietary byproducts, xenobiotics, and
environmental contaminants in cells. These results suggested that
the ruminal epithelium of growth-retarded yaks may be invaded
by high amounts of heterologous antigens from the lumen.

However, it is surprising that the growth-retarded and
normal yaks had significantly different immune responses in the
ruminal epithelium when grazing on the same grassland. This
phenomenon may be explained by the DEGs including collagens,
filamin and fibronectin, which were significantly enriched in
extracellular matrix (ECM) and focal adhesion pathways. These
biological macromolecules are complex arrays secreted by cells
and distributed in the intercellular space, which contributed to
the integrity and barrier function of the ruminal epithelium
(Dionissopoulos et al., 2012). Collagen damage or overexpression
induces destruction of the integrity and permeability or fibrosis
of the epithelium (Steele et al., 2011). In addition, previous
studies showed that a high phosphorylation level of MYL
catalyzed by MYLK (Jin and Blikslager, 2016) can degrade cell
junction complexes (such as tight junctions including CDH1,
CLDN1, and OCLN) and increase epithelial barrier permeability
(Turner, 2009). The high levels of MYL9, MYLK, collagens,
filamin, and fibronectin gene expressions in our study suggested
the rumen epithelial architecture and cell junction deficiency
in growth-retarded yaks, which may induce dietary antigens
and microbial toxin activation of the complement and antigen
presenting pathways.

It was reported that integrated cell junctions were also
necessary for nutrient absorption by maintaining the ionic
concentration gradients (Wada et al., 2013). Minerals are
important components of cells and participate in nutrient
metabolism. The GO and KEGG analysis found that
growth-retarded yaks had lower gene expression related
to ruminal ion transmembrane transport, suggesting that
ruminal minerals absorption was blocked. Notably, SLC26A3 is
abundantly located in the rumen epithelium (Xiang et al., 2016)
and plays a major role in VFA−/ HCO3

− exchange (Raheja
et al., 2010). Beef steers with high feed utilization efficiency had
higher SLC26A3 gene expression on the ruminal epithelium
(Kern et al., 2016). The markedly lower expression of SLC26A3

genes suggested a lower VFA absorption efficiency in the rumen
epithelium of growth-retarded yaks.

The representative functional genes related to the complement
system, nutrients absorption and epithelial integrity pathways
were assessed by using qPCR. The qPCR results were consistent
with RNA-seq data showing that immune genes are highly
expressed and that cell junction and nutrient absorption genes
are weakly expressed in growth-retarded yaks. Unexpectedly,
the GRB group had the highest C2 and C3 gene expressions,
which were activated by exogenous antigen and regarded as
the complement components. This may be due to the basal
ration (mainly contains non-structural carbohydrates), decreased
ruminal pH (Table 5) and increased bacterial fermentation
toxins. Concentrate to forage ratio of the basal rations was
35:65, which was widely used in the ruminant farming, but it
may be not beneficial for the growth of yaks that had rumen
barrier deficiencies. The ruminal epithelium plays a crucial
role in response to highly fermentable dietary feed through
VFA absorption and barrier function for preventing toxicity
(Aschenbach et al., 2011). We identified that simply improving
nutritional intake had little benefit for the rumen epithelium
barrier repair in growth-retarded yaks, therefore, more toxicants
(LPS) may permeate through the ruminal epithelium barrier
(Table 4). The addition of ADY in basal ration significantly
promoted CDH1, CLDN1, and OCLN gene expression, exhibiting
a more effective for repairing the rumen epithelial barrier in
growth-retarded yaks than CSH addition. Studies of monogastric
animals showed probiotic bacteria can repair the tight junctions
disruption of the intestinal epithelium (Czerucka et al., 2000)
Contrary to our study, Saccharomyces cerevisiae supplementation
had no signification effects on the gene expression of rumen
epithelial barrier during weaning in Holstein calves (Fomenky
et al., 2018). The possible reasons may be the calves had immature
ruminal microflora or functions. Previous study also reported
live yeast supplementation during the perinatal period of dairy
cow increased the gene expression of rumen epithelial barrier,
such as OCLN (Bach et al., 2018). Because of improving the
epithelial barrier, basal ration addition of ADY had the optimal
effects to decrease the expression of C2, C3 and C7 genes in
growth-retarded yaks.

Effects of Nutritional Interventions on
Rumen Bacterial Fermentation and
Community of Growth-Retarded Yaks
In this study, the PCoA analysis showed that samples of GRP
were distinguished from samples of GNP group, suggesting the
inherently different rumen microflora between growth retarded
and normal yaks. It also found that the nutritional intervention
groups (GRB, GRBC and GRBY) seemed to co-mingled together
and separate from the grazing yak groups (GRP and GNP). The
gastrointestinal microbial community was mainly regulated by
dietary factors. Previous study has reported that dietary factors
more importantly affected the rumen microflora than host species
and geographical environment (Henderson et al., 2015). Recent
study also reported the significantly different rumen microflora
between grazing and indoor feeding yaks (Zhou et al., 2017) and
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speculated these differences were mainly caused by different
dietary physical characteristics and macronutrient, especially the
protein, non-structural carbohydrates and fiber contents. In our
study, the basal ration had greater amounts of protein and
non-structural carbohydrates than the grass, mainly from corn
and soybean meal, and this may be the primary reason for
the different microbial clusters between grazing and nutritional
intervention groups. The results showed that basal ration
addition of CSH increased the F/B ratio of growth-retarded yaks.
Previous study found F/B ratio increase were correlated with
a high energy harvest, feed efficiency and growth rate of cattle
(Myer et al., 2015). Therefore, the addition of CSH in basal ration
had the potential to improve the energy utilization efficiency of
growth-retarded yaks.

At the genus level, the results found that the
Rikenellaceae_RC9_gut_group was the dominant genera in
the ruminal solid fraction of yaks, which was also reported as the
dominant genus in the feces of lambs (Huang et al., 2018) and the
rumen of cattle (Pitta et al., 2010; Asma et al., 2013), but other
studies reported Prevotella was the most dominant genus in the
rumen. The inconsistent results in this study may be attributable
to breed and diets of host. The Rikenellaceae_RC9_gut_group
was shown to degrade structural carbohydrates, and starch or oil
addition decreased its abundance in the rumen of cows (Asma
et al., 2013). Prevotella is a dominant beneficial bacteria species
in the rumen involved in protein, peptide, starch, hemicellulose
and pectin digestion (McCann et al., 2014). In our study, the
basal ration addition of ADY greatly increased the abundance of
Prevotella_1 by 237%, suggesting that Prevotella_1 potentially
played a crucial role in promoting compensatory growth. Other
studies also reported the rumen Prevotella population was related
to the feed efficiency of host (McCann et al., 2014; Myer et al.,
2015). A recent study found that the grazing yaks had higher
abundance of Prevotella in the rumen than the indoor feeding
yaks (Zhou et al., 2017). However, the protein content of the
summer-season pasture was higher than the indoor feeding diet
in that study, whereas the cold-season grass had much lower
protein level than the basal ration in our study. Therefore, it
indicated that dietary protein content may be the predominant
contributor to the rumen Prevotella population fluctuation.
Previous studies found that Saccharomyces cerevisiae reduced the
relative abundance of Prevotella albensis in the rumen (AlZahal
et al., 2014). The inconsistent result in our study suggested
the ADY may increase other species of the Prevotella genus
in the rumen of yaks. Interestingly, Basal rations addition of
CSH or ADY either significantly decreased the abundance of
Eubacterium coprostanoligenes. Study also found that goats
fed high-grain diet had the higher intestinal abundance of
Eubacterium coprostanoligenes compared to the goats fed a
hay diet (Liu et al., 2018). This genus population may have a
negative relationship with dietary nutrition levels. Butyrivibrio
is a major butyrate producer in the Lachnospiraceae family
(Meehan and Beiko, 2014), and ruminal butyrate was reported
positively associated with feed efficiency (Guan et al., 2008).
Basal ration addition of CSH increased ruminal Butyrivibrio_2
populations, suggesting that Butyrivibrio_2 was closely positively
related to yak growth performance. Our study also found

that basal ration addition of CSH significantly increased the
abundance of Fibrobacter, Lachnospiraceae_XPB1014_group
and Treponema_2. These bacteria mainly play a synergistic
role on plant material degradation (Nyonyo et al., 2014). To
our knowledge, this is the first study to investigate the effect
of CSH on rumen microflora. Therefore, mode of action for
CSH selectively increasing the fibrolytic bacterial populations
requires further research. These results suggested that nutritional
interventions changed the ruminal microbial populations and
fermentation characteristics of growth-retarded yaks.

Correlation Between Ruminal Epithelium
Gene Expressions and Bacteria
Populations
Studies have demonstrated the interaction between
gastrointestinal microbes and host gene expressions. Because
of the VFA transport functions, the PAT1 and MCT1
gene expression was positively correlated with the VFA
concentrations. Moreover, the butyrate concentration was
also closely positively related with epithelium junction gene
expressions. Previous studies found that butyrate acted as
signal molecule to improve tight junctions in the rumen
epithelium (Zhang et al., 2018), suggesting that beneficial
microbes may improve the ruminal epithelium barrier via the
butyrate signaling pathway. It also found that the beneficial
bacterial genera including Prevotella_1, Butyrivibrio_2 and
Ruminococcaceae were positively correlated with cell junctions
and VFA absorption genes and negatively correlated with C3 gene
expressions. Therefore, nutritional interventions may repair the
ruminal epithelium functional deficiencies of growth-retarded
yaks by increasing the abundance of beneficial bacteria and the
VFA concentrations (especially butyrate production) in rumen.

In summary, only improving nutrition promoted the ADG
of growth-retarded yaks to achieve a similar growth rate of
grazing normal yaks, whereas basal rations addition of CSH
or ADY either increased the growth rate of growth-retarded
yaks to exceed the levels of normal yaks, of which basal ration
addition of ADY had the optimal growth-promoting effects.
We proposed a possible mechanism as outlined in Figure 9B.
The main contributors to the growth retardation of yaks
may include the low VFA fermentations in the rumen lumen
and the overactive expression of complement genes, aberrant
expression of epithelium barrier genes and low expression of
nutrients absorption genes in the ruminal epithelium. Basal
ration addition of CSH increased the abundance of ruminal
plant fiber degradation bacteria, whereas basal ration addition
of ADY increased the abundance of Prevotella_1 and increased
the propionate and butyrate fermentations. Basal rations addition
of CSH or ADY either increased the ruminal epithelial VFA
absorption gene expressions and improved nutritional status of
growth-retarded yaks. Basal ration addition of ADY optimally
increased the tight junction gene expressions and decreased the
complement gene expressions, suggesting that ADY addition
potentially improved the ruminal epithelial barrier to decrease
exogenous antigen activating complement system. Future studies
are needed to investigate the mechanisms of ADY to improve the
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ruminal barrier, immune and nutrients absorption functions of
rumen. The protein expression levels of these representative
genes in the ruminal epithelium also need to be verified.
Regardless, the study provided a model for researching
growth retardation induced by gastrointestinal function
deficiencies, which suggested that improving nutrition and
probiotics addition may be an important method to treat the
growth-retarded animals.
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The aim of this study was to explore the effects of saponins on the rumen microbiota
and the ruminal metabolome. Alfalfa hay (AH) and soybean hulls (SH) were used as
fiber sources for the control diets. The AH and SH diets were supplemented with
tea saponins resulting in two additional diets named AHS and SHS, respectively.
These 4 diets were fed to 24 young male Holstein cattle (n = 6 per diet). After
28 days of feeding, the rumen fluid from these cattle was collected using an
oral stomach tube. Illumina MiSeq sequencing and ultrahigh-performance liquid
chromatography coupled to quadrupole time-of-flight mass spectrometry (UHPLC-
QTOF/MS) were used to investigate the changes in the ruminal microbes and
their metabolites. The relative abundance of Prevotellaceae_YAB2003 increased,
while Ruminococcaceae_NK4A214 and Lachnospiraceae_NK3A20 decreased in
SHS and AHS compared to SH and AHS, respectively. Feeding SHS resulted in
higher ruminal concentrations of squalene, lanosterol, 3-phenylpropanoic acid, and
citrulline compared to SH. The different microbial genes predicted by Tax4Fun
were involved in amino sugar and nucleotide sugar metabolism. The pathways of
arginine and proline metabolism, purine metabolism, and pyrimidine metabolism were
enriched by different metabolites. Moreover, in the SH group, a positive correlation
was observed between Prevotella_1 (Bacteroidetes), Prevotellaceae_YAB2003
(Bacteroidetes), and Christensenellaceae_R.7 (Firmicutes), and the metabolites,
including citrulline, lanosterol, and squalene. The increased abundances of Prevotella_1,
Ruminococcaceae_UCG.002, and Prevotellaceae_YAB2003 might result in increased
fiber digestion and nutrient utilization but nutrient digestion was not measured in the
current study. In summary, saponins have the ability to modulate the ruminal microbial
community and ruminal metabolites and thus affect the rumen environment. However,
the response seems to be dependent on the composition of the basal diet. This study
provides a comprehensive overview of the microbial and biochemical changes in the
rumen of cattle fed saponins.
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INTRODUCTION

In recent years, plant-derived bioactive compounds, such
as saponins, have been discussed as potential alternatives
to conventional antibiotics for use as growth promoters in
ruminant production (Benchaar et al., 2008; Kamra et al.,
2008). Tea saponins, which primarily contain triterpenoid
saponins, have been reported to act as antimicrobials, modifying
rumen fermentation by decreasing rumen protozoa numbers
and reducing losses of enteric methane (Wang et al., 2012).
Depending on the source and dosage, tea saponins also have
the potential to improve the milk production performance of
lactating dairy cows (Wang et al., 2017).

The microbial community of the rumen is complex and
consists of bacteria, protozoa, archaea, and fungi. It has been
established that the composition and activity of the rumen
microbiota have a profound impact on the performance, health,
and immune system of the host (Jami et al., 2014; Huws
et al., 2018). A better understanding of the composition of
rumen microbial communities and the interaction between the
microbiome and the metabolome is crucial to understand the
impact of plant-derived feed additives such as saponins on rumen
fermentation. For example, saponins may not only have adverse
effects on rumen protozoa (Wang et al., 2012) but may also affect
specific bacteria and fungi, which may alter rumen metabolism
(Guo et al., 2008; Wang et al., 2012). To the best of our knowledge,
no previous studies investigated the effects of saponins on rumen
fermentation using an integrative metabolomic and microbiomic
approach. In addition, it has been reported that the effect of
tannins on lamb production is dietary protein level-dependent
(Śliwiński et al., 2002). The effects of saponins on in vitro rumen
fermentation and the microbial composition are influenced by
diet composition (Patra and Yu, 2015). Growing cattle need
fiber for rumen development, and soybean hulls and alfalfa hay
are two fiber sources that are widely used in cattle production
(Richards et al., 2006; Jahani-Moghadam et al., 2015). In this
study, we hypothesized that the effects of tea saponins on the
rumen microbiota might be influenced by the dietary fiber source
and that an interaction between the rumen microbiota and rumen
metabolites exists, which would demonstrate a regulatory role
of saponins on rumen metabolism. The aim of this study was
to elucidate the effects of saponins on the dynamic changes in
the ruminal metabolome, microbiome, and metabolic network in
young growing cattle.

MATERIALS AND METHODS

Animals, Diets, and Experimental Design
The young cattle selected for this study were provided by a
commercial dairy farm (Henan Agriculture University Test Base,
Xuchang, China). The experimental procedures were approved
by the Animal Ethics Committee of the Chinese Academy
of Agricultural Sciences (Beijing, China). Saponins (56–60%
purity of triterpenoid saponins) in powder form that were
extracted from camellia seed (Camellia oleifera Abel) were
provided by the Zhejiang Orient Tea Industry (Shaoxing, China).

Twenty-four clinically healthy Chinese Holstein bull calves
(age = 150± 3 days; body weight = 150± 3.9 kg) were randomly
assigned to one of four treatments (n = 6 per treatment):
alfalfa hay (AH) and soybean hull diets (SH; Supplementary
Table S1), a diet with saponins supplemented at 9 g/calf per
day and AH (AHS), and a diet with saponins supplemented
at 9 g/calf per day and SH (SHS). The effects of saponins on
rumen fermentation, the metabolome and the microbiome were
examined by comparing AHS to AH and SHS to SH, respectively.
The supplementation rate of saponins was chosen based on a
previous study of our laboratory that showed increased milk yield
and oxidative resistance when saponins were fed at 30 g/d to
lactating dairy cows (body weight = approximately 500 kg; Wang
et al., 2017). The supplementation rate was adjusted according
to the lower body weight of the young cattle. The saponins were
supplemented after 28 days of adaptation to AH and SH. The
saponin treatment lasted for 28 days with the first 7 days for
adaptation. Clean, fresh water and the total mixed ration were
provided ad libitum. The cattle were fed twice daily at 0800 and
1600 h, and they were housed in a naturally ventilated barn
and kept in individual pens (1.6 m × 3.6 m) that were bedded
with wood shavings (Makoto Farming Equipment Co., Ltd.,
Beijing, China).

Sample Collection and Measurements
The collection of ruminal fluid was performed 3 h after
the morning feeding on day 28 after the supplementation of
saponins. Rumen fluid (100 mL) was collected using an oral
stomach tube according to Shen et al. (2012), and the initial
150 mL was discarded to avoid saliva contamination. The pH
was measured immediately. The sample was retained to measure
rumen volatile fatty acids (VFAs) and rumen bacteria. The
samples were immediately flash-frozen in liquid nitrogen and
stored at −80◦C until further analysis. One subsample was used
for DNA extraction and subsequent microbial quantification,
and another subsample was used for the metabolomic analysis.
The remaining sample was used to measure VFAs according
to Hu et al. (2005). Briefly, the VFA were analyzed by gas
chromatography (GC-8A; Shimadzu Corp., Kyoto, Japan) after
ortho-phosphoric acid (25% w/v) was added to filtered rumen
fluid and centrifuged (17,000 g for 10 min at 4◦C).

DNA Extraction and Sequencing
Microbial DNA was extracted from ruminal fluid samples
using the E.Z.N.A. stool DNA kit (Omega Bio-tek, Norcross,
GA, United States) according to the manufacturer’s protocols.
The 16S rDNA V3–V4 region of the eukaryotic ribosomal
RNA gene was amplified by PCR (95◦C for 2 min, followed
by 27 cycles at 98◦C for 10 s, 62◦C for 30 s, and 68◦C
for 30 s and a final extension at 68◦C for 10 min)
using primers 341F: CCTACGGGNGGCWGCAG and 806R:
GGACTACHVGGGTATCTAAT, where the barcode is an eight-
base sequence that is unique to each sample. PCRs were
performed in a triplicate 50 µL mixture containing 5 µL of
10× KOD buffer, 5 µL of 2.5 mM dNTPs, 1.5 µL of each primer
(5 µM), 1 µL of KOD polymerase, and 100 ng of template DNA.
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Amplicons were extracted from 2% agarose gels and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, United States) according to the
manufacturer’s instructions and quantified using QuantiFluor-
ST (Promega, United States). Purified amplicons were pooled
in equimolar ratios and paired-end sequenced (2 × 250)
on an Illumina platform by Hiseq2500 PE250 according to
the standard protocols. The raw reads were deposited into
the NCBI Sequence Read Archive (SRA1) database (Accession
Number: SRP151436).

Bioinformatic Analysis
Raw data containing adapters or low-quality reads would affect
the following assembly and analysis. Therefore, the raw reads
were filtered. Reads containing more than 10%, unknown
nucleotides and reads containing less than 80% of bases with
a Q-value of >20 were removed. Paired-end clean reads were
merged as raw tags using FLSAH (v 1.2.11) with a minimum
overlap of 10 bp and mismatch error rates of 2% (Magoč and
Salzberg, 2011). Noisy sequences of raw tags were filtered by the
QIIME (V1.9.1; Caporaso et al., 2010) pipeline under specific
filtering conditions (Bokulich et al., 2013) to obtain clean tags.
To perform a reference-based check for chimera, the clean tags
were compared against the reference database2 using UCHIME3.
All chimeric tags were removed to obtain effective tags
for further analyses.

The effective tags were clustered into operational taxonomic
units (OTUs) of ≥ 97% similarity using the UPARSE pipeline
(Edgar, 2013). The tag sequence with the highest abundance
was selected as the representative sequence within each cluster.
Between groups, a Venn analysis was performed in R (Version
3.2.4) to identify unique and common OTUs. The representative
sequences were classified as organisms by a naive Bayesian
model using an RDP classifier (Version 2.2; Wang et al.,
2007) that was based on the SILVA (Pruesse et al., 2007)
database4. The abundance of each taxonomy and phylogenetic
tree was constructed in Perl script and visualized using
SVG. Metastats was utilized to select and demonstrate the
differentially abundant taxonomies between the groups. Chao1,
Simpson and all other alpha diversity indices were calculated
in QIIME. The OTU rarefaction curve and rank abundance
curves were plotted in QIIME. The statistics of the between-
group alpha index comparisons were calculated by Welch’s
t-test and a Wilcoxon rank test in R. To compare the alpha
indices among groups, Tukey’s HSD test and a Kruskal–Wallis
H test were performed in R (Version 3.2.4). A weighted
and unweighted UniFrac distance matrix was generated by
QIIME. Multivariate statistical analyses, including a principal
coordinates analysis (PCoA) of unweighted UniFrac distances,
were calculated and plotted in R (Version 3.2.4). The functional
group (guild) of the OTUs was inferred using Tax4Fun
(v1.0; Asshauer et al., 2015).

1http://www.ncbi.nlm.nih.gov/Traces/sra/
2http://drive5.com/uchime/uchime_download.html
3http://www.drive5.com/usearch/manual/uchime_algo.html
4https://www.arb-silva.de/

Metabolite Extraction
After thawing at room temperature, the ruminal fluid sample
(100 mg) was removed and placed in an EP tube, and then
1000 µL of extraction liquid (V methanol: V acetonitrile: V
water = 2:2:1, kept at −20◦C before extraction) with 20 µL of
internal standard was added. The mixture was then homogenized
in a ball mill for 4 min at 45 Hz and ultrasound treated for
5 min (cooled). After being homogenized 3 times, the mixture
of pretreated rumen fluid was incubated for 1 h at −20◦C to
precipitate the proteins. The rumen fluid was then centrifuged
at 12,000 g for 15 min at 4◦C. The supernatant (700 µL)
was transferred into EP tubes, and the extracts were dried in
a vacuum concentrator without heating (rumen temperature).
Then, 200 µL of extraction liquid (V acetonitrile: V water = 1:1)
was added, and the mixture was vortexed for 30 s, sonicated for
10 min (4◦C water bath), and centrifuged (g for 15 min at 4◦C).
The supernatant (60 µL) was transferred into a fresh 2 mL LC/MS
glass vial, and 10 µL of each sample was taken and pooled as
quality control samples. Then, 60 µL of supernatant was used for
the UHPLC-QTOF-MS analysis.

LC-MS/MS Analysis
The LC-MS/MS analyses were performed using an UHPLC
system (1290, Agilent Technologies) with a UPLC BEH Amide
column (1.7 µm 2.1 mm × 100 mm, Waters) coupled to Triple
TOF 5600 (Q-TOF, AB Sciex). The mobile phase consisted
of 25 mmol/L NH4OAc and 25 mmol/L NH4OH in water
(pH = 9.75) (A) and acetonitrile (B) and was used with an elution
gradient as follows: 0 min, 95% B; 7 min, 65% B; 9 min, 40%
B; 9.1 min, 95% B; and 12 min, 95% B, which was delivered
at 0.5 mL min−1. The injection volume was 2 µL. The Triple
TOF mass spectrometer was used for its ability to acquire
MS/MS spectra on an information-dependent basis (IDA) during
an LC/MS experiment. In this mode, the acquisition software
(Analyst TF 1.7, AB Sciex) continuously evaluates the full-scan
survey MS data as it collects and triggers the acquisition of the
MS/MS spectra depending on preselected criteria. In each cycle,
12 precursor ions with an intensity greater than 100 were chosen
for fragmentation at a collision energy (CE) of 30 V (15 MS/MS
events with a product ion accumulation time of 50 ms each). The
ESI source conditions were set as follows: ion source gas 1 at
60 Psi, ion source gas 2 at 60 Psi, curtain gas at 35 Psi, source
temperature at 650◦C, and ion spray voltage floating (ISVF) at
5000 V or−4000 V in positive or negative modes, respectively.

Metabolomic Data Preprocessing and
Multivariate Statistical Analysis
The MS raw data files were converted to the mzXML format
using ProteoWizard and processed by the R package XCMS
(version 3.2). The preprocessing results generated a data matrix
that consisted of the retention time (RT), mass-to-charge ratio
(m/z) values, and peak intensity. The CAMERA package of R
was used for peak annotation after XCMS data processing. An
in-house MS2 database was used to identify the metabolites. The
TIC peak retention time and the peak area of the quality control
sample all overlapped well, indicating the appropriate stability of
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the detection procedure. The variations in retention time, mass
accuracy, and peak area for selected ions that were present in
the quality control samples covering a range of retention times,
masses, and intensities were calculated. The retention time shift
was less than 0.3 min; the mass accuracy deviation was less than
5 mDa; and the relative SDs (RSD) of peak areas were below
30%. It was concluded that the LC/MS analytical system had
appropriate stability and repeatability and that the acquired data
were of good enough quality for subsequent assays.

Differential metabolites (DMs) were identified based on
pairwise comparisons between AH and AHS and SH and SHS.
The peaks were detected, and the metabolites could be identified
through the interquartile range denoising method. Missing
raw data values were set at half of the minimum value of the
detection limit. In addition, an internal standard normalization
method was employed in this data analysis. The resultant
three-dimensional data involving the peak number, sample
name, and normalized peak area were fed to the SIMCA14.1
software package (V14.1, MKS Data Analytics Solutions,
Umeå, Sweden) for principal component analysis (PCA) and
orthogonal projections to latent structures discriminant analysis
(OPLS-DA). The peak intensities were treated as X variables,
while the sums of the peak intensities were taken as Y variables.
All the variables were normalized before PCA and OPLS-DA.
The principal component analysis showed the distribution of
the origin data. To obtain a higher level of group separation
and obtain a better understanding of the variables that were
responsible for the classification, supervised OPLS-DA was
applied. Based on the OPLS-DA, a loading plot was constructed,
which showed the contribution of the variables to the differences
between the two groups. The loading plot also showed the
important variables that were situated far from the origin, but
the loading plot was complex because there were many variables.
To refine this analysis, the first principal component of variable
importance in the projection (VIP) was obtained. The VIP
values exceeding 1 were first selected as changed metabolites. In
step 2, the remaining variables were then assessed by Student’s
t-test (P-value < 0.05). The fold-change (FC) value of each
metabolite was calculated by comparing the mean values of
the peak area obtained from any comparison, and the log2FC
value was used to indicate the specific variable quantity in the
comparison. The Q-value of each metabolite was computed
from the measurements using the fdrtool package in R (Version
3.2.4), which was used to adjust the false discovery rate in the
comparisons. The DMs were identified and validated using
various databases, including the Kyoto Encyclopedia of Genes
and Genomes (KEGG), Human Metabolome Database (HMDB),
Bovine Metabolome Database (BMDB), PubChem Compound,
Chemical Entities of Biological Interest (ChEBI), Japan
Chemical Substance Dictionary Web (NIKKAJI), and Chemical
Abstracts Service (CAS).

Construction of the Metabolic Pathway
In addition, MetaboAnalyst 4.0, which is a web-based tool
for the visualization of metabolomics5, was utilized to search

5http://www.metaboanalyst.ca/

for the pathways of the DMs (Chong et al., 2018). The
analysis used the Bos taurus (cow) pathway library, an
integrated global test pathway enrichment analysis, and a
relative-betweenness centrality pathway topology analysis. All
of the matched pathways, according to the p-values from the
pathway enrichment analysis and pathway impact values from
the pathway topology analysis, are shown in the metabolome
map. The pathways with both high impact values and p-values
were regarded as key pathways.

Correlations Between Microbial
Communities and Rumen Metabolites
The different rumen metabolites with a VIP > 1.5 and
P < 0.05 and different microbial genera (P < 0.05 and relative
abundance > 0.05% in at least one of the samples) were used
for an interactive analysis in R (Version 3.2.4). To explore
the functional correlation between the rumen bacterial changes
and metabolite perturbations, a Spearman’s rank correlation
matrix was generated by calculating the Spearman’s correlation
coefficient among the taxa that were affected by the diet type
(at the genus level, P < 0.05) and candidate ruminal compounds
(VIP > 1.5 and P < 0.05) in the R program, and only connections
with a P-value of less than 0.01 and r > 0.71 were retained.
These correlations were visualized using the Pheatmap6 (author,
R. Kolde; published date, 2015; version, 1.0.8) package in R and
Cytoscape 3.6.1 (Smoot et al., 2011).

Statistical Analysis
The rumen fermentation characteristics were analyzed as a
randomized complete block design using PROC MIXED of
SAS (version 9.2, SAS Institute Inc., Cary, NC, United States).
Dietary treatment was a fixed effect, and the young growing
cattle within each diet were a random effect. The covariance
structure with the lowest Akaike information criterion was
used. The results were reported as least squares means that
were calculated and separated using the PDIFF option in SAS.
Significance was declared at P < 0.05, and a tendency was
declared at 0.05 ≤ P < 0.10.

RESULTS

Rumen Fermentation Characteristics
Rumen pH was similar among the treatments (Table 1). The
total VFA concentration had a tendency to be higher in AHS
compared to AH (P = 0.07). The ruminal acetate proportion was
lower (P = 0.04) in AHS compared to AH. The ruminal valerate
proportion had a tendency to be higher in AHS compared
to SH (P = 0.08).

Saponin-Induced Ruminal
Bacteria Changes
In total, 2,413,922 raw reads were obtained for the bacterial
16S rRNA genes in the four groups. After screening, 2,279,620
effective tags were obtained, accounting for 94.5% of the raw

6https://cran.r-project.org/package=pheatmap
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TABLE 1 | Ruminal pH and volatile fatty acid (VFA) in young growing cattle fed 2
experimental diets based on alfalfa hay (AH) and soybean hull (SH), as well as
saponins treated AH (AHS) and saponins treated SH (SHS).

Items Treatments Treatments

AH AHS SEM P-value SH SHS SEM P-value

pH 6.29 6.43 0.127 0.48 5.44 5.41 0.014 0.14

Total VFA, mM 29.8 44.5 4.49 0.07 84.9 78.7 3.81 0.31

Molar

proportion, %

Acetate 66.2 59.7 1.66 0.04 45.6 46.3 1.16 0.69

Propionate 24.1 28.4 1.77 0.15 42.1 40.5 0.94 0.30

Butyrate 8.00 10.2 1.01 0.19 11.0 12.0 1.23 0.60

Valerate 0.28 0.46 0.058 0.08 0.79 0.75 0.099 0.82

Isobutyrate 0.31 0.28 0.058 0.80 NDa ND

Isovalerate 1.07 0.97 0.158 0.68 0.43 0.41 0.033 0.73

aND, not detected.

reads. The Good’s coverage value for all samples was greater
than 99.5%. The results of the PCoA with unweighted UniFrac
distances indicated that the four treatment groups were largely
separated from each other at the OTU level (Figure 1). There
were 1,339 OTUs that were identified in AH and AHS, among
which 803 OTUs were found in both groups and accounted
for 60.0% of the total OTUs, indicating the presence of a large
common microbiome (Supplementary Figure S1). There were
925 OTUs that were identified in SH and SHS, among which
497 OTUs were found in both groups and accounted for 53.7%
of the total OTUs (Supplementary Figure S1). No difference

in OTU was found between AH and AHS. Compared with SH,
the SHS group had more OTUs (P < 0.01; Supplementary
Figure S1). The total number of tags that classified the microbial
species after annotations for all the individual samples was
greater in the AHS and SHS groups than in the AH and SH
groups (Supplementary Figure S2). A similar level of species
richness existed between AH and AHS based on the Chao1 index
(Supplementary Figure S3). Compared to the SH group, the SHS
group had a significantly greater richness (P < 0.01) based on the
Chao1 index (Supplementary Figure S3B). The Shannon index
analysis indicated that there was a similar tendency of diversity
and uniformity between AH and AHS, as well as between SH and
SHS (Supplementary Figure S3).

In total, 17 bacterial phyla were identified in the rumen
samples. Among these phyla, Bacteroidetes, Proteobacteria,
and Firmicutes had relatively high abundances, with mean
abundance levels of 39.6 ± 9.6% (mean ± standard deviation),
29.2 ± 14.2%, and 23.5 ± 6.8%, respectively (Figure 2A). The
relative abundances of Verrucomicrobia (P < 0.01, q < 0.01),
Elusimicrobia (P < 0.01, q < 0.01), Bacteroidetes (P < 0.05,
q < 0.1), Chloroflexi (P < 0.05, q < 0.1), and Cyanobacteria
(P < 0.05, q < 0.1) were greater in SHS compared to SH.
However, the relative abundance of Firmicutes was lower in SHS
compared to SH (P < 0.05, q < 0.1).

There were 330 bacterial taxa identified at the genus
level, and 61 genera were present in all samples, which was
indicative of the core microbiome in this study (Figure 2B).
Succinivibrionaceae_UCG-001 (26.8 ± 13.6%), Prevotella_7

FIGURE 1 | Unweighted Principal coordinates analysis (PCoA) analysis of taxonomical classifications of rumen bacterial communities in the alfalfa hay diet (AH) and
saponins treated AH diet (AHS), as well as soybean hull diet (SH) and saponins treated SH diet (SHS).
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FIGURE 2 | Distribution of bacterial taxa averaged under phyla (A) and genera (B) level across the dietary treatments (as a percentage of the total sequence).

(16.0 ± 11.7%), Prevotella_1 (15.6 ± 16.3%), Treponema_2
(15.6 ± 16.3%), Succiniclasticum (2.7 ± 3.5%), Olsenella
(1.77 ± 1.72%), Prevotellaceae_Ga6A1 (1.48 ± 1.95%),
Ruminobacter (1.18 ± 4.3%), Rikenellaceae_RC9_gut
(1.05 ± 0.6%), and gauvreauii (1.01 ± 1.05%) were considered
high-abundance taxa (Figure 2). Table 2 compares the ruminal
bacteria diversity between the diets. Among these, 5 and
14 different genera bacteria were identified in comparisons
between AH and AHS and between SH and SHS, respectively.
The percentages of Ruminococcaceae_NK4A214 (P = 0.04),
Lachnospiraceae_NK3A20 (P = 0.05), and Ruminococcaceae_
UCG-008 (P < 0.01) were lower in AHS compared to AH
(Table 2). In contrast, the proportions of Prevotellaceae_YAB2003
(P < 0.01) and Sphaerochaeta (P < 0.01) were greater in AHS
compared to AH. However, there was no difference at genus level
between AH and AHS after FDR correction. The proportions of

Lachnospiraceae_NA (P = 0.01), Lachnospiraceae_NK3A20
(P = 0.02), Erysipelotrichaceae_UCG-002 (P = 0.04),
Ruminococcaceae_NK4A214 (P < 0.01), Syntrophococcus
(P < 0.01), and Pseudoramibacter (P = 0.03) decreased
when the calves were fed SHS compared to those when the
calves were fed SH. However, the proportions of Prevotella_1
(P < 0.01), Treponema_2 (P = 0.04), Christensenellaceae_
R-7 (P < 0.01), Prevotellaceae_Ga6A1 (P < 0.01), Clostridium_
sensu_stricto_1 (P < 0.01), Prevotellaceae_UCG-001 (P < 0.01),
Ruminococcaceae_UCG-002 (P = 0.01), and Prevotellaceae_
YAB2003_group (P < 0.01) were increased when the calves were
fed SHS compared to calves fed SH. However, the significance
of the differences at the genus level of Lachnospiraceae_
NA, Lachnospiraceae_NK3A20, Erysipelotrichaceae_UCG-002,
Pseudoramibacter, Prevotellaceae_UCG-001, and Treponema_2
between SH and SHS was lost after FDR correction.

Frontiers in Microbiology | www.frontiersin.org 6 February 2019 | Volume 10 | Article 356112

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00356 February 26, 2019 Time: 15:9 # 7

Wang et al. Ruminal Microbial and Metabolic Profiles

TABLE 2 | Main microbiota (accounting for ≥0.05% of the total sequences in at
least one of the samples) that significantly changed between saponins treated
group and control (abundance of the genera is expressed as a percentage).

Genus Treatments

Saponin-

Phyluma Control treated SEM P-values FDRb

AH vs. AHS

Firmicutes Ruminococcaceae_NK4A214 1.97 0.91 0.352 0.04 0.63

Ruminococcaceae_UCG-008 0.20 0.08 0.032 < 0.01 0.52

Lachnospiraceae_NK3A20p 0.80 0.33 0.138 0.05 0.63

Bacteroidetes Prevotellaceae_YAB2003 0.06 0.17 0.025 < 0.01 0.50

Spirochaetae Sphaerochaeta 0.02 0.06 0.013 0.05 0.63

SH vs. SHS

Firmicutes Lachnospiraceae_NA 7.03 4.56 0.583 0.01 0.09

Lachnospiraceae_NK3A20 2.16 0.69 0.353 0.02 0.10

Erysipelotrichaceae_UCG-002 1.34 0.59 0.227 0.04 0.19

Ruminococcaceae_NK4A214 0.52 0.27 0.051 < 0.01 0.05

Ruminococcaceae_UCG-002 0.04 0.11 0.010 < 0.01 0.02

Syntrophococcus 0.45 0.24 0.030 < 0.01 < 0.01

Pseudoramibacter 0.11 0.07 0.013 0.03 0.14

Christensenellaceae_R-7 0.12 0.25 0.025 < 0.01 0.05

Clostridium_sensu_stricto_1 0.01 0.14 0.012 < 0.01 < 0.01

Bacteroidetes Prevotella_1 0.60 4.32 0.259 < 0.01 < 0.01

Prevotellaceae_Ga6A1 0.06 0.23 0.021 < 0.01 < 0.01

Prevotellaceae_UCG-001 0.07 0.12 0.012 0.01 0.09

Prevotellaceae_YAB2003 0.003 0.07 0.003 < 0.01 < 0.01

Spirochaetae Treponema_2 0.16 0.50 0.103 0.04 0.21
aAH, alfalfa hay diet; AHS, saponins treated AH; SH, soybean hull diet; SHS,
saponins treated SH.
bFDR, false discovery rate.

Predicted Function of the Rumen
Microbiota in Response to Saponins
The Tax4Fun-based functional predictions revealed the 10
most important functions of the rumen microbiota (Figure 3).
These functions were ‘ATP-binding cassette transporters,’
‘signal transduction,’ ‘purine metabolism,’ ‘aminoacyl-
tRNA biosynthesis,’ ‘pyrimidine metabolism,’ ‘starch and
sucrose metabolism,’ ‘amino sugar and nucleotide sugar
metabolism,’ ‘translation,’ ‘fructose and mannose metabolism,’
and ‘peptidoglycan biosynthesis.’ In the ruminal bacterial
community, the functions related to ‘purine metabolism,’
‘aminoacyl-tRNA biosynthesis,’ ‘amino sugar and nucleotide
sugar metabolism,’ and ‘peptidoglycan biosynthesis’ were more
prevalent in AHS than in AH (Figure 3A). The function of
‘ATP-binding cassette transporters’ was less prevalent in SHS
than in SH, and ‘amino sugar and nucleotide sugar metabolism’
was more prevalent in SHS than in SH (Figure 3B). The mutual
pathway between AH vs. AHS and SH vs. SHS was ‘amino sugar
and nucleotide sugar metabolism.’

Metabolomic Profiles in the Rumen
No obvious separation of the unsupervised PCA plot was
found between AH and AHS (Supplementary Figure S4). The
unsupervised PCA revealed a noticeable separation between
SH and SHS (Supplementary Figure S5). Good separation of
the rumen metabolites between the non-saponin and saponin
groups was achieved, as shown in the OPLS-DA score plots
(Supplementary Figures S4, S5). The parameters for the

FIGURE 3 | Predicted microbial functions using Tax4fun using (A) the
differential bacteria between AH and saponins treated AHS, and (B) the
differential bacteria between SH and SHS.

classifications from the software were stable and relevant to
fitness and prediction (Supplementary Table S2).

Identification of Metabolites
Both positive and negative models contained 24 samples and 5
quality control samples. Among these, 1,136 peaks were positive,
and 1209 peaks were negative. In the positive model, 95 peaks
were identified as differential peaks between AH and AHS, and
179 peaks were identified as differential peaks between SH and
SHS. In the negative model, 19 differential peaks were found
between AH and AHS, and 93 differential peaks were found
between SH and SHS. In total, there were 7 DMs between AH
and AHS, which were all downregulated in the calves fed AHS
compared to in the calves fed AH. There were 46 DMs between
SH and SHS, of which 19 DMs were downregulated and 27
DMs were upregulated in SHS compared to in SH. No mutual
metabolites were identified between the DMs in AH vs. AHS
and SH vs. SHS.

The main DMs between AHS and AH (Table 3) were
hypoxanthine (log2FC = −0.93), which is a purine derivative
and tyramine (log2FC = −1.07), which is a phenethylamine. The
main DMs between SHS and SH (Table 3) were dihydrouracil
(log2FC = −0.40), cytidine (log2FC = 0.67), deoxycytidine
(log2FC = 1.13), 5-thymidylic acid (log2FC = 0.63), thymine
(log2FC = 0.88), and thymidine (log2FC = −0.49), which

Frontiers in Microbiology | www.frontiersin.org 7 February 2019 | Volume 10 | Article 356113

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00356 February 26, 2019 Time: 15:9 # 8

Wang et al. Ruminal Microbial and Metabolic Profiles

TABLE 3 | Candidate ruminal metabolites that differed between the control and
treatment.

Compoundsa VIPb P-value log2FC Q-valuec

AH vs. AHS

Positive

trans-3-Coumaric acid 1.71 0.050 −0.36 0.42

Senecioic acid 1.65 0.039 −0.53 0.40

Traumatic Acid 2.12 0.006 −0.62 0.25

Isovaleric acid 1.75 0.022 −0.64 0.35

Hypoxanthine 2.01 0.019 −0.93 0.33

Tyramine 1.79 0.011 −1.07 0.29

Pipecolic acid 1.90 0.006 −1.10 0.25

SH vs. SHS

Positive

Phloretin 1.78 0.041 −2.20 0.20

Daidzein 1.63 0.024 −1.62 0.18

Estradiol 1.99 0.024 −1.25 0.18

Anthranilic acid 1.77 0.011 −0.98 0.16

Glutaric acid 1.92 0.002 −0.90 0.13

Arg–Arg 1.78 0.012 −0.74 0.16

Lys-Leu 2.02 0.023 −0.71 0.18

Phenylalanine 1.51 0.026 −0.68 0.19

Arg-Glu 1.78 0.017 −0.65 0.18

5-Aminopentanoic acid 1.71 0.022 −0.56 0.18

Norvaline 1.78 0.018 −0.53 0.18

Thymidine 1.63 0.019 −0.49 0.18

Lisinopril 1.64 0.014 −0.49 0.17

Dihydrouracil 1.53 0.027 −0.40 0.19

Thiamine 1.55 0.030 −0.39 0.19

Serotonin 1.65 0.037 −0.33 0.19

His-Ala 1.78 0.016 −0.33 0.17

Tyr-Pro 1.67 0.021 −0.32 0.18

Palmitic acid 1.56 0.040 0.46 0.19

Biotin 1.54 0.042 0.63 0.20

5-Thymidylic acid 1.52 0.026 0.63 0.19

Cytidine 1.50 0.035 0.67 0.19

Thymine 1.55 0.035 0.88 0.19

Cytosine 1.74 0.004 0.96 0.13

Adenine 1.58 0.014 0.96 0.17

Phe-Ser 1.59 0.013 0.97 0.17

Deoxyadenosine 1.55 0.016 1.02 0.17

Pro-Met 1.84 0.023 1.06 0.18

Deoxycytidine 1.92 0.001 1.13 0.13

Lys-Phe 1.51 0.027 1.18 0.19

Lanosterol 2.03 0.012 1.60 0.16

Squalene 2.20 0.003 1.96 0.13

Negative

Valine 1.73 0.022 −0.75 0.21

Suberic acid 1.62 0.033 0.29 0.25

2-Hydroxy-3-methylbutyric acid 1.55 0.043 0.48 0.27

Arabinose 1.55 0.038 0.53 0.26

N-Acetyl-L-aspartic acid 1.75 0.017 0.54 0.19

Cytidine 2′,3′-cyclic phosphate 1.61 0.030 0.59 0.24

3-Methyluridine 2.11 0.004 0.63 0.12

Nervonic acid 2.04 0.011 0.64 0.16

(Continued)

TABLE 3 | Continued

Compoundsa VIPb P-value log2FC Q-valuec

Glutathione disulfide 1.98 0.021 0.65 0.21

Xanthine 2.08 0.007 0.68 0.14

Pristanic acid 1.61 0.048 0.69 0.28

Citrulline 2.33 0.000 0.81 0.05

3-Phenylpropanoic acid 2.09 0.006 0.81 0.14

Deoxyguanosine 1.85 0.003 1.20 0.12

5′-Deoxyadenosine 1.80 0.016 1.39 0.18

aAH, alfalfa hay diet; AHS, saponins treated AH; SH, soybean hull diet; SHS,
saponins treated SH.
bVIP, variable importance in the projection.
cQ-value was used to adjust the false discovery rate in the comparisons.

were enriched in the pathway of pyrimidine metabolism.
Among the other DMs between SHS and SH, deoxyguanosine
(log2FC = 1.02), adenine (log2FC = 0.96), xanthine
(log2FC = 0.68), and deoxyadenosine (log2FC = 1.02) were
enriched in the pathway of purine metabolism, and squalene
(log2FC = 1.02) and lanosterin (log2FC = 1.02) were enriched
in the pathway of steroid biosynthesis. However, only the
significance of the difference in citrulline between SH and SHS
was maintained after Q-value correction.

The metabolome map revealed the pathways based on the
DMs that were identified between AH and AHS (Figure 4). The
pathways of purine metabolism and tyrosine metabolism were
enriched from the DMs between AH and AHS (Figure 4A).
The pathways of steroid biosynthesis, pyrimidine metabolism,
pantothenate and CoA biosynthesis, purine metabolism, and
arginine and proline metabolism were enriched from the DMs
between SH and SHS (Figure 4B).

Correlation Between the Rumen
Microbiome and Metabolome
In young growing cattle offered AH, Ruminococcaceae_NK4A214
(r = 0.74, P < 0.01) and Lachnospiraceae_NK3A20 (r = 0.90,
P < 0.01) were positively correlated with hypoxanthine, and
Lachnospiraceae_NK3A20 was positively correlated (r = 0.72,
P < 0.01) with tyramine. Prevotellaceae_YAB2003 was negatively
correlated (r =−0.79, P < 0.01) with traumatic acid (Figure 5A).

In young growing cattle offered SH (Figure 5B), Prevotella_1
was positively correlated (r > 0.71, P < 0.01) with citrulline,
squalene, deoxyguanosine, phenylpropanoic acid, Phe-Ser,
Lys-Phe, lanosterol, deoxycytidine, deoxyadenosine, cytosine,
and adenine. Lachnospiraceae_NK3A20 was positively correlated
(r > 0.73, P < 0.01) with estradiol and valine and negatively
correlated with biotin (r = −0.75, P < 0.01). Prevotellaceae_
YAB2003 was positively correlated (r > 0.71, P < 0.01)
with citrulline, deoxyguanosine, deoxyadenosine, squalene,
Pro-Met, Phe-Ser, lanosterol, deoxycytidine, cytosine, and
adenine and negatively correlated with glutaric acid (r = −0.75,
P < 0.01). Treponema_2 was positively correlated (r > 0.71,
P < 0.01) with 2-hydroxy-3-methylbutyric acid and arabinose.
Ruminococcaceae_NK4A214 was negatively correlated (r <
−0.71, P < 0.01) with cytidine 2′,3′-cyclic phosphate,
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FIGURE 4 | Ruminal metabolomics pathway analysis on the steers with the saponins treated compare to the non-saponins treated diet according to Bos taurus
kyoto encyclopedia of genes and genomes pathway database alfalfa hay group (A), soybean hull group (B).

FIGURE 5 | Correlation matrix between the ruminal differential metabolites (used in Table 2) affected by the saponins treatment and the differential microbiota at the
genera level (used in Table 3). Positive correlations are shown in red and negative correlations in green. Color intensity is proportional to the correlation values [r]
within a correlation group (A) alfalfa hay group, (B) soybean hull group.
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3-phenylpropanoic acid, and 3-methyluridine and was
positively correlated (r = 0.86, P < 0.01) with dihydrouracil.
Christensenellaceae_R.7_group was positively correlated (r <
−0.71, P < 0.01) with adenine, deoxyadenosine, lanosterol,
Phe-Ser, Pro-Met, squalene, 5′-deoxyadenosine, and citrulline.
Clostridium_sensu_stricto_1 was positively correlated (r > 0.71,
P < 0.01) with 2-hydroxy-3-methylbutyric acid and
3-methyluridine and was negatively correlated (r < −0.71,
P < 0.01) with thiamine, Arg–Arg, and phenylalanine.
Prevotellaceae_Ga6A1 was positively correlated (r > 0.89,
P < 0.01) with lanosterol, squalene, and citrulline.
Prevotellaceae_UCG.001 was positively correlated (r > 0.71,
P < 0.01) with biotin and pristanic acid. Ruminococcaceae_
UCG.002 was positively correlated (r > 0.71, P < 0.01) with
lanosterol, squalene, and citrulline. Syntrophococcus was
positively correlated (r > 0.71, P < 0.01) with estradiol and
thymidine. Pseudoramibacter was positively correlated (r = 0.74,
P < 0.01) with dihydrouracil.

DISCUSSION

Recent findings showed that tea saponins have the potential to
affect animal performance, modulate rumen fermentation, and
might be an alternative for feed antibiotics used for growth
promotion (Wang et al., 2012, 2017). Less recently, it was
reported that the physiological effects of saponins appear to
be less significant compared to their impact on the microbiota
(Lu and Jorgensen, 1987). Similarly, in the present study, we
found differences in ruminal metabolites and microbiota but
similar ruminal VFA profiles in response to supplementation
of tea saponins. In the current study, UHPLC/QTOF-MS and
16S rRNA analyses were conducted. This combined approach
was used for the first time to elucidate mechanisms by which
saponins affect rumen fermentation. The enriched differential
metabolic pathways, such as ‘amino sugar and nucleotide sugar
metabolism,’ that were predicted by microbial functions using
Tax4Fun were similar to the enriched metabolic pathways of
‘purine metabolism’ and ‘amino acid metabolism’ using the DMs.
These findings indicated that the effects of saponins on rumen
metabolism mainly involve “carbohydrate metabolism,” “amino
acid metabolism,” and “nucleotide metabolism.” In addition,
a co-occurrence network analysis among the microbiota and
metabolites that were changed by saponins supplementation was
conducted to show the interactions and correlations between the
rumen microbiota and metabolites (Figure 6).

The three main ruminal bacteria phyla in the current
study were Bacteroidetes, Proteobacteria, and Firmicutes, which
was similar to the results of previous studies (Rey et al.,
2014; Klevenhusen et al., 2017). The higher number of
Bacteroidetes imply that Bacteroidetes are more favorable for
rumen development in calves than other bacteria (Smith
et al., 2006). It was also reported that Bacteroidetes express
relatively large numbers of genes encoding carbohydrate-
active enzymes and therefore promote the breakdown of
structural polysaccharides in the rumen (Power et al., 2014).
Hemicelluloses are major components of the plant biomass

and include xylans, glucomannan, and xyloglucan. Enhanced
hemicellulose degradation is a good indicator of animal
productivity (Mertens, 1987). Associations between bacteria
belonging to Bacteroidetes and Firmicutes and the degradation of
structural polysaccharides have been previously reported (Wright
and Klieve, 2011; Zened et al., 2013). In a previous study,
xylan supplementation increased the abundance of Bacteroidetes
but decreased Firmicutes at the phylum level (Emerson and
Weimer, 2017), which was similar to the results from the
supplementation of saponins in the current study. In addition,
hemicelluloses mainly consist of heterogeneous polysaccharides
of five- and six-carbon sugars, such as xylose, arabinose, and
galactose. The arabinose concentration was increased in the
young growing cattle fed SHS compared to that in the young
growing cattle fed SH. Therefore, the greater abundance of
ruminal Bacteroidetes and increased level of arabinose when
the calves were fed saponins indicated that hemicellulose
degradation was improved.

We found that the relative abundance of Prevotellaceae_
YAB2003 was higher but Lachnospiraceae_NK3A20 and
Ruminococcaceae_NK4A214 were lower in the saponin-
treated groups than in the untreated groups. Thus, it might
indicate that these three bacteria are associated with saponins.
In addition, 3-phenylpropanoic acid was highly correlated
with Prevotella_1 and Ruminococcaceae_NK4A214. It was
reported that 3-phenylpropanoic acid improved the affinity
of Ruminococcus albus for cellulose in continuous culture
(Morrison et al., 1990). Hungate and Stack (1982) showed that
3-phenylpropanoic acid dramatically stimulated the cellulolytic
activity of Ruminococcus albus when grown in a synthetic
medium. Ruminococcus albus was not found in the current study,
but Ruminococcaceae_NK4A214 belongs to the same family as
Ruminococcus albus. This finding might indicate the importance
of this bacteria in fiber digestion in the rumen. However,
Treponema was an abundant genus in cows fed an alfalfa diet,
which was probably related to the degradation of pectin (Liu
et al., 2015). Thus, the greater abundance of Treponema_2 in
SHS than in SH indicated that pectin degradation improved after
the supplementation of saponins. In addition, arabinose was
highly positively correlated with Treponema_2, indicating that
saponins might improve the growth of ruminal Treponema_2
and promote the release of arabinose by substrate degradation.

Prevotella_1 and Prevotellaceae_YAB2003 were reported to
have the ability to degrade fiber sources such as hemicellulose
or xylan (Emerson and Weimer, 2017). It was also reported that
Prevotella has the capability to utilize starch, simple sugars, and
other non-cellulosic polysaccharides as energy sources (Purushe
et al., 2010). The polysaccharide-degrading Prevotellaceae were
the most abundant in the rumen of cows that were fed a
diet with a high starch content (Thoetkiattikul et al., 2013);
however, several Prevotella strains are known to degrade
oligosaccharides and hemicellulose (Emerson and Weimer,
2017). Thus, the greater relative abundance of Prevotella_1
and Prevotellaceae_YAB2003 in the saponin-treated groups
(AHS and SHS) than in the untreated groups indicated that
saponins effectively improve carbohydrate metabolism, especially
hemicellulose digestion. In addition, Prevotellaceae_UCG-001
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FIGURE 6 | A co-occurrence network analysis among the microbiota and metabolites. Each co-occurring pair among microbial populations at the genus level and
metabolites has an absolute Spearman rank correlation above 0.72 [red dotted line, positive correlation (r ≥ 0.72); blue dotted line, negative correlation (r ≤ –0.72)]
with a false discovery rate-corrected significance level under 0.05. Microbes are shown by red V-shaped nodes, and metabolites are shown by green round nodes.

and Prevotellaceae_Ga6A1 within the Prevotellaceae had a greater
abundance in SHS compared to SH.

A positive correlation was found between Christensenellaceae_
R-7_group and DMs such as citrulline, lanosterol, and squalene.
It was reported that rats with a hypertriglyceridemia-related
necrotizing pancreatitis had a decreased abundance of intestinal
Christensenellaceae_R-7_group (Chen et al., 2017). Thus, the
increased abundance of Christensenellaceae_R-7_group in
the calves fed SHS might indicate the beneficial function of
saponins in improving the rumen environment. Squalene
belongs to the mixed triterpenoid saponin family, and tea
saponins mainly contain triterpenoid saponins. Squalene is
then converted to lanosterol and, after a series of reactions,
is converted to cholesterol (Leon et al., 2006). The significant
positive correlations between squalene and Prevotella_1,
Prevotellaceae_UCG-001, and Prevotellaceae_YAB2003_group
confirmed the importance of squalene after saponins is
consumed. Lanosterol was reported to modulate TLR4-mediated
innate immune responses in macrophages (Araldi et al., 2017).
Thus, the increased lanosterol concentration in SHS compared
to that in SH might be associated with an improved immune
function in the animals after supplementation with tea saponins
(Wang et al., 2017). In addition, lanosterol was highly correlated
with several different bacteria at the genus level, confirming
the importance of these metabolites. Citrulline is the product
of arginine, and ornithine is the product of citrulline in the
rumen. Ruminal microbial growth increased when ornithine
was supplied to goats in peptide form (McSweeny et al., 1993).
The pathway of arginine and proline metabolism was promoted
in SH. The abundance of Arg–Arg was lower but citrulline was
greater in SHS than in SH, indicating that saponins may have the

ability to improve the degradation of Arg–Arg to citrulline by
enhancing arginine catabolism.

The metabolism of saponins in the rumen involves
deglycosylation (Wang et al., 2000) and structural changes of
the aglycone nucleus (Wang et al., 1998). Saponins are degraded
in in vitro rumen cultures to sapogenins (Makkar and Becker,
1997). However, the resultant sapogenins undergo structural
oxidation and reduction more slowly than other saponin-related
metabolites (Wang et al., 1998). There is no evidence that rumen
microbes or microorganisms found in other environments
are able to break down the ring structure of triterpenoid
saponins (Patra and Saxena, 2009). Ingested saponins were
quickly hydrolyzed in the rumen to free sapogenins and, in part,
epimerized to yield episapogenins. Free sapogenin was found in
the jejunum of sheep (Flåøyen et al., 2002). Thus, the efficient
role of saponins in the rumen is due to the free sapogenins,
and saponins might not be degraded to other metabolites
to exert their functions. There was a greater concentration
of daidzein in SH than in SHS, indicating that the saponins
might increase the microbial utilization of daidzein, which
would be beneficial to animals. Previous results suggested that
supplemental daidzein can affect lipid metabolism by enhancing
intramuscular fat deposition and improves meat quality in
finishing steers (Zhao et al., 2015). Squalene is an intermediate
metabolite in the synthesis of cholesterol. Supplementation with
squalene reduced cholesterol and triglyceride levels in mice
(Kelly, 1999). Thus, the supplementation of saponins might
increase the intramuscular fat content and improve meat quality
by affecting lipid metabolism (Kelly, 1999). In addition, it was
reported that strains of the family Lachnospiraceae that are
detected in the rumen are potentially able to biohydrogenate
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fatty acids (Boeckaert et al., 2009). Therefore, the relatively
lower concentrations of estradiol and daidzein decreased the
abundance of the Lachnospiraceae NK3A20 in SHS, but the higher
squalene concentration in SHS than in SH might help inhibit
the hydrogenation of fatty acids after saponins is consumed; this
role might be attributed to the antioxidant effect of tea saponins
(Wang et al., 2017).

It was reported that saponins may enhance the performance
of ruminants fed roughage-based diets (Patra and Saxena,
2009). Conversely, supplementing concentrate-based diets with
saponins generally does not improve ruminant performance
(Zinn et al., 1998). The SH-based diet could be treated as a
concentrate-based diet when compared with the alfalfa hay-based
diet in the present study because there was more easily fermented
fiber in the SH diet than in the AH diet. A limitation of the current
study is the relatively short time of saponin supplementation. In
addition, the ruminal fluid collected in the current study was
only from one time point (3 h after morning feeding). Thus,
other time points should be included in future studies. However,
we clearly found different ruminal microbiota and metabolome
responses between the two diets, showing that the saponins were
more effective in the SH group than in the AH group. This
suggests that the effect of saponins on ruminal bacteria are diet
dependent. It was proposed that this finding might be mainly
due to the relatively large abundance of saponins in alfalfa,
which would mask the effect of the external supplementation of
tea saponins (Sen et al., 1998). Thus, studies on manipulating
rumen metabolism using saponins should include different diets.
However, we believe that the shortcomings of this study were
mainly due to the relatively low number of rumen samples (n = 6),
which resulted in a relatively high Q-value in the metabolome
identification. Thus, future studies with more animals need to be
performed to clarify the findings in this study.

CONCLUSION

This study observed changes in the ruminal bacterial microbiota
and metabolites in response to tea saponin supplementation. The
supplementation of saponins had greater effects in SH compared
to AH diets. An increased abundance of Prevotellaceae_YAB2003
but decreased abundances of Ruminococcaceae_NK4A214 and
Lachnospiraceae_NK3A20 were observed in young growing
cattle after they were fed saponins in both of the base diets,
indicating that these bacteria might be saponin-associated

bacteria. Squalene, lanosterol, 3-phenylpropanoic acid, and
citrulline were key metabolites detected in response to SHS.
The pathways of arginine and proline metabolism, purine
metabolism, and pyrimidine metabolism predicted by the DMs
were affected by saponins, which was similar to the pathway
of amino sugar and nucleotide sugar metabolism predicted by
different microbial genes. Saponins might have the ability to
change ruminal lipid metabolism in young growing cattle due to
the decreased abundance of Lachnospiraceae_NK3A20, decreased
concentrations of ruminal estradiol and daidzein, and increased
squalene concentration.
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This study investigated the long-term effects (13 months) of encapsulated nitrate
supplementation (ENS) on enteric methane emissions, rumen fermentation parameters,
ruminal bacteria, and diversity of archaea in grazing beef cattle. We used a total
of thirty-two Nellore steers (initial BW of 197 ± 15.3 kg), 12 of which were fitted
with rumen cannulas. For 13 months, the animals were maintained in 12 paddocks
and fed a concentrate of ground corn, soybean meals, mineral supplements, and
urea (URS) or encapsulated nitrate (EN) containing 70 g of EN/100 kg of BW
(corresponding to 47 g NO3

−/100 kg BW). Encapsulated nitrate supplementation
resulted in similar forage, supplement and total DMI values as URS (P > 0.05),
but ENS tended to increase (+48 g/d; P = 0.055) average daily weight gain. Daily
reductions in methane emissions (−9.54 g or 18.5%) were observed with ENS
when expressed as g of CH4/kg of forage dry matter intake (fDMI) (P = 0.037).
Lower concentrations of NH3-N and a higher ruminal pH were observed in ENS
groups 6 h after supplementation (P < 0.05). Total VFA rumen concentration 6 h
(P = 0.009) and 12 h after supplementation with EN resulted in lower acetate
concentrations in the rumen (P = 0.041). Steers supplemented with EN had a greater
ruminal abundance of Bacteroides, Barnesiella, Lactobacillus, Selenomonas, Veillonella,
Succinimonas, Succinivibrio, and Duganella sp. (P < 0.05), but a lower abundance of
Methanobrevibacter sp. (P = 0.007). Strong negative correlations were found between
daily methane emissions and Proteobacteria, Erysipelotrichaceae, Prevotellaceae, and
Roseburia, Kandleria, Selenomonas, Veillonella, and Succinivibrio sp. (P < 0.05) in the
rumen of ENS steers. Encapsulated nitrate is a feed additive that persistently affects
enteric methane emission in grazing steers, thereby decreasing Methanobrevibacter
abundance in the rumen. In addition, ENS can promote fumarate-reducer and lactate-
producer bacteria, thereby reducing acetate production during rumen fermentation.

Keywords: archaea diversity, beef cattle, enteric methane emission, nitrate, rumen bacteria diversity, volatile
fatty acids
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INTRODUCTION

Global methane emissions from ruminant livestock has increased
by 332% since the 1980s, prompting serious concerns about
the increasing environmental cost of livestock production
(Dangal et al., 2017). Enteric methane production also represents
an energy loss of nearly 12% of the gross energy of
feed (Johnson and Johnson, 1995). Therefore, the mitigation
of methane emissions has become a research priority in
ruminant nutrition.

Nitrates (NO3
−) are effective methane inhibitors and

a potential non-protein nitrogen source for cattle, acting
as an H2 sink and adding ammonia-based nitrogen to
the rumen (Nolan et al., 2010; Zhao et al., 2015). When
microbial NO3

− reduction is incomplete, rumen nitrite
accumulation could result in host poisoning (Leng, 2008).
Nitrate encapsulation enables the slow rumen release
of NO3

− in the rumen reducing the risk of toxicity
(Mamvura et al., 2014). It has been used as a substitute for
supplementary urea or true protein sources in beef cattle,
dairy cows, sheep, and lambs, resulting in a reduction
in enteric methane production and improvement in the
utilization of feed energy in some cases, with variable
effects on rumen fermentation and nutrient digestibility
(Van Zijderveld et al., 2010, 2011; El-Zaiat et al., 2014;
Lee et al., 2015a; Olijhoek et al., 2016).

Rumen microorganisms play an important role in host
energetic and protein metabolism, and rumen compound
detoxification (Weimer, 1998). Methane is produced exclusively
by methanogenic archaea, but all rumen microorganisms
participate in methanogenesis in a direct or indirect way (Yang
et al., 2016) following the excessive production of H2, which
needs to be removed as CH4 (Martin et al., 2010).

Some feed additives (i.e., monensin and
bromochloromethane) reduce enteric methane emissions
in the short-term but lose effectiveness in the long-term
because of microbial adaptations to the compounds (Lee
and Beauchemin, 2014). Short-term experiments have shown
that the addition of nitrate into ruminant diets could affect
archaea, protozoa, and fungi abundance (Asanuma et al.,
2015), stimulate nitrate- and nitrite-reducing bacteria, such
as Campylobacter fetus, Mannheimia succiniciproducens,
and Selenomonas ruminantium (Lin et al., 2013; Asanuma
et al., 2015; Zhao et al., 2015), and promote growth of
ruminal cellulolytic bacterial species (Lin et al., 2013;
Zhao et al., 2015). However, there remains a lack of
knowledge on the responses of rumen bacteria and archaea
diversity to the long-term use of encapsulated nitrate (EN)
in grazing cattle.

We hypothesized that EN induces change the composition of
bacterial and archaeal communities, resulting in lower methane
emissions in grazing Nellore steers after only 13 months
of use. Thus, the objective of this study was to investigate
the effects of the long-term use of EN supplementation
(ENS) on enteric methane emissions, rumen fermentation
parameters, and ruminal bacteria and archaea diversity in
grazing beef cattle.

MATERIALS AND METHODS

This study was carried out in accordance with the
recommendations of the Brazilian College of Animal
Experimentation (COBEA – Colégio Brasileiro de
Experimentação Animal) guidelines. The protocol was approved
by the Ethics, Bioethics, and Animal Welfare Committee
(CEBEA – Comissão de Ética e Bem Estar Animal) of the
School of Agricultural and Veterinary Studies (FCAV) of the
Universidade Estadual Paulista (UNESP), Jaboticabal campus,
Brazil (Protocol number 11242/14).

Animals and Grazing Area
The experiment was conducted at the São Paulo Agribusiness
Technology Agency (APTA), Alta Mogiana regional pole,
at Colina, Brazil (20◦ 43′ 05′′ S latitude and 48◦ 32′
38′′ W longitude), from July/2014 to September, 2015. The
experiment was part of a larger study conducted over three
time periods: 135 days of the dry season (July to November
2014), 168 days of the rainy season (November 2014 to
May 2015) and 104 days of the finishing phase (May to
September 2015), however, only data from the finishing phase are
presented in this study.

We used 32 Nellore steers of (8 ± 1 months old and
197 ± 15.3 kg; final BW 483 ± 33 kg) of which 12 were fitted
with silicone-type ruminal cannulas (10 cm of i.d.; Kehl R©, São
Carlos, Brazil). The cannulas were used to record the effects
of EN on supplement ruminal fermentation parameters and
rumen microbiology. The 20 non-cannulated animals were using
to estimate standard methane emissions during the finishing
phase. Ruminal cannulation was conducted 1 month prior to
the onset of the experiment under xylazine sedation and local
anesthesia with lidocaine hydrochloride; all efforts were made to
minimize suffering.

Animals were randomly distributed in 12 paddocks, with 1
cannulated steer in each paddock. The pastures used during the
dry season contained Panicum maximum “Tanzânia” divided in
12 paddocks, 3.0 ha each. During the rainy season and finishing
phase, animals were kept in a pasture of Brachiaria brizantha
“Marandu,” divided by electric fencing divided into 12 paddocks
with an area of 2.2 ha each. Each paddock was served by a 1000 L
capacity automatic metal water trough and collectives covered
plastic feeders to provide the supplement.

The grazing method adopted was that of continuous
stocking with a variable stocking rate using the put and
take technique (Mott and Lucas, 1952). Estimates of forage
mass (Supplementary Table S1) were performed using
the double sampling method (Sollenberger and Cherney,
1995) and its nutritional value was estimated using the
simulated grazing method (De Vries, 1995). Samples were
hand-plucked every 28 day simultaneously with herbage
mass sampling (20 average spots heights each paddock),
dried at 55 ± 5◦C to a constant weight under forced air
and then ground through a 1 mm screen in a shear mill
(Thomas-Wiley Laboratory Mill Model 4, H. Thomas Co.) for
chemical analyses.
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Experimental Supplements
Animals were supplemented with concentrate composed of
ground corn, soybean meal, mineral supplement, and urea [Urea
supplement (URS)] or EN (Nitrate supplement) containing 70 g
of EN/100 kg of BW, corresponding to 47 g NO3

−/100 kg
BW. Thus, 0.7, 0.5, and 1.5% EN of BW was made available
during the dry and rainy seasons, and finishing phase,
respectively (Supplementary Table S1). In the urea supplements,
limestone was used to maintain supplements with similar Ca
concentrations and urea inclusion was used to represent the
protein equivalent to EN.

The source of nitrate was the double salt of calcium
ammonium nitrate decahydrate [5Ca(NO3)2·NH4NO3·10H2O].
Nitrate doses were maintained until the slaughter of the animals,
selected based on methane mitigation capacity, which was
approximately 12.42 g of CH4/100 kg BW (Van Zijderveld et al.,
2010). The EN was manufactured by GRASP Ind. & Com. LTDA
(Curitiba, Brazil) and EW Nutrition GmbH (Visbek, Germany)
and contained 85.6% of dry matter (DM; as fed basis), 16% N,
19.6% Ca, and 67.1% NO3.

Intake Estimation
Forage and supplement intake and fecal excretion were estimated
for cannulated animals during the finishing phase 398 to 406 days
and using three markers. Chromium oxide (Cr2O3), titanium
dioxide (TiO2), and indigestible NDF (iNDF) were used to
estimate the excretion of fecal matter (as dry weight), supplement
and forage intake, respectively.

To estimate fecal excretion, 10 g per animal/day of the
external indicator (Cr2O3) was placed directly in the rumen for
9 days (5 days before sampling and 4 days of fecal excretion
sampling periods). Fecal samples were collected directly from the
rectum, once daily alternating at the following times: 0700, 1000,
1300, and 1600 h.

Fecal samples were weighed and dried in a forced-air-
circulation oven at 55◦C for 72 h, and ground in a Wiley
mill (Thomas Scientific, Swedesboro, NJ, United States) to pass
through a 1 mm screen. For each animal, in each sampling
period, a fecal-composite sample based on the pre-dried weight
and chromium oxide was measured in an atomic absorption
spectrophotometer (Czarnocki et al., 1961).

Fecal excretion was calculated according to the following
equation: Fecal excretion = [chromium oxide supplied
(g/day)]/[fecal chromium oxide concentration (g/g MS)]
(Smith and Reid, 1955).

To estimate dry matter intake (DMI) of the supplement,
TiO2 was added as an external marker to the supplement at
a rate of 10 g/day of TiO2 per animal (10 g/day × no. of
animal/paddock) for 9 days, 6 days to stabilize the fecal excretion
marker, and 3 days for sample collection (Titgemeyer et al., 2001).
Fecal samples were taken simultaneously with fecal excretion
procedures. Feces were dried at 55 ± 5◦C for 72 h, to a constant
weight, pooled based on animal species, ground, and digested
using sulfuric acid. A standard curve was prepared by adding 0, 2,
4, 6, 8, and 10 mg of TiO2 to the samples, and it was read using a
spectrophotometer at 410 nm as described by Myers et al. (2004).

Individual supplement intake was estimated using the following
equation: Supplement DMI = [g of TiO2/g of feces × fecal
excretion g/d]/g TiO2/g of supplement.

The forage DMI was estimated using an internal marker
iNFD, determined after ruminal incubation for 288 h (Valente
et al., 2011). Forage DMI was estimated from the fecal output
of the internal marker corrected for the supplement contribution
as follows:

Forage DMI = [fecal excretion g/d × (iMF) − DMI of
supplement × (iMS)]/[iMH], where iMF, iMS, and iMH are the
concentrations of the internal marker in feces, supplement, and
forage, respectively. Total DMI was obtained by the addition of
forage and supplement DMI.

Samples were analyzed for DM (Method 934.01) and ash
(Method 942.05), according to AOAC (1990).

Methane Emissions and Body
Weight Gain
Methane emissions were estimated from 20 non-cannulated
animals (10 per experimental supplement) during the finishing
phase (day 391 to 396). Animal methane emission measurements
were performed using the tracer gas sulfur hexafluoride (SF6)
technique (Johnson et al., 1994). Briefly, CH4 flow released by the
animal was calculated in relation to the flow of SF6, measured
from the SF6 release rate from a permeation capsule lodged in
the rumen and from the concentrations of CH4 and SF6 in gas
samples (Johnson et al., 2007).

Two weeks before methane collected, capsules containing SF6,
with a known permeation rate (899.82 and 872.60 ng/min for
urea and EN treatments, respectively) were placed in the rumen
via the esophagus, and they remained in the rumen throughout
the experimental period. Three weeks prior to collection, animals
were acclimated to the PVC collection containers. Expired gasses
were collected continuously (24 h periods) into evacuated PVC
containers during the 5 days of collection. Daily background air
samples were collected at two points of experimental area using
the same procedures above.

Expired gasses and background samples were analyzed for
concentrations of CH4 (ppm, parts per million by volume) and
SF6 (ppt, parts per trillion by volume) using gas chromatography
equipped with a flame ionization detector and electron capture.
Daily CH4 emissions were calculated from the specific SF6
permeation rates and the CH4/SF6 ratio of concentrations
in breath samples, after adjustment for background gas
concentrations (Johnson et al., 1994).

To determine average daily gain, animals were weighed at
the beginning and end of the trial, after 16 h of fasting from
solids and liquids. Intermediate weighing (every 28 days, no
fasting) was also performed to adjust supplement delivery and
the dosage of EN.

Rumen Fermentation Parameters
Rumen fermentation parameters were measured in cannulated
animals over 2 days during the finishing phase (345 and
407 days) at 0, 6, 12, and 18 h after supplementation.
Approximately 100 mL of ruminal fluid was recovered after
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filtration and placed through double layer cheesecloth. Then
the pH was measured using a digital pH meter (DM-1069 22,
Digimed, São Paulo, Brazil). Two 50 mL aliquots were stored at
−20◦C and later used to determine ammonia nitrogen (NH3-
N) and volatile fatty acid (VFA) concentrations. The NH3-
N aliquot was acidified with 1 mL of H2SO4 for analysis
using the colorimetric method (Weatherburn, 1967). The VFA
concentration was quantified by gas chromatography (GC
Shimadzu model 20–10, with automatic injection; Shimadzu
Corporation, Kyoto, Japan) using a SP-2560 capillary column
(30 m × 0.25 mm diameter, 0.02 mm thick; Supelco,
Bellefonte, PA, United States) according to the method
described by Erwin et al. (1961).

Ruminal Microorganism
Rumen microorganism in cannulated animals were studied
during the finishing phase. Samples of ruminal content
were collected on day 407, early in the morning, before
supplementation. Samples of approximately 100 g per animal (a
mix of liquid and solid) from the dorsal, central, and ventral
regions of the rumen were collected through the ruminal cannula,
immediately placed into a thermo-box cooled to 4◦C, and
transferred to the laboratory for DNA extraction.

The samples were weighed and immediately processed
to obtain a bacterial pellet as described by Granja-Salcedo
et al. (2017). A Fast DNA SPIN Kit for Soil (MP Bio R©,
Biomedicals, Illkirch, France) extraction kit was used
to extract metagenomic DNA from 250 mg of bacterial
pellet according to the manufacturer’s instructions. The
DNA concentrations were measured fluorometrically
(Qubit R© 3.0, kit Qubit R© dsDNA Broad Range Assay
Kit, Life Technologies, Carlsbad, CA, United States)
and DNA purity was assessed spectrophotometrically
(NanoDrop R© ND-1000 Spectrophotometer, Thermo Fisher
Scientific, Waltham, MA, United States) at A260/A230 and
A260/A280 nm. DNA integrity was determined by agarose
gel electrophoresis using a 0.8% (w/v) gel, and subsequent
staining with SYBR Safe DNA Gel Stains (Invitrogen, Carlsbad,
CA, United States).

A PCR was employed to amplify the V3 and V4 regions of
the 16S ribosomal RNA gene 16S rRNA for bacteria (Caporaso
et al., 2011). Each sample was amplified in duplicates, and
each PCR reaction mixture (20 µL final volume) contained
20 ng of metagenomic DNA, 10 µM of each forward and
reverse primers, 1.25 mM of magnesium chloride, 200 µM
of dNTP mix (Invitrogen, Carlsbad, CA, United States),
1.0 U platinum Taq DNA polymerase high fidelity (Invitrogen,
Carlsbad, CA, United States), high fidelity PCR buffer [1X],
and milli-Q water. Reactions were held at 95◦C for 3 min
to denature the DNA, with amplification proceeding for 30
cycles at 95◦C for 30 s, 53.8◦C for 30 s, and 72◦C for 45 s;
a final extension of 10 min at 72◦C was added to ensure
complete amplification.

The expected fragment length of PCR products was verified
by agarose gel (1%) electrophoresis, and the amplicon
size was estimated by comparison with a 1 kb plus DNA
ladder (1 kb plus DNA ladder, Invitrogen, Carlsbad, CA,

United States). The PCR fragments were purified using
the ZymocleanTM Gel DNA Recovery kit following the
manufacturer’s instructions. Composite samples for sequencing
were created by combining equimolar ratios of amplicons
from the duplicate samples. Sequencing was performed
using the Ion Torrent Personal Genome Machine (Life
Technologies, Carlsbad, CA, United States) using the Ion
314TM Chip Kit v2.

Sequence data were processed, removing adapters using
Scythe 0.9911 and Cutadapt 1.7.1 (Martin, 2011). Sequence
trimming was carried out by selecting sequences over 200 bp
in length with an average quality score greater than 20 based
on Phred quality, and duplicate reads were removed using the
Prinseq program (Schmieder and Edwards, 2011). We used the
Quantitative Insights into Microbial Ecology (QIIME) software
package version 1.9.1 to filter reads and determine Operational
Taxonomic Units (OTUs) as described in Caporaso et al. (2010).
The Usearch algorithm was used to cluster the reads OTUs
with a 97% cutoff, and to assign taxonomy using the Ribosomal
Database Project (RDPII) version 10 (Cole et al., 2014). Bacterial
sequences were de-noised and suspected chimeras were removed
using the OTU pipe function within QIIME. Sequence data were
summarized at the phylum, class, and family levels; In addition,
Alpha_diversity.py in QIIME was used to calculate ACE, Chao1,
Shannon, and Simpson indices. Principal coordinate analyses
(PCoA) were conducted to evaluate differences in community
structure among experimental groups (β-diversity). PCoA was
generated with unweighted Unifrac distance (Lozupone et al.,
2006) using the R package vegan version 2.0–10.

Statistical Analyzes
Statistical analyses were performed using R Software version 3.4.3
(R Core Team, 2015). Initially, mathematical assumptions of data
were tested (Shapiro–Wilk and Bartlett tests).

Data of intake and methane emissions were compared
between treatments using an ANOVA as a completely
randomized design, with 2 treatments (URS and ENS) and
6 (intake) or 10 (methane and weight gain) repeats. The
model included treatments as fixed effects, and the residues
corresponding to the model as random effects.

Rumen pH, NH3-N, and VFA were compared between
treatments and time by a repeated measures ANOVA using
a completely randomized design. The model included fixed
effects of treatments, sampling time and its interaction, and
the random effects of residues of treatments and residues
corresponding to the model.

Bacterial and Archaea data were compared between
experimental groups using the Wilcoxon test. Spearman’s
rank correlations were used to investigate the relationship
between bacterial and archaeal phylum or genera and DMI,
CH4 emissions, and rumen fermentation parameters, and a
correlation plot was performed only with significant correlations
using the corrplot library in R. Statistical significance was set to
p < 0.05 and a tendency of difference was declared at p < 0.10.

1https://github.com/vsbuffalo/scythe
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RESULTS

Intake, Methane Emissions, and Weight
Gain
Encapsulated nitrate supplementation (ENS) resulted in similar
forage, supplement, and total DMI values than URS, when
expressed in terms of kg per day and body weight (Table 1;
P > 0.05). Daily methane emission was not affected when
expressed as g of CH4 per kg of total dry matter intake (tDMI)
or as g of CH4 per kg of supplement dry matter intake (sDMI)
(P > 0.05). However, when expressed as g of CH4 per day, we
found lower methane emissions (−28.62 g or 10.55%) in animals
supplemented with EN (P = 0.085). We found a similar reduction
(−9.54 g or 18.5%) when daily methane emissions were expressed
as g of CH4 per kg forage dry matter intake (fDMI) (P = 0.037).
In addition, ENS increased (+43 g/d) the average daily weight
gain (P = 0.055), resulting in a higher final BW (+30.7 kg) when
compared to URS (P = 0.032).

Rumen Fermentation Parameters
Rumen propionate, iso-butyrate, butyrate, and valerate
proportions were not affected by the supplements tested
(Table 2; P > 0.05). However, there was an interaction effect
between supplements and time at different NH3-N ruminal
concentrations, rumen pHs, total VFA rumen concentrations,
and acetate proportions (Table 2; P < 0.05). Steers fed ENS
had the lowest NH3-N ruminal concentrations, 6 h after
supplementation (Figure 1A; P = 0.010). Rumen pH values
were higher 6 h after ENS (Figure 1B; P = 0.033), whereas total
VFA rumen concentrations (Figure 1C; P = 0.009) and acetate

TABLE 1 | Intake, methane emissions and weight gain in grazing Nellore Steers a
after 13 months of supplementation with encapsulated nitrate
(ENS) or Urea (URS).

Treatment P-value

URS ENS SEM

Intake, kg/d

Total 13.51 13.19 0.693 0.833

Forage 5.27 5.79 0.550 0.674

Supplement 8.24 7.40 0.375 0.302

Intake, % of BW

Total 2.78 2.75 0.117 0.910

Forage 1.04 1.22 0.097 0.387

Supplement 1.73 1.55 0.081 0.341

CH4, g/d 271.25 242.63 14.879 0.085

CH4, g/kg tDMI 20.07 18.40 1.057 0.498

CH4, g/kg fDMI 51.47 41.93 2.273 0.037

CH4, g/kg sDMI 32.90 32.79 1.097 0.821

CH4, g/kg BWG 384.43 234.37 11.374 0.025

ADG, kg 0.705 0.748 0.014 0.055

Final BW 490.4 521.1 18.031 0.032

SEM, standard error of mean; tDMI, total dry matter intake, fDMI, forage dry matter
intake, sDMI, supplement dry matter intake, BWG, body weight gain, ADG, average
daily weight gain.

concentrations decreased 6 and 12 h after supplementation,
respectively (Figure 1D; P = 0.041). Ruminal proportions of
iso-valeric acids were higher after URS (Table 2; P < 0.001).

Ruminal Microorganism
For all amplicons, good’s coverage of all samples was >0.996.
The number of generated sequences after filtering analyses,
observed OTUs, richness (Chao1 and ACE), and diversity
estimators (Shannon Wiener and Simpson) by rumen bacteria
and archaea populations were similar between ENS and URS
groups (Supplementary Table S2; P > 0.05). Comparisons of
bacterial communities by principal coordinate analysis (PCoA)
using the weighted Unifrac distance (Supplementary Figure S1),
explained 56.14% of the variation in the data and showed a
tendency separation between ENS and URS (P = 0.061).

Fourteen phyla were identified (Figure 2A and
Supplementary Table S3) and 14.18 and 17.30% of the
sequences could not be classified at the phylum level to ENS and
URS, respectively. Firmicutes and Bacteroidetes were the most
abundant phyla and accounted for >64% of the total bacterial
community in all samples sequenced. In the Archaea community,
Euryarchaeota was the only phyla identified.

The abundance of Actinobacteria, Fibrobacteres, Firmicutes,
and Proteobacteria was higher in the rumen of ENS than
URS supplemented steers (Supplementary Table S3; P < 0.05).
In contrast, Verrucomicrobia phylum abundance (Figure 2A;
P = 0.0031) and Euryarchaeota: Bacteria ratios were lower in ENS
steers (Figure 2B; P = 0.0285).

Steers supplemented with ENS had a greater ruminal
abundance of Betaproteobacteria and Epsilonproteobacteria
(P < 0.05). Increases in the abundance of Bacteroides, Barnesiella,
Lactobacillus, Selenomonas, Veillonella, Succinimonas,
Succinivibrio, and Duganella sp. were also observed in these
animals (Table 3; P < 0.05). In contrast, Paraprevotella
sp. (P = 0.0214) had a greater ruminal abundance in URS
supplemented steers.

TABLE 2 | Rumen fermentation parameters in grazing Nellore Steers after
13 months of supplementation with encapsulated nitrate (ENS) or Urea (URS).

Treatment SEM P-value

URS ENS S T S x T

pH 6.359 6.601 0.077 0.028 < 0.001 0.053

NH3-N, mg/dL 8.236 5.272 0.517 0.001 < 0.001 0.045

Total VFA,
mmol/L

144.378 143.611 5.949 0.842 < 0.001 < 0.001

Acetate, % 54.766 51.862 1.677 0.015 0.122 0.041

Propionate, % 20.462 21.502 0.994 0.313 0.060 0.182

Iso-butyrate, % 8.464 8.568 0.386 0.721 < 0.001 0.107

Butyrate, % 10.434 10.856 0.561 0.922 0.003 0.358

Iso-valerate, % 2.075 1.422 0.128 < 0.001 0.005 0.273

Valerate, % 3.271 3.449 0.221 0.547 0.007 0.594

A:P 2.676 2.412 0.711 0.169 0.599 0.525

VFA, volatile fatty acid; A: P, acetate propionate; SEM, standard error of mean; S,
supplements effect; T, time effect.
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FIGURE 1 | Mean and standard error of mean of ruminal ammonia (NH3-N) concentration (A), pH values (B), total volatile fatty acid (VFA) rumen concentration (C)
and Acetate proportions (D) during a 18 h period in grazing Nellore Steers after a long time (13 months) of supplementation with encapsulated nitrate (ENS) or Urea
(URS). ∗supplement effect and time effect interaction (P < 0.05) as obtained with Tukey’s test.

In the Archaea community, the abundance of
Methanobrevibacter sp. (Table 3; P = 0.007) was lower in
the rumen of ENS than URS supplemented steers.

A Positive correlation between CH4 emissions (g/day and g/kg
of supplement DMI) and Euryarchaeota, and Methanobacterium,
Methanobrevibacter, and Methanomassiliicoccus sp. was
observed in the ENS group (Figure 3 and Supplementary
Table S4). However, the strongest negative correlations
were found between daily CH4 emissions (g/d) and
bacteria for sequences belonging to the Proteobacteria,
and Clostridium_XlVa, Roseburia, Kandleria, Selenomonas,
Veillonella, and Succinivibrio sp. (r ≥ −0.70, P ≤ 0.05)
in the rumen of ENS supplemented steers (Figure 3 and
Supplementary Table S4). CH4 emissions (g/kg of supplement
DMI), also negatively correlated with Bacteroides, Prevotella,
Kandleria, Duganella, and Succinivibrio sp. (r ≥ −0.77,
P ≤ 0.04); however, the same microorganism were positively
correlated with ammonia concentrations in the ENS group
(r ≥ 0.83, P ≤ 0.03).

For the URS group, Methanomassiliicoccus, Bacteroides, and
Clostridium_lV sp. were negatively correlated (r ≥ −0.77,
P ≤ 0.04) with daily CH4 emissions in g/day, g/kg of total DMI,
and g/kg of supplement DMI (Figure 3 and Supplementary
Table S4). In addition, Succinimonas were negatively correlated
(r =−0.83, P = 0.03) with daily CH4 emissions (g/day).

Euryarchaeota and Methanobacterium, Methanobrevibacter,
and Methanomassiliicoccus sp. negatively correlated (r > −0.71,
P < 0.05) with rumen ammonia and propionate proportions
in the ENS group (Figure 3 and Supplementary Table S4).
Similarly, negative correlation were observed between rumen
ammonia and Fibrobacteres, Spirochaetes, Verrucomicrobia,
Bautia, Clostridium_III, Clostridium_IV, Eubacterium,
Fibrobacter, Mogibacterium, Olsenella, Ruminococcus, and
Treponema sp. (r ≥−0.71, P ≤ 0.05).

DISCUSSION

The low methane emissions associated with a lower
Euryarchaeota: Bacteria ratio and abundance of
Methanobrevibacter sp. in the rumen of ENS steers after
13 months, supported our prediction that EN is a feed additive
that affects enteric methane emissions persistently. In addition,
increases in bacterial abundance with reported fumarate
reduction capacity and lactate production in the rumen of
ENS steers highlights changes in rumen fermentation pathways
stimulated by nitrate supplementation. Thus, the hypothesis
that ENS induces changes in bacterial and archaeal community
compositions, thereby modulating lower methane emissions in
grazing Nellore steers long-term use was accepted.
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TABLE 3 | Median and interquartile range of the rumen methanogens and bacterial abundance at genera in grazing Nellore Steers after 13 months of supplementation
with encapsulated nitrate (ENS) or Urea (URS).

Treatment P-value

Domain Phylum Genera URS ENS

Bacteria Actinobacteria Olsenella 0.045 ± 0.02 0.060 ± 0.13 0.286

Cyanobacteria GpXII_Other 0.238 ± 0.40 0.342 ± 0.22 0.555

Bacteroidetes Bacteroides 0.018 ± 0.01 0.339 ± 0.27 0.016

Marinilabiliaceae_Other 0.019 ± 0.08 0.100 ± 0.05 0.176

Barnesiella 4.499 ± 2.88 10.113 ± 5.77 0.038

Paraprevotella 0.104 ± 0.01 0.153 ± 0.02 0.413

Prevotella 28.263 ± 9.94 19.905 ± 3.50 0.021

Prevotellaceae_Other 0.053 ± 0.04 0.112 ± 0.10 0.555

Fibrobacteres Fibrobacter 2.181 ± 1.06 3.283 ± 2.22 0.061

Firmicutes Lactobacillus 0.009 ± 0.01 0.645 ± 0.31 0.019

Mogibacterium 0.213 ± 0.20 0.218 ± 0.16 0.905

Eubacterium 0.126 ± 0.03 0.234 ± 0.08 0.436

Blautia 0.288 ± 0.04 0.283 ± 0.05 0.914

Clostridium_XlVa 0.019 ± 0.01 0.029 ± 0.01 0.176

Lachnospiraceae_Other 0.655 ± 0.01 0.448 ± 0.42 0.412

Pseudobutyrivibrio 0.101 ± 0.34 0.032 ± 0.06 0.384

Roseburia 0.094 ± 0.05 0.146 ± 0.71 0.728

Clostridium_IV 0.197 ± 0.08 0.117 ± 0.02 0.111

Ruminococcus 0.589 ± 0.22 0.631 ± 0.31 0.803

Kandleria 0.094 ± 0.03 0.045 ± 0.02 0.730

Mitsuokella 0.733 ± 0.24 0.756 ± 4.28 0.063

Selenomonas 1.742 ± 0.24 4.283 ± 0.75 0.009

Veillonella 0.075 ± 0.05 0.361 ± 0.91 0.014

Proteobacteria Betaproteobacteria§ 0.014 ± 0.00 0.196 ± 0.05 0.037

Gammaproteobacteria§ 0.429 ± 0.04 0.531 ± 0.07 0.453

Epsilonproteobacteria§ 0.011 ± 0.01 0.093 ± 0.01 0.023

Geobacteraceae_Other 0.037 ± 0.04 0.084 ± 0.18 0.555

Succinimonas 0.401 ± 0.15 2.369 ± 0.24 0.041

Succinivibrio 2.281 ± 0.57 4.685 ± 0.49 0.019

Duganella 0.001 ± 0.00 0.149 ± 0.30 0.062

Tenericutes Anaeroplasma 0.094 ± 0.14 0.063 ± 0.02 0.285

Spirochaetes Sphaerochaeta 0.106 ± 0.15 0.159 ± 0.11 0.905

Treponema 2.098 ± 1.74 1.032 ± 0.93 0.730

Archaea Euryarchaeota Methanobacterium 0.013 ± 0.01 0.019 ± 0.02 0.156

Methanobrevibacter 1.205 ± 0.95 0.579 ± 0.81 0.007

Methanomassiliicoccus 0.021 ± 0.01 0.035 ± 0.02 0.713

§ Class level. Differences were considered significant at p < 0.05 using the Wilcoxon test.

After 13 months, EN intake was 358.16 g/d, resulting in a 2.7%
EN concentration in the diet. Even when possible changes in diet
organoleptic properties by NO3

− could decrease feed intake in
cattle (Lichtenwalner et al., 1973; Lee et al., 2015b), we observed
similar forage, supplement, and total DMI pattern between ENS
and URS groups. These results are similar to that of previous
studies on cattle fed high forage diets and supplemented with
2.5 and 3.0% of EN (Lee et al., 2015a, 2017a). Similarly, Lee
et al. (2017b) believed that it could be potentially beneficial to
encapsulate NO3

− to improve its organoleptic properties when
incorporated it into a backgrounding diet in cattle.

The methane reduction of −28.62 g of CH4/d (−10.55%
of URS group) and −9.54 g of CH4/kg fDMI (−18.5% of

URS group) by ENS, verified the effects of the H2 sink of
nitrate in the rumen. However, nitrate mitigation was lower
than expected; stoichiometrically, 100 g of NO3− should lower
methane emissions by 25.8 (Van Zijderveld et al., 2010). In
our study, the intake of 358.16 g of EN that supplied 240.47 g
of NO3

− should have reduced 62.04 g of CH4/d, but we
only observed an efficiency of 46.14%. This result is in line
with that of Newbold et al. (2014) who found 49% efficiency
in beef cattle, but lower efficiencies were observed by Van
Zijderveld et al. (2011); Hulshof et al. (2012), and Olijhoek
et al. (2016). In most cases, inefficient methane mitigation is
observed because of the incomplete reduction of nitrate to nitrite
or nitrite to ammonia (Newbold et al., 2014) or the redirection of
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FIGURE 2 | Bacterial abundance at phylum level (A) and Euryarchaeota: Bacteria ratio (B) in grazing Nellore Steers after a long time (13 months) of supplementation
with encapsulated nitrate (ENS) or Urea (URS).

electrons to propionate production rather than methanogenesis
(Van Zijderveld et al., 2011).

Animal performance was not affected by ENS, as shown by
Lee et al. (2017b), which suggests a reduction in toxicity when
NO3

− is encapsulated. In addition, we found that ENS increased
ADG (+43 g/d) resulting in +30.7 kg of final BW. Nitrate may
improve animal performance, once the complete reduction of
NO3

− to NH3-N yields more energy than the conversion of CO2
to CH4 (Ungerfeld and Kohn, 2006). In feedlot trials, such slight
improvements were observed by Pereira et al. (2013) and Lee
et al. (2017b) using up 3.0 and 1.25% of EN in dietary DM.
However, when the basal diet had a high-forage content ENS had
no effect on ADG (El-Zaiat et al., 2014; Lee et al., 2017a). These
findings suggest that the effects of ENS on animal performance is
dependent on several factors such as basal diet.

Our analysis of the ruminal microbiota indicates that ENS
modulated the profiles of rumen archaea communities to
lower methane production over time, suggesting that there
was no microbial adaptation to nitrate compounds. We
observed a lower Euryarchaeota: bacteria ratio and lower
abundance of Methanobrevibacter sp. in the rumen of ENS
steers. Euryarchaeota and Methanobrevibacter sp. were positively
correlated with methane emissions. Similarly, Wallace et al.
(2014, 2015) found an association between the abundance of
total archaea and Methanobrevibacter sp. and higher methane
emissions in cattle. It is possible that nitrate or its reduced
forms might be toxic to methanogens (Iwamoto et al., 2002).

In vitro trials have shown that the nitrate ester is highly specific
toward archaea growth inhibition and that Methanobrevibacter
ruminantium growth inhibition required 100 times lower
concentrations (Duin et al., 2016). In addition, rumen H2
deficiency (energy source for methanogens) might reduce the
archaea population in the rumen (Lee and Beauchemin, 2014),
resulting in the negative correlation observed between archaea
populations and rumen ammonia concentrations in ENS groups.
This suggests that the use of H2 in the reduction of nitrate to
ammonia in the rumen, was one of the mechanisms used to
reduce ruminal methanogen populations.

Different archaea species could benefit from changes
in H2 concentrations or could respond differently to CH4
substrate availability (Kittelmann et al., 2014). We found
that ENS decreased Methanobrevibacter abundance, whereas
Methanobacterium and Methanomassiliicoccus populations
remained unaffected. Methanomassiliicoccus sp. belong to the
Thermoplasmata class, a very poorly characterized archaea
group. Methanobrevibacter and Methanobacterium belong to the
same family, however, Methanobrevibacter is the most abundant
methanogen found in the rumen (Janssen and Kirs, 2008); this
genus does not contain homologues of the mta genes required
for methanol utilization in other methanogens (Fricke et al.,
2006) and therefore cannot support growth when H2 is absent
(Leahy et al., 2010).

An increase in Proteobacteria, mainly Succinivibrio and
Succinimonas sp., was observed and there was a strong negative
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FIGURE 3 | Correlation analysis between dry matter intake, methane emissions, rumen fermentation parameters and relative abundances of ruminal microbial taxa in
encapsulate nitrate supplementation (ENS) and urea supplementation (URS) groups. Spearman’s correlation values for phylum/genera across all samples was
performed and only significant correlations (P < 0.10) for at least one of the analyzed variables are shown. Names in blue and black indicate archaeal and bacteria
taxa, respectively. Names in bold and italics indicate phylum and genera level, respectively. CH4, methane emissions; DMI, dry matter intake expresses as kg per
day; VFA, volatile fatty acids.

correlation between these genera and daily CH4 emissions in
the ENS group. This highlights the importance of these bacterial
groups in methane mitigation through H2 consumption, these
bacteria contribute to fumarate reductase activity, increasing
reductive reactions in the rumen (Asanuma and Hino, 2000),
resulting in less free H2 and consequently, lower methane
production. Such negative correlations were also observed in
other herbivores with lower methane emissions (Pope et al., 2011;
Lopes et al., 2015; Danielsson et al., 2017). In addition, in ENS we
observed increases in bacteria with reported fumarate reduction
capacity, such as Selenomonas and Veillonella sp. Both were
correlated negatively with daily CH4 emissions, suggesting that
ENS modulated rumen bacteria for another reductive reaction
important in the rumen.

Firmicutes and Bacteroidetes are the most common organisms
in rumen microbiota performing essential functions in energy
conversion (Granja-Salcedo et al., 2017). In humans, Firmicutes
have been correlated with obese populations (Koliada et al., 2017)
and genes associated with nutrient transporters, suggesting that
Firmicutes is more effective than Bacteroidetes in promoting

efficient absorption of calories and subsequent weight gain
(Turnbaugh et al., 2006; Krajmalnik-Brown et al., 2012). Thus,
the higher abundance of Firmicutes in ENS could be associated
to the improved ADG observed in ENS steers.

The reduction in the proportion of ruminal acetate 12 h after
supplementation and higher butyrate concentrations by ENS
is in line with results from trials of mixed cultures of rumen
microbes incubated with nitrate and nitro-compounds (Zhou
et al., 2012; Mamvura et al., 2014; Anderson et al., 2016). It
may be a compensatory route for the dispensing of reducing
equivalents during the inhibition of rumen methanogenesis,
shifting electron transfer mainly to more reduced fatty acids such
as propionate and butyrate, as this subsequently results in less
acetate accumulation (Van Nevel and Demeyer, 1996).

The majority of ruminal propionate production includes
species interactions between succinate producers, and succinate
to propionate reducer species (Wolin et al., 1997). Even
unobserved differences in rumen propionate concentrations
between ENS and URS groups, changes in bacterial composition
by ENS indicate that the pathway to succinate and propionate

Frontiers in Microbiology | www.frontiersin.org 9 March 2019 | Volume 10 | Article 614129

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00614 July 29, 2019 Time: 12:44 # 10

Granja-Salcedo et al. Rumen Microbiome During Nitrate Supplementation

production in the rumen were stimulated, once ENS increased
succinate and propionate-forming bacteria, such as Bacteroides,
Fibrobacter, Selenomonas, Succinivibrio, Veillonella sp., and
were also observed a negative correlation between acetate
concentration and Proteobacteria, Selenomonas and Veillonella
sp. Our data showed that ENS tended to increase rumen
propionate as did data from Ungerfeld and Kohn (2006)
who observed propionogenesis fostering during NO3

−

conversion to NH3.
Several studies have observed the toxic effects of nitrite on

cellulolytic bacteria populations (Iwamoto et al., 2002; Asanuma
et al., 2015) possibly due to the negative effects of both nitrate
and nitrite on cellulolytic and xylanolytic activity (Marais et al.,
1988). However, cellulolytic bacteria, such as Ruminococcus, were
not affected by ENS; in contrast, the abundance of Fibrobacter
increased in the rumen of ENS steers. This may be correlated with
the adaptation capacity of Ruminococcus albus and Fibrobacter
succinogenes as shown by Zhou et al. (2012) in vitro ruminal
cultures with nitrate additions. Similar to our findings, Zhao et al.
(2015) found that the main cellulolytic bacteria in the rumen were
stimulated by nitrate supplementation in steers.

An important reduction in Verrucomicrobia abundance was
observed in ENS groups, which may indicate a reduction in
H2 rumen pressure by ENS. Species belonging to this phylum
have been identified as possible sensitive indicators of H2 partial
pressures in the rumen, as they are negatively correlated with
ruminal H2 accumulation during methane inhibition (Martinez-
Fernandez et al., 2016). However, the role of this low abundant
phylum within the rumen microbiome remains unclear due
to limited information about the species within the phylum
(Deusch et al., 2017).

Ammonia concentrations in ENS groups were lower than
in URS groups; it is possible that EN enables the slow release
of ammonia into the rumen, thus improving its use by rumen
bacteria, mainly cellulolytic bacteria, to synthesize amino acids
required for their growth. This is supported by the negative
correlation observed between ammonia concentrations and
Fibrobacter and Ruminococcus sp. Lee et al. (2015a) and Hulshof
et al. (2012) also found that rumen ammonia concentration
decreased with nitrate supplementation, even with the use
of iso-nitrogenous diets, in ruminants. The higher ammonia
concentrations observed in URS 6 h after supplementation might
be because it takes a longer time for nitrates to be reduced to
ammonia compared with the immediate conversion of urea to
ammonia in the rumen (Lee et al., 2015a).

Few in vivo studies have evaluated bacterial diversity in
ruminants supplemented with nitrate, and until now, most of the
information about ruminal nitrate and nitrite-reducing bacteria
was based on in vitro studies. An increase in the abundance
of Veillonella and Selenomonas in ENS was expected, once
these bacteria were recognized as nitrate and nitrite-reducing
microorganism in the rumen (Iwamoto et al., 2002; Asanuma
et al., 2015). However, the observed positive correlation between
ammonia concentrations and Bacteroides, Prevotella, Kandleria,
Duganella, and Succinivibrio in ENS groups suggests a possible
role of these groups in nitrate and nitrite reduction in the rumen.

Interestingly, the stimulation of some lactate-producer
bacteria was observed in ENS (e.g., Kandleria and Lactobacillus).

Kandleria is a lactate producing bacteria that has been associated
with low-CH4 rumino-types in sheep (Kittelmann et al., 2014),
explaining the negative correlation between this genus and
CH4 emissions expresses as g/day and as g/kg of supplement
DMI in ENS. The promotion of Lactobacillus growth by
ENS could be correlated with the nitrate-reducing capacity
of some Lactobacillus species, which suggests that they may
use nitrates as electron acceptors (Brooijmans et al., 2009;
Tiso and Schechter, 2015).

The higher rumen pH observed in ENS groups after 6 h of
supplementation corresponds with the results of previous studies
testing the effects of nitrate use on ruminal fermentation (Zhou
et al., 2012; Asanuma et al., 2015; Lee et al., 2015a) and could
explain the lower total VFA concentrations observed after 6 h
in the ENS group. Lower total VFA concentrations after nitrate
addition have been previously observed (Van Zijderveld et al.,
2010; Zhou et al., 2012; Mamvura et al., 2014) and may be due to
the selective consumption of individual VFA by nitrate-reducing
bacteria (Zhou et al., 2012). For example, in our study ENS
resulted in a lower proportion of the iso-valerate rumen.

In conclusion, EN is a feed additive that persistently
affects enteric methane emissions in grazing steers, decreasing
Methanobrevibacter abundance in the rumen. In addition, ENS
may promote fumarate-reducer and lactate-producer bacteria,
reducing acetate production during rumen fermentation.
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College of Animal Science and Technology, Northeast Agricultural University, Harbin, China

The objectives of this study were to investigate the effects of different forage-to-
concentrate ratios and sampling times on the genetic diversity of carbohydrate-active
enzymes (CAZymes) and the taxonomic profile of rumen microbial communities in
dairy cows. Six ruminally cannulated Holstein cows were arbitrarily divided into groups
fed high-forage (HF) or low-forage (LF) diets. The results showed that, for glycoside
hydrolase (GH) families, there were greater differences based on dietary forage-to-
concentrate ratio than sampling time. The HF treatment group at 4 h after feeding
(AF4h) had the most microbial diversity. Genes that encode GHs had the highest number
of CAZymes, and accounted for 57.33% and 56.48% of all CAZymes in the HF and
LF treatments, respectively. The majority of GH family genes encode oligosaccharide-
degrading enzymes, and GH2, GH3, and GH43 were synthesized by a variety of different
genera. Notably, we found that GH3 was higher in HF than LF diet samples, and mainly
produced by Prevotella, Bacteroides, and unclassified reads. Most predicted cellulase
enzymes were encoded by GH5 (the BF0h group under HF treatment was highest) and
GH95 (the BF0h group under LF treatment was highest), and were primarily derived from
Bacteroides, Butyrivibrio, and Fibrobacter. Approximately 67.5% (GH28) and 65.5%
(GH53) of the putative hemicellulases in LF and HF treatments, respectively. GH28 under
LF treatment was more abundant than under HF treatment, and was mainly produced
by Ruminococcus, Prevotella, and Bacteroides. This study revealed that HF-fed cows
had increased microbial diversity of CAZyme producers, which encode enzymes that
efficiently degrade plant cell wall polysaccharides in the cow rumen.

Keywords: holstein cow rumen, metagenomics, microbiome, CAZymes, taxonomic diversity

INTRODUCTION

Cellulose and hemicellulose in plant cell wall polysaccharides are the most abundant renewable
resources in nature, and the development and use of these compounds is considered one of the most
effective ways to alleviate energy problems, such as fossil fuels being a finite resource that produce
pollution (Walia et al., 2017). The rumen is recognized as a natural bioreactor for highly efficient
structural carbohydrates (e.g., cellulose and hemicellulose) degradation (Codron and Clauss, 2010)
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because it has a large number of microorganisms that
can degrade cellulose. Moreover, the cellulase produced by
microorganisms is usually considered safe, stable, and efficient for
cellulose degradation (Bickhart and Weimer, 2017). Cellulose-
degrading microorganisms in the rumen mainly include
bacteria, fungi, and protozoa (Pope et al., 2012). Bacteria
account for approximately 95% of all microorganisms (Mackie
et al., 2000), and, unsurprisingly, they play a critical role
in cellulose decomposition during rumen fermentation (Pang
et al., 2017). Owing to the presence of numerous fiber-
degrading microorganisms and enzymes, 60–65% of structural
carbohydrates can be degraded within 48 h of fermentation by
various microorganisms that provide nutrients for host ruminant
growth and development (Wang and Duan, 2014).

Rumen microorganisms produce a series of enzymes
known as carbohydrate-active enzymes (CAZymes) that
can break down plant cell walls. There are four types of
CAZymes that are distinguished based on protein sequence,
gene sequence, and structural similarities: glycoside hydrolases
(GHs), glycosyltransferases (GTs), polysaccharide lyases (PLs),
and carbohydrate esterases (CEs); these CAZymes cooperatively
contribute to dietary cellulose, hemicellulose, and pectin
deconstruction (Lim et al., 2013; Kala et al., 2017). Furthermore,
related non-enzymatic species are known as carbohydrate-
binding modules (CBMs). Studies have shown that CBMs can
increase the catalytic efficiency of enzymes by specifically binding
polysaccharides and increasing enzyme concentration (Boraston
et al., 2004; Jones et al., 2018).

Cellulose is the most important component in ruminant diets
and is essential for rumen fermentation, and the rumen has
developed into an effective and complex cellulose degradation
system (Fox et al., 1992; Buchanan et al., 2010). This process has
been the focus of metagenomic research aimed at identifying and
capturing the diversity of enzyme activity. Many metagenomic
studies have reported CAZyme diversity in different ruminants,
such as Holstein–Friesian crossbred steers (Jose et al., 2017a),
Angus cattle (Brulc et al., 2009), buffalo (Patel et al., 2014),
and Saudi sheep (Almasaudi et al., 2017). Nine endoglucanases,
12 esterases, and one cyclodextrinase were detected from
the rumen metagenomic library of dairy cows (Ferrer et al.,
2010). Subsequently, several specific polysaccharide-degrading
enzymes were isolated from the rumen using metagenomics
techniques (Math et al., 2010; Huoqing et al., 2011). Additionally,
most research has been conducted on CAZymes and digestive
microbiota, but few studies have evaluated the effects of different
forage-to-concentrate ratios and sampling time on the genetic
diversity of CAZymes and taxonomic profile of rumen microbial
communities in dairy cows. Therefore, this study was designed
and carried out to explore CAZyme diversity and characteristics
under different forage-to-concentrate ratios and sampling times,
and identify the microbes that produce CAZymes.

MATERIALS AND METHODS

This study was carried out in accordance with the regulations
of Instructive Notions with Respect to Caring for Experimental

Animals, Ministry of Science and Technology of China. The
protocol was approved by the Ethical Committee of the
College of Animal Science and Technology of Northeast
Agricultural University.

Experimental Design, Animals Feeding,
and Sample Collection
Six ruminally cannulated Holstein cows that averaged 3.2 ± 0.70
(mean ± SE) years of age were used in this experiment. Cows
were housed in individual tie stalls. The treatments contained
70% (high-forage, HF) and 30% (low-forage, LF) dietary forage
(dry matter basis), respectively. For 3 weeks before sampling,
animals were fed once daily at 8:00 AM and allowed ad libitum
consumption of 110% of their expected intake. The ingredient
and nutritional composition of the two diets are presented
in Table 1. Rumen content samples were collected before
feeding (i.e., at 0 h, BF0h) and 4 h after feeding (AF4h) via
a ruminal fistula. Collective representative samples of ruminal
contents from each animal were extruded through four layers
of cheesecloth. One part of each homogenized pellet was mixed
with RNAlater (Ambion, Austin, TX, United States), which is a
reagent that protects and stabilizes bacterial RNA, and the rest
of each pellet was used for DNA extraction and enzyme activity
determination. All samples were placed in liquid nitrogen within
5 min, and then taken to the laboratory and stored at−80◦C until
further testing.

Enzyme Activity Analysis
For the enzyme activity assay, frozen pellets were thawed at room
temperature. After being centrifuged at 3000 g for 10 min (4◦C),

TABLE 1 | Ingredients and nutritional composition of experimental diets.

Item Dietary concentrate-

to-forage ration

30:70 70:30

Ensiled maize stalks 57.0 19.0

Chinese ryegrass hay 4.0 6.0

Alfalfa pellets 9.0 5.0

Steam-flaked maize 13.0 54.0

Soybean curb residue 15.2 13.7

Mineral mix1 1.8 2.3

Nutrition composition

ME2 (MJ/kg) 9.07 11.70

CP (%DM) 12.7 12.7

NDF (%DM) 54.2 35.3

ADF (%DM) 25.3 19.2

Starch (%DM) 12.2 40.9

Ca (%DM) 0.64 0.63

P (%DM) 0.32 0.33

(1) ME, metabolizable energy; CP, crude protein; NDF, neutral detergent fiber; ADF,
acid detergent fiber. (2) Mineral mix contained 18.50% Ca, 6.00% P, 4.2% Mg, 1.4%
K, 2.6% S, 7.5% Na, 12.0% Cl, 30 mg/kg of Se, 0.25% Zn, 0.25% Fe, 0.25% Mn,
1,100 mg/kg of Cu, 15 mg/kg of I, 265,000 IU/kg of vitamin A, 110,200 IU/kg of
vitamin D, and 2,300 IU/kg of vitamin K.
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10–15 mL of supernatant was taken for sonication (power, 400 W;
crushed three times for 30 s each time at 30 s intervals), and the
crushed liquid was subsequently tested. The assayed CMCase,
β-glucosidase, xylanase, and β-xylosidase activity was measured
using the 3,5-dinitrosalicylic acid method (Miller et al., 1960;
Yang and Xie, 2010).

RNA Extraction, RNA Reverse
Transcription, and qPCR Primer Design
and Analysis
RNA extraction was performed using the liquid nitrogen
grinding method and TRIzol reagent (Ambion, Carlsbad,
CA, United States) following the protocols described by
Kang et al. (2009) with some modifications. The RNA was
reverse-transcribed into cDNA using a PrimeScriptTM 1st
strand cDNA Synthesis Kit (Code No. 6110A, Takara, Dalian,
China), following the kit instructions. The reverse-transcribed
PCRs were conducted as follows: 37◦C for 15 min, 85◦C
for 5 s, and 4◦C for 10 min. The cDNA was stored
at −80◦C. The PCR primers used are listed in Table 2
and were assembled based on previous literature (Khafipour
et al., 2009; Edwards et al., 2010). Primers were provided
by Sangon Biotech Co., Ltd., (Shanghai, China). The Real-
Time qPCR performed using Takara SYBR R© Premix Ex
TaqTM Synthesis Kit (Code No. RR420A, Takara, Dalian,
China), following the kit instructions. Abundance of these
microbes were expressed as a proportion of total estimated
rumen bacterial 16S rDNA according to the equation: relative
quantification = 2−(Ct target−Ct total bacteria), where Ct represents
threshold cycle (Guo et al., 2010).

DNA Extraction, 16S rRNA Gene
Amplicon Preparation, and Sequencing
Genomic DNA was extracted following the protocols described
by An et al. (2005) with some modifications. DNA extraction
was performed using a CTAB-based DNA extraction method.
The CTAB lysis buffer contained 2% w/v CTAB (Sigma-Aldrich,
Poole, United Kingdom), 100 mM Tris–HCl (pH = 8.0; Fisher
Scientific, Fair Lawn, NJ, United States), 20 mM EDTA (pH = 8.0;
Fisher), and 1.4 M NaCl (Fisher Scientific). The lysis buffer pH

was adjusted to 5.0 prior to sterilization by autoclaving (Doyle
and Dickson, 1987). The final DNA was resuspended in 100 µL
TE buffer (pH = 8.0; Sigma-Aldrich) and stored at−80◦C.

The DNA concentration in each sample was measured
using a NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE, United States). The
integrity of extracted DNA was verified by agarose (1.5%) gel
electrophoresis. Subsequently, the V3–V4 region of the 16S
rRNA gene was amplified using the following primers: forward
5′-ACT CCT ACG GGR SGC AGC AG-3′ and reverse 5′-
GGA CTA CVV GGG TAT CTA ATC-3′ (Xie et al., 2018).
The PCRs were performed using the Applied Biosystems Veriti
Thermocycler (Thermo Fisher Scientific Co., Ltd., Shanghai,
China) in a 20-µL reaction volume. Thermocycling parameters
were as follows: initial denaturation at 95◦C for 2 min; 30 cycles
of further denaturation at 95◦C for 15 s, annealing at 50◦C for
30 s, and extension at 68◦C for 1 min; and a final extension
at 68◦C for 7 min. All PCRs were performed in triplicate,
and products were combined. PCR product integrity was
verified by agarose (1.5%) gel electrophoresis, and PCR products
were purified with the QIAquick Gel Extraction Kit (Qiagen,
Venlo, Netherlands). The concentrations of PCR products
were measured using a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Inc., Wilmington, DE, United States)
and subsequently pooled in equal proportions based on DNA
concentration. The purified 16S rRNA gene amplicons was
sequenced using the paired-end method by Illumina Hiseq
2500 system. The resulting sequences were then screened and
filtered for quality and length. Sequences with short reads were
extended by merging paired-end reads using FLASH v1.2.7
(Magoc and Salzberg, 2011). Any read pairs that could not
be assembled and any single reads were discarded. Sequences
were trimmed, quality-filtered and de-convoluted based on
the 12 bp barcode sequence. Chimeras were identified and
removed using UCHIME v4.2 to obtained effective tags (Edgar,
2010). Subsequently, the sequences were processed and analyzed
using Quantitative Insights into Microbial Ecology (QIIME,
v1.8.0) as described by Caporaso et al. (2010b). The high-
quality sequences were clustered into operational taxonomic
units (OTUs) defined by 97% similarity. Taxonomy assignment
of representative sequences from each OTU were performed

TABLE 2 | Primers used for real-time PCR quantification.

Target bacteria Primer Tm size Product References

(◦C) (bp)

General Bacteria 16Sr DNA F: 5′- CGGCAACGAGCGCAACCC-3′ 58 130 Egan, 2005

R: 5′-CCATTGTAGCACGTGTGTAGCC-3′

Ruminococcus albus F: 5′-CCCTAAAAGCAGTCTTAGTTCG-3′ 54 176 Khafipour et al., 2009

R: 5′-CCTCCTTGCGGTTAGAACA-3′

Ruminococcus flavefaciens F: 5′-CGAACGGAGATAATTTGAGTTTACTTAGG-3′ 58 132 Khafipour et al., 2009

R: 5′-CGGTCTCTGTATGTTATGAGGTATTACC-3′

Fibrobacter succinogenes F: 5′-GGAGCGTAGGCGGAGATTCA-3′ 59 97 Khafipour et al., 2009

R: 5′-GCCTGCCCCTGAACTATCCA-3′

Butyrivibrio fibrisolvens F: 5′-ACCGCATAAGCGCACGGA-3′ 59 124 Khafipour et al., 2009

R: 5′-CGGGTCCATCTTGTACCGATAAAT-3′
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by Ribosomal Database Project classifier (Wang et al., 2007)
against its reference database (Cole et al., 2014) with confidence
cutoff 0.8. Then representative sequences were aligned against
the SILVA bacterial database (SILVA version 128) using PyNAST
(Caporaso et al., 2010a). Singletons were removed before further
analysis (Bokulich et al., 2013).

Metagenome Library Preparation and
Sequencing
Qualified DNA samples were first cut into smaller fractions
by nebulization. Then, using T4 DNA polymerase, the
Klenow fragment and T4 polynucleotide kinase convert the
fragmentation-produced overhang into blunt ends. After the
adenine (A) base was added to the 3′ end of the blunt-ended
phosphorylated DNA fragments, the adaptor was ligated to
the end of the DNA fragment. Ampure beads were used
for purification and elimination the short fragments. PCR
amplification were performed to enrich the adapter-ligated
DNA fragments. Then, the PCR products were purified with
an AxyPrep Mag PCR clean up kit (Axygen, Corning, NY,
United States) following the manufacturer’s recommendations.
Sample libraries were quantified and analyzed using the Agilent
2100 Bioanalyzer and the ABI StepOnePlus Real-Time PCR
system. The qualified libraries were then sequenced on the
Illumina HiSeqTM platform.

Metagenome Assembly and
Bioinformatic Analysis
SOAPdenovo2 was used to reassemble high-quality data (Luo
et al., 2012). SOAPdenovo results were further assembled with
Rabbit to obtain longer contigs (You et al., 2013). For each
sample, the reads were assembled in parallel with a series of
different k-mer sizes. SOAP2 was used to map the reads back
to each assembly result, and selected the optimal k-mer size
and assembly results based on contig N50 and mapping rate (Li
et al., 2009). Based on the assembly results, MetaGeneMark v2.10
(Tang and Borodovsky, 2010) using default parameters1 predicted
the presence of open reading frames. Genes from different
samples were combined by CD-Hit clustering (Li and Godzik,
2006) (sequence identity threshold, 95%; alignment coverage
threshold, 90%).

CAZyme Annotation and
Taxonomic Profiling
The CAZy gene encoding contigs from the metadata were
identified and classified based on the CAZymes database
(Cantarel et al., 2009)2 by the carbohydrate-active enzyme
analysis toolkit (CAT) (Park et al., 2010) at an E-value of
1 × 10−5. Putative plant cell wall polysaccharide-degrading
enzymes belonging to different CAZy families were identified
and classified based on sequence-based annotation. The CAZyme
encoding contigs were analyzed manually for different classes
of CAZymes: GHs, GTs, CEs, CBMs, and PLs. Subsequently,

1http://exon.gatech.edu/GeneMark/
2http://www.cazy.org

the CAZy results obtained were analyzed manually to determine
the proportions of the different CAZymes present in the rumen
metagenome data.

The CAZy results of the gene were searched against the
sequences in the NR database using the BLASTP algorithm with
an E-value cutoff of 1 × 10−5, and the best hits were subjected
to analysis with Metagenome Analyzer (MEGAN) (Huson et al.,
2011), a program for taxonomic analysis, which could accurately
classify DNA sequences as short as 100 bp.

Pyrosequencing Data Accession Number
The Illumina sequencing raw data for our samples have
been deposited in the NCBI Sequence Read Archive (SRA)
under accession number: PRJNA522848 (Metagenome) and
PRJNA45088 (16S rRNA).

Statistical Analysis
Community richness and diversity, such as Chao1, and Shannon
indices, which are used to illustrate significant differences
among samples, were assessed by the program MOTHUR
v.1.35.0 (Schloss et al., 2009). The statistical significances
were tested by Kruskal–Wallis H-test adjusted with false
discovery rate, using R (R Core Team, 2016) facilitated
with agricolae package (Mendiburu, 2016). The statistical
significance was declared at 0.01 < P-value < 0.05 “∗”, and
P-value < 0.01 “∗∗”. Beta diversity was measured according to
Bray–Curtis distances which were calculated by QIIME, and
displayed using Principal Coordinate Analysis (PCoA). The
significance of grouping in the PCoA plot was tested by analysis
of similarity (ANOSIM) in QIIME with 999 permutations
(R Core Team, 2016).

The percentage of GH data for each group relative to total GHs
identified, enzyme activity, and real-time PCR quantification
results were analyzed using the PROC MIXED procedure in
SAS 9.4 (SAS Institute Inc.), which included feed, time, and
feed × time as the fixed effects, and individual group as the
experimental unit.

RESULTS

Rumen Metagenome Sequence Data
Statistics and Rumen Bacterial Diversity
Metagenome sequencing of the total DNA from 12 rumen
samples generated approximately 9.01 gigabases of raw sequence
data. The statistical elements of the assemblies were calculated
and the metagenomic data analysis statistics are provided in
Table 3. At the domain level, evolutionary analysis revealed that
∼95 and ∼90% of sequences were binned to bacteria, ∼0.05
and ∼0.10% to archaea, and ∼0.08 and ∼0.05% to eukaryotes in
LF and HF treatments, respectively (Supplementary Table S1).
There were 17 bacterial phyla identified in the rumen samples.
Among these phyla, Bacteroidetes, Firmicutes, Proteobacteria,
Tenericutes, and Verrucomicrobia were the dominant phyla
(Supplementary Table S1), with increasing dietary forage levels,
the relative abundance of Bacteroidetes and Verrucomicrobia
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TABLE 3 | Rumen metagenome data assembly analysis statistics using in-house Perl scripts.

Sample HF LF

BF (0h)1 AF (4h)2 BF (0h) AF (4h)

Number of Contigs 1.24 × 105 1.45 × 105 1.26 × 105 1.29 × 105

Assembly Length (bp) 1.67 × 108 1.91 × 108 1.72 × 108 1.77 × 108

N50 (bp) 1,632 ± 53 1,556 ± 76 1,643 ± 95 1,664 ± 147

N90 (bp) 621 ± 7.55 618 ± 5.69 632 ± 4.04 631 ± 11.67

Max Contig (bp) 1.45 × 105 1.48 × 105 1.60 × 105 1.39 × 105

Mix Contig (bp) 500 ± 0.00 500 ± 0.00 500 ± 0.00 500 ± 0.00

Average Size (bp) 1,352 ± 41.79 1,321 ± 33.53 1,365 ± 52.12 1,396 ± 100.24

1BF (0h), before feeding (0 h); 2AF (4h), after feeding (4 h).

FIGURE 1 | (A) Chao 1 indices of alpha diversity base on OUT level. (B) Shannon indices of alpha diversity base on OUT level. (C) Beta diversity: principal
coordinate analysis (PCoA) of bacterial community structure based on Buray–Curtis distances for two treatments of before and after feeding. (D) ANOSIM analysis of
bacterial community structure based on Buray–Curtis distances for two treatments of before and after feeding. ∗(0.01 < P < 0.05); ∗∗(P < 0.01).

increased. As the sampling time increased, the relative abundance
of Bacteroidetes decreased, whereas that of Tenericutes and
Verrucomicrobia increased.

In this study, the rumen bacterial alpha diversity was
measured by Chao 1 and Shannon indices for different dietary
treatments before (0 h) and after (4 h) feeding. The Chao
1 index of HF treatment was significantly (P < 0.01) higher
compared with that of the LF treatment, and a similar pattern
was shown by Shannon indices (Figures 1A,B). Under HF

treatment, the Chao 1 index for HF4h was higher than that
for HF0h. However, there was no difference in Shannon
indices between the two HF groups. This result indicated that
forage can increase bacterial richness and diversity. The beta
diversities of bacterial communities for different diets before
and after feeding were calculated and visualized by PCoA
using the Bray–Curtis distance (Figure 1C). The bacterial
communities were distinct between HF and LF treatments,
and the samples in HF0h and HF4h groups of HF treatment
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FIGURE 2 | Percent contributions of CAZymes from the major microbial communities in cattle rumens. Each graph shows the abundance of 15 genera that are the
major contributors of CAZymes to the Holstein cow rumen ecosystem. GH stands for glycoside hydrolase, GT for glycosyltransferase, CBM for
carbohydrate-binding module, CE for carbohydrate esterases, and PL for polysaccharide lyase. All genera in each sample totaled 100%.

TABLE 4 | Percentage of CAZymes contributed by GH, GT, CBM, CE, and PL (all CAZymes were collectively considered 100%).

HF LF SEM3 P-value4

BF AF BF AF Feed Time Feed∗Time

(0h)1 (4h)2 (0h) (4h)

GH 57.47 57.19 56.81 56.16 0.393 NS NS NS

GT 18.40 18.55 20.14 20.82 0.386 ∗∗ NS NS

CE 11.60 11.74 10.13 10.86 0.037 ∗∗ NS NS

PL 2.26 2.35 2.60 2.11 0.007 NS ∗ ∗∗

CBM 10.25 10.16 10.32 10.72 0.052 NS NS NS

1BF (0h), before feeding (0 h); 2AF (4h), after feeding (4 h); 3SEM for feed × time; 4NS, not significant (P > 0.05); ∗, (0.01 < P < 0.05); ∗∗, (P < 0.01). GH stands for
glycoside hydrolase, GT for glycosyltransferase, CBM for carbohydrate-binding module, CE for carbohydrate esterase, and PL for polysaccharide lyase.

clustered based on different time groups were significant
distinction (Figure 1D).

Rumen Metagenome Mapping for
CAZymes and Microbial Composition
A total of 43,630 putative homology-based contigs were inferred
with MetaGeneMark and analyzed using the CAZymes analysis
toolkit (CAT, see text footnote 2) (Cantarel et al., 2009). CAZymes
were determined to belong to different classes (GHs, GTs, CBMs,
CEs, and PLs) by CAT are shown in Table 4. GT and CE family
abundances (25 and 15 families, respectively) were significantly
affected by feed, and GT family abundance was higher under LF
treatment than HF treatment (Table 4 and Supplementary Table
S2); however, the CE families showed a reverse pattern. The GT
families were the second-most abundant in CAZymes; of the 25
GT families identified in this study, enzymes of the GT2 and
GT4 families contributed a large proportion (>65%) of the total
GTs (Table 4 and Supplementary Table S2). Eight PL families
were detected by CAT analysis, and a significant interaction

between feed and time was observed for PLs. The abundance
of GHs was not affect by diet and time (Table 5), but these
families were the most abundant in the rumen metagenomes
of CAZymes and included 78 different families (Supplementary
Table S2), which accounted for approximately 57% (average
of the four groups) of the enzymes categorized in the CAZy
database (Table 5). Moreover, 28 CBM families were also detected
by CAT analysis.

Phylogenetic analysis of CAZyme contigs showed that
Prevotella and Bacteroides primarily contributed CAZyme-
encoding gene fragments of the GH, GT, CBM, CE, and PL
families in the Holstein cow rumen metagenome (Figure 2).
The number of enzymes that belonged to Prevotella was
significantly higher in LF than HF groups; the reverse was
observed for Bacteroides. Alistipes was found in all five
categories, with its highest abundance in the CBM family
of the HF groups, followed by the GH, GT, PL, and CE
families of the HF groups (Figure 2). The number of enzymes
from Ruminococcus, one of the most dominant cellulolytic
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TABLE 5 | Data for the major GH families identified in our study and other studies.

Enzyme and
CAZy family

Major activity % of each group relative to total GHs identified in each dataset

Holstein cow Holstein Jersey Buffaloc HF

(this study) cowa cowb crossd

HF LF SEM3 P-Value4 AF AF AF AF

(1h) (no found) (3h) (2h)

BF AF BF AF Feed Time Feed∗time

(0h)1 (4h)2 (0h) (4h)

Cellulases

GH5 Cellulases,
endoglucanase

4.22 3.89 3.52 3.68 0.008 ∗∗ NS ∗ 9.41 7.45 1.51 2.40

GH6 endoglucanase 0.00 0.00 0 0 0.35 0.31 0.00 0.00

GH7 endoglucanase 0.00 0.00 0 0 0.00 0.00 0.00 0.00

GH9 endoglucanase 1.54 1.39 0.93 0.94 0.003 ∗∗ NS NS 13.71 2.48 0.26 0.80

GH44 endoglucanase 0.00 0.00 0 0 0.35 0.00 0.00 0.03

GH45 endoglucanase 0.00 0.00 0 0 3.94 0.00 0.05 0.08

GH48 cellobiohydrolases 0.00 0.00 0 0 7.65 0.00 0.00 0.03

GH88 β-glucuronyl
hydrolase

0.32 0.26 0.18 0.18 0.001 ∗∗ NS NS 0.00 0.00 1.61 0.00

GH95 α-L-fucosidase 2.31 2.40 3.46 2.36 0.004 NS NS NS 0.00 0.00 0.00 0.00

Subtotal 8.39 7.94 8.09 7.16 35.40 10.25 3.43 3.34

Endo-hemicellulases

GH8 Endoxylanses, 0.50 0.62 0.82 0.79 0.003 ∗∗ NS NS 1.11 0.00 0.00 0.22

GH10 endo-1,4-
β-xylanases

0.80 0.95 0.94 0.89 0.003 NS NS ∗ 8.48 10.87 2.65 1.30

GH11 xylanases 0.00 0.00 0 0 4.78 0.00 0.16 0.20

GH12 xyloglucanases 0.00 0.00 0 0 0.00 0.31 0.00 0.62

GH26 β-mannanase and
xylanases

1.01 1.00 1.01 0.92 0.002 NS NS NS 3.12 0.31 1.04 0.3

GH28 Polygalacturonase 3.31 3.33 4.23 4.1 0.007 ∗∗ NS NS 1.26 0.00 0.21 0.2

GH53 endo-1,4-
β-galactanases

1.24 1.38 1.4 1.41 0.005 ∗ NS NS 1.84 5.59 1.46 6.75

Subtotal 6.86 7.28 8.41 8.11 20.59 17.08 5.51 10.07

Oligosaccharide-degrading enzymes

GH1 β-glucosidases 0.04 0.04 0.09 0.07 ∗ NS NS 5.07 3.11 0.05 3.75

GH2 β-galactosidases 9.53 9.72 9.16 8.88 0.043 ∗∗ NS NS 6.01 4.97 10.03 5.48

GH3 β-glucosidases 10.82 11.20 12.51 12.4 0.035 ∗∗ NS NS 12.20 14.91 18.35 9.37

GH13 α-Amylase 5.14 5.28 6.76 2.22 0.050 ∗∗ NS NS 0.00 4.66 3.95 5.48

GH18 Chitinase 0.41 0.38 0.63 0.59 0.001 ∗∗ NS NS 0.00 0.62 0.42 5.06

GH20 β-Hexosaminidase 1.90 1.70 0.74 0.8 0.007 ∗∗ NS NS 0.00 0.31 3.17 2.75

GH27 α-Galactosidase 0.71 0.65 0.32 0.31 0.001 ∗∗ NS NS 0.00 0.31 1.77 0.40

GH29 α-L-fucosidosis 1.90 1.65 1.15 1.21 0.006 ∗∗ NS ∗ 1.64 0.93 2.29 0.82

GH31 α-Glucosidase 4.01 4.18 4.38 4.3 0.023 NS NS NS 0.00 1.55 5.09 2.00

GH32 Invertase,
endo-inulinase

1.76 1.91 2.36 2.31 0.005 ∗∗ NS NS 0.00 2.48 1.56 2.25

GH35 β-galactosidases 0.76 0.77 0.94 0.92 ∗∗ NS NS 0.67 0.62 0.78 0.48

GH38 α-mannosidases 0.03 0.02 0.01 0.01 ∗∗ ∗∗ ∗∗ 0.47 0.31 0.26 1.89

GH39 β-xylosidases 0.01 0.01 0.02 0.01 NS NS ∗∗ 0.37 5.59 0.00 4.10

GH42 β-galactosidases 0.04 0.03 0.08 0.05 ∗∗ ∗ ∗ 0.79 0.00 0.10 0.04

GH43 arabino/xylosidases 10.24 10.63 11.29 11.34 0.056 ∗∗ NS NS 9.35 8.70 2.96 2.58

GH52 β-xylosidases 0.00 0.00 0 0 0.00 0.00

GH57 α-Amylase 1.23 1.20 1.04 1.05 0.001 ∗∗ NS NS 0.00 0.00 0.57 0.60

GH92 α-1,2-mannosidase 3.29 2.83 1.98 2.3 0.018 ∗∗ NS ∗∗ 1.24 7.02 2.58

(Continued)
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TABLE 5 | Continued

Enzyme and
CAZy family

Major activity % of each group relative to total GHs identified in each dataset

Holstein cow Holstein Jersey Buffaloc HF

(this study) cowa cowb crossd

HF LF SEM3 P-Value4 AF AF AF AF

(1h) (no found) (3h) (2h)

BF AF BF AF Feed Time Feed∗time

(0h)1 (4h)2 (0h) (4h)

GH94 cellobiose
phosphorylase

0.91 0.94 1.15 0.97 0.001 ∗∗ ∗ ∗∗ 33.43 0.00 1.14

GH97 α-Glucosidase 4.87 5.00 5.06 5.13 0.008 NS NS NS 0.00 0.00 5.98 1.28

GH130 β-1,4-
Mannosylglucose
phosphorylase

1.13 1.11 0.97 0.94 0.001 ∗∗ NS NS 0.00 0.00 0.00 0.69

Subtotal 58.73 59.25 60.64 55.81 40.19 50.31 65.49 51.59

Debranching enzymes

GH23 Peptidoglycan lyase 1.73 1.64 1.35 1.51 0.003 ∗∗ NS ∗ 0.00 1.55 3.17 4.99

GH33 trans-Sialidase 1.06 0.89 0.42 0.45 0.002 ∗∗ NS ∗ 0.00 1.24 0.31 1.42

GH51 α-L-arabino
furanosidases

3.61 3.65 3.88 3.67 0.012 NS NS NS 1.50 0.31 1.35 0.60

GH54 α-L-arabino
furanosidases

0.23 0.21 0.013 0.007 ∗∗ NS ∗ 0.08 0.00 0.42 0.13

GH62 α-L-arabino
furanosidases

0.00 0.00 0 0 0.00 0.00 0.00 0.00

GH67 α-glucuronidases 0.88 0.94 1.11 1.14 0.001 ∗∗ NS NS 0.43 0.00 2.49 0.36

GH77 4-
α-Glucanotransferase

0.37 0.33 0.61 0.65 ∗∗ NS ∗ 0.31 2.81 1.61

GH78 α-L-rhamnosidase 2.19 2.03 1.47 1.37 0.005 ∗∗ ∗ NS 1.80 4.04 2.86 1.73

GH84 N-Acetyl 0.01 0.01 0.14 0.24 ∗∗ ∗∗ ∗∗ 3.81 0.31 0.21 2.06

GH103 β-glucosaminidase
transglycosylase

0.00 0.00 0.27 0.32 0.001 ∗∗ NS NS 0.00 0.00 0.00 1.36

GH127 α-Galactosidase 1.38 1.34 1.29 1.26 0.002 ∗ NS NS 0.00 0.00 4.26 1.57

Subtotal 11.46 11.04 10.55 10.62 7.62 7.76 17.88 15.84

1BF (0h), before feeding (0 h); 2AF (4h), after feeding (4 h); 3SEM for feed × time; 4NS, not significant (P > 0.05); ∗, (0.01 < P < 0.05); ∗∗, (P < 0.01). (a) Dai et al.
(2015), shotgun metagenomic sequencing using the Roche 454 GS FLX. Each number is the average of two Holstein cow rumen samples. (b) Wang et al. (2013),
shotgun metagenomic sequencing using the Roche GS FLX. Each number is the average of two Jersey cow rumen samples. (c) Patel et al. (2014), shotgun metagenomic
sequencing using Life Ion Torrent PGM. Each number is the average of four Buffalo rumen samples. (d) Jose et al. (2017b), shotgun metagenomic sequencing using
Illumina MiSeq. Each number is the average of three HF cross rumen samples.

bacteria of the GH families, was higher under HF treatment
than LF treatment (Figure 2). Butyrivibrio and Fibrobacter
were detected in the GH families, and were higher under
HF treatment than LF treatment (Figure 2). Prevotella,
Bacteroides, Alistipes, Clostridium, and Ruminococcus were
found in all five CAZyme categories and were the primary
contributors of CAZymes.

Comparison of GH Families of Cows Fed
Two Different Diets
Out of the 78 GH families identified, 39 were reported to be
involved in the direct degradation of plant fiber (Table 5).
Four GH families (GH5, GH9, GH88, and GH95) were
mainly found to be associated with cellulolytic functions, and
represented 7.96 and 8.53% (average of BF0h and AF4h)
of the total GHs under HF and LF treatments, respectively.

The abundances of GH5, GH9, and GH88 were significantly
affected by diets, and GH5 was also affected by feed and
time interaction.

Five GH families (GH8, GH10, GH26, GH28, and GH53) were
detected in our study, and have important roles in hemicellulose
degradation (Table 5). Time treatment did not affect GH8,
GH10, GH26, GH28, and GH53, but GH8 and GH28 were
significantly (P < 0.01) affected by feed. Percentage of GH10
was also significantly affected (P < 0.01) by interaction between
feed and time. The pivotal series of enzymes that are responsible
for hydrolysis of the main chain of galactooligosaccharides,
such as galacturonases and endo-1,4-galactanase, were present
in the GH28 and GH53 families. These enzymes represented
approximately 66% (average of the four groups) of the
endo-hemicellulases, which were more abundant under LF
treatment; however, there was no difference between the LF0h
and LF4h groups.
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TABLE 6 | Enzyme activity of cows fed two different diets.

HF LF SEM3 P-value4

BF AF BF AF Feed Time Feed∗time

(0h)1 (4h)2 (0h) (4h)

CMCase 8.94 7.99 9.51 7.51 0.317 NS ∗∗ NS

β-glucosidase 15.75 18.03 16.61 21.97 0.382 ∗∗ ∗∗ ∗∗

Xylanase 13.16 10.81 11.62 9.18 0.758 ∗ ∗∗ NS

β-xylosidase 3.54 3.44 2.91 3.18 0.114 NS NS NS

1BF (0h), before feeding (0 h); 2AF (4h), after feeding (4 h); 3SEM for feed × time; 4NS, not significant (P > 0.05); ∗, (0.01 < P < 0.05); ∗∗, (P < 0.01).

Oligosaccharide-degrading enzymes had a greater abundance
of GH families than other cellulose-degrading enzymes, and
represented 60.64, 55.81, 58.73, and 59.25% of the total GHs in
the LF0h, LF4h, HF0h, and HF4h groups, respectively (Table 4).
No noticeable differences of the GH31, GH39, and GH97
families were observed between HF and LF treatments; however,
the other GH families of oligosaccharide-degrading enzymes
were affected by feed (Table 5). Among them, GH38, GH42,
and GH94 were also affected by time and interaction between
feed and time. Among the GHs responsible for oligosaccharide
degradation (oligo-GHs), GH2, GH3, GH13, GH31, and GH43
were the main GHs, which accounted for ∼70% of all oligo-
GHs (Table 5). Of those GHs, GH3 was the most abundant
(20.63, 22.22, 18.42, and 18.90% of total oligo-GHs in the
LF0h, LF4h, HF0h, and HF4h groups, respectively). The second
most abundant was the coding endoglucanase GH43, and
the abundance was significantly (P < 0.01) higher under LF
treatment than HF treatment.

Debranching enzymes were also identified by CAT analysis
and belonged to the GH23, GH33, GH51, GH54, GH67, GH78,
and GH127 families; of these, GH51, GH67, and GH78 were more
abundant and have the function of α-L-arabinofuranosidases,
α-glucuronidases, and α-L-rhamnosidases, respectively (Table 5).
GH51 was the most abundant, but was not affected by feed,
time, or the interaction between feed and time. GH78 was
significantly (P < 0.01) more abundant under HF treatment
than LF treatment.

Enzyme Activity of Cows Fed Two
Different Diets
Endo-1,4-glucanase (the CMCase) and β-glucosidase were the
main cellulases. In this study, the CMCase was affected by time,
and at 0 h before feeding had significantly higher (P < 0.01)
activity than at 4 h after feeding (Table 6). HF-fed cows had
greater β-glucosidase activity than LF-fed cows. β-glucosidase
activity at 4 h after feeding was significantly (P < 0.01) higher
than that at 0 h before feeding, and β-glucosidase activity was
also affected by a significant (P < 0.01) interaction between
feed and time (Table 6). Xylanase and β-xylosidase are the
main hemicelluloses. Xylanase activity in HF-fed cows was
significantly (P < 0.01) higher than that in LF-fed cows, and
at 4 h after feeding was significantly (P < 0.01) decreased
compared with at 0 h before feeding. Dietary treatment did
not affect β-xylosidase activity, but substantial variation was

observed between the treatments. For example, β-xylosidase
activity ranged from, on average, 3.49 U in HF-fed cows to 3.04
U in LF-fed cows.

Fiber-Degrading Bacteria
Characterization and Predominant
Fiber-Degrading Bacteria Relative
Quantification
After statistical analysis, all genus-level data were converted back
into CAZyme (GH) percent relative abundance are presented
in Table 7. The cel-GH (GH families responsible for cellulose
degradation) reads mainly originated from Bacteroides and
Prevotella, and were also affected by feed. Our data showed
that Fibrobacter content was the highest, and these bacteria play
an important role in cellulose degradation. Butyrivibrio relative
abundance was affected by time, and was higher at 4 h after
feeding than at 0 h before feeding.

The majority of the hemi-GH (GH families responsible for
hemicellulose degradation) reads in samples originated from
Bacteroides, Prevotella, and Ruminococcus (Table 7), which were
significantly affected by feed, and Bacteroides and Prevotella
abundances were higher under LF treatment than under HF
treatment. Under HF treatment, Fibrobacter relative abundance
was higher than that under LF treatment, and after feeding was
higher compared with before feeding; there was a significant
(P < 0.05) interaction between feed and time related to
Fibrobacter relative abundance.

The oligo-GHs (GHs responsible for oligosaccharide
degradation) contained the most bacterial genera and the
greatest relative abundance compared with cel-GHs and
hemi-GHs (Table 7). The bacterial genera were primarily
Bacteroides and Prevotella, and the relative abundances were
significantly (P < 0.01) higher compared with that of cel-GHs
and hemi-GHs. Bacteroides and Prevotella were the main
contributors to oligosaccharide degradation, followed by
Alistipes, Draconibacterium, Paludibacter, and Clostridium.
Based on our data, the relative abundances of Butyrivibrio,
Fibrobacter, and Ruminococcus, which were the major producers
of cel-GH, appeared to contribute little to oligo-GH hydrolysis.

Abundance of the predominant fiber-degrading bacteria was
measured by Real-Time qPCR quantification in two treatments,
both before or after feeding. Ruminococcus flavefaciens and
R. albus bacteria were derived from Ruminococcus. Based on
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TABLE 7 | Taxonomic affiliation of putative cellulase, hemicelluase, and oligosaccharide-degrading enzymes.

HF LF SEM3 P-value4

BF AF BF AF Feed Time Feed∗time

(0h)1 (4h)2 (0h) (4h)

Cellulases (genera)

Alistipes 0.026 0.017 0.003 0.003 ∗∗ NS NS

Bacteroides 1.949 1.801 0.105 0.944 0.0032 ∗∗ ∗ NS

Prevotella 3.411 3.881 5.923 5.716 0.0389 ∗ NS NS

Ruminococcus 0.014 0.009 0.007 0.009 NS NS NS

Butyrivibrio 0.468 0.621 0.521 0.767 0.0037 NS ∗ NS

Fibrobacter 0.279 0.417 0.251 0.240 0.0036 NS NS NS

Paraprevotella 0.026 0.023 0.007 0.006 ∗∗ NS NS

Parabacteroides 0.032 0.021 0.003 0.001 ∗∗ ∗ ∗

Hemicellulases (genera)

Alistipes 0.130 0.119 0.035 0.036 ∗∗ NS NS

Bacteroides 1.593 1.514 0.812 0.839 0.0025 ∗∗ NS NS

Butyrivibrio 0.074 0.025 0.204 0.055 0.0014 ∗ ∗ NS

Prevotella 3.532 4.071 6.278 6.011 0.0270 ∗∗ NS ∗

Ruminococcus 1.364 1.118 0.736 0.826 0.0137 ∗∗ NS NS

Fibrobacter 0.193 0.561 0.179 0.175 0.0073 ∗ ∗ ∗

Paraprevotella 0.008 0.004 0.017 0.027 ∗∗ NS ∗

Oligosaccharide-degrading enzymes

Alistipes 2.013 1.825 0.266 0.275 0.0073 ∗∗ NS NS

Bacteroides 11.847 11.021 5.848 5.682 0.1127 ∗∗ NS NS

Prevotella 23.322 26.878 38.880 39.036 3.0056 ∗∗ NS NS

Butyrivibrio 0.090 0.147 0.061 0.042 0.0015 ∗∗ NS ∗

Draconibacterium 0.252 0.165 0.000 0.000 0.0022 ∗∗ NS NS

Fibrobacter 0.022 0.017 0.000 0.000 ∗∗ NS NS

Ruminococcus 0.028 0.026 0.038 0.024 NS NS NS

Clostridium 0.019 0.019 0.052 0.046 0.0018 NS NS NS

Paludibacter 0.319 0.260 0.008 0.012 ∗∗ ∗ ∗

Roseburia 0.000 0.000 0.288 0.014 0.0024 ∗ ∗ ∗

Main fiber-degrading bacterial relative expression (%) of total bacterial

Ruminococcus flavefaciens 1.972 2.659 2.332 2.638 0.0421 NS ∗ NS

Ruminococcus albus 0.161 0.309 0.357 0.247 0.0021 NS NS ∗∗

Fibrobacter succinogenes 0.186 0.357 0.322 0.518 0.0017 ∗∗ ∗∗ NS

Butyrivibrio fibrisolvens 0.562 0.667 0.388 0.180 0.0001 ∗∗ NS ∗∗

1BF (0h), before feeding (0 h); 2AF (4h), after feeding (4 h); 3SEM for feed × time; 4NS, not significant (P > 0.05); ∗(0.01 < P < 0.05); ∗∗(P < 0.01).

cDNA level, the R. flavefaciens activity at 4 h after feeding was
significantly higher compared with that at 0 h before feeding.
Fibrobacter succinogenes activity was significantly affected by
feed and time. Butyrivibrio fibrisolvens activity was significantly
(P < 0.01) affected by feed, and a significant (P < 0.01)
interaction between feed and time was observed for R. albus and
B. fibrisolvens activity.

DISCUSSION

The rumen is a complex ecosystem that harbors a wide
variety of microorganisms. Bacteroidetes, Firmicutes, and
Proteobacteria were the most predominant bacteria in the
rumen, which was recognized by most previous studies
(Dai et al., 2015; Wang et al., 2017; Zhang et al., 2017).

Martinezgarcia et al. (2012) showed that Verrucomicrobia
could hydrolyze diverse polysaccharides. In the present study,
Verrucomicrobia was significantly higher in the HF group than
in the LF group, which might indicate that Verrucomicrobia
plays an important role in the degradation of plant cell
wall polysaccharides.

Linking phylogeny to function is a recurrent question
in microbiology of rumen. A growing number of rumen
metagenomic studies have shown physical and chemical
properties of functional genes in rumen samples, which provided
a way to evaluate the relationship of phylogeny to function (Hess
et al., 2011; Singh et al., 2015). Therefore, analysis of CAZyme-
regulating gene abundance and categories in cow rumens could
help characterize fiber degradation. Metagenomic analysis of
microbial consortia enriched in the rumen showed that GH
families were most abundant.
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Rumen Metagenome Mapping
for CAZymes
The GHs comprise a large group of enzymes involved in
the metabolism of polysaccharides such as starch, cellulose,
xylan, and chitin (Stewart et al., 2018). Because of the most
abundance and wide distribution of GH-encoding genes across
genomes, this enzyme class is the best characterized of the
CAZymes (Berlemont and Martiny, 2015). GTs were the second
most abundant CAZy family in the Holstein cow rumen, and
were reported to catalyze the activated oligosaccharides or
glycosidic bonds to different receptors (e.g., proteins, nucleic
acids, oligosaccharides, lipids, and small molecules) (Lairson
et al., 2008). The results of this study showed that the GTs
family abundance was higher under LF treatment and was
significantly affected by feed. 25 GT families were identified in
the rumen metagenome, and GT2 and GT4 family enzymes were
a large proportion (>65%) of the total GTs (Supplementary
Table S2); these results were similar to those for Indian
crossbred cattle (Jose et al., 2017b). The results showed that
the CE families was higher in HF treatment than that in
LF treatment. The CE1 family made up 36.30 and 30.60%
of all CE families in the rumen of HF- and LF-fed cows,
respectively. These results indicate that the greater abundance
of CE families under HF treatment was caused by the presence
of the CE1 family. Feruloyl esterase, which is encoded by the
CE1 family, is essential for plant fiber degradation and is the
predominant member of the CE family (Biely, 2012). PLs,
which cleave glycosidic bonds in acidic polysaccharides (Stewart
et al., 2018), were the least abundant CAZyme classes in the
cow rumen metagenome, and this result was consistent with
that of Jose et al. (2017a).

GH Family Composition and Diversity
The GH families include enzymes that hydrolyze glycosidic
bonds by various glucosides or oligosaccharides, and was the
most abundant family among those included in the CAZy
databases (Solden et al., 2018). Among the 156 GH families
in the CAZy database3, 78 families were presence in the
Holstein cow rumen metagenome in this study, which indicates
that the Holstein cow rumen might undergo an intricate
process to break down plant cell wall polysaccharides. Our
results revealed that genes that encoded cellulases (cel-GH)
mainly belonged to the GH5, GH9, GH88, and GH95 families,
which was also determined by previous studies (Wang et al.,
2013; Patel et al., 2014; Solden et al., 2018). Among cel-
GHs, the GH5 family was the most abundant, and GH5 is
well known with activities of β-1,4-endoglucanase and β-1,4-
endomannanase, and GH9 also have endoglucanase activity
(Maharjan et al., 2018). Naas et al. (2014) predicted that
the GH5 and GH9 families could break down cellulose
into cellobiose and act on β-(1,4)-linked glucose units in
amorphous cellulose and β-glucan. In this study, endoglucanase
(CMCase) activity was higher under LF treatment than HF

3http://www.cazy.org/Glycoside-Hydrolases.html

treatment (Table 6), and was similar to GH5 and GH9
relative abundances.

There are five GH families that are degrading hemicellulose
and belong to hemicellulase, referred to as hemi-GHs. Among
hemi-GH, GH28 family was the most abundant, followed by
GH53, and the relative abundant of both under LF treatment
was higher than under HF treatment. Polygalacturonase
were dominated belong to GH28 and acting α-1,4-glycosidic
bond, which plays an important role in pectin digestion
(Zhao et al., 2014). GH8 representing the endoxylanses
has been found to be the most critical hydrolase and
in xylan hydrolase system and it hydrolyzes xylan into
oligosaccharides and xylodisaccharides. Then β-xylosidase
hydrolyzes oligosaccharides and xylodisaccharides into xylose.
In present study, the content of xylose in HF treatment was
higher than in LF treatment (Table 6, β-xylosidase). Our results
indicate that xylose has feedback inhibition on endoxylanase.
Putative arabinogalactan end-1,4-β-galactosidase gene were
found belong to GH53, and degrading the hemicellulose
side chains and pectin. The large number of CAZy genes
found is indicative of the potential of various rumen
bacteria to utilize carbohydrates as their main substrates
(Supplementary Table S3).

Patel et al. (2014) reported that oligosaccharide-degrading
enzymes in buffalo were more abundant by approximately 64%,
with GH43 being the most abundant family, followed by GH3.
The GH3 family encodes β-glucosidase, xylan, β-1,4-xylosidase,
and glucosylceramidase. β-glucosidase play an central role both
in the production of glucose and, crucially, in the alleviation
of the product inhibition of cellobiose during the cellulose
degradation process itself (Agirre et al., 2016). In this study,
among the four groups, β-glucosidase was the highest in the LF 4h
group, this indicates that the LF 4h group has more glucose, then,
glucose is uptaken by rumen microbes and rapidly degraded into
volatile fatty acids by enzymes, which provides energy for the host
and have lowest pH (Kuruti et al., 2017). The function of GH3
indicates that it is a rate-limiting enzyme in the rumen cellulose
degradation process.

Debranching enzymes, such as β-xylosidase,
α-larabinofuranosidase, and arabinanase, are crucial components
of hemicellulolytic enzyme that promote endo-enzymes acting
on their substrate (Comtetmarre et al., 2017). GH51 (α-l-
arabinofuranosidases), GH67 (α-glucuronidases), and GH78
(α-L-rhamnosidase) were the main debranching enzymes (Patel
et al., 2014; Dai et al., 2015; Jose et al., 2017a). In our study,
GH51 (α-L-arabinofuranosidases/endoglucanase) was the most
abundant debranching enzyme, which indicated that was the
main debranching enzyme.

Microbial Community Analysis of
Putative CAZyme Contigs and
Cellulase Degradation
In this report, we present a metagenomic analysis of the
fiber-degrading microbiomes of cows fed two different diets.
Previous studies showed that rumen microbiota play vital roles
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in plant fiber degradation (Kittelmann and Janssen, 2011; Li
et al., 2012). At the genus level, the comparative abundances
of the 15 most abundant genera among GHs, GTs, CEs,
PLs, and CBMs are shown in Figure 2 and indicate that
Prevotella and Bacteroides contribute a significant proportion
of CAZymes under LF treatment, which is consistent with the
findings of Stewart et al. (2018). Prevotella and Bacteroides
both belong to the phylum Bacteroidetes, and Solden et al.
(2018) reported that Bacteroidetes play an important role in
rumen carbon degradation, and the abundance of Bacteroides
increased with the increase of fiber in diets (Pitta et al.,
2014). The results of this study showed that the Prevotella
abundance was highest in GHs, GTs, CEs, PLs, and CBMs,
and significantly higher in LF treatment than HF treatment,
which was consistent with the findings of previous studies
(Bekele et al., 2010), and indicated that they might be the
essential microorganisms and maintained normal digestive
function of the rumen. Alistipes in HF groups was more
abundant in CAZyme class GHs and CBMs than in LF groups.
He et al. (2015) showed that a reduction in the amount of
Alistipes and Bacteroides is known to be associated with low-
carbohydrate diets.

In the rumen, Bacteroides, Butyrivibrio, Ruminococcus, and
Fibrobacter were the dominant fibrolytic microorganisms.
The enzymes produced by these microbial communities
are reported to have the potential to digest plant polymers,
such as cellulose, hemicellulose, and oligosaccharide-
degrading enzymes (Whitman, 2015; Díaz et al., 2017). In
present study, the results of Bacteroides relative abundances
further confirmed that Bacteroides was the main producer of
oligosaccharide-degrading enzymes. Meanwhile, Ruminococcus
relative abundance in hemicellulases was higher under
HF treatment than LF treatment, which indicates that
Ruminococcus may play an important role in hemicellulose
degradation. Prevotella abundance was relatively highest in
oligosaccharide-degrading enzymes (Table 7). This could
be explained by the fact that Prevotella can degrade and
utilize starch and plant cell wall polysaccharides, such as
xylan and pectin, but cannot degrade cellulose (Zened et al.,
2013). Alistipes was higher in oligosaccharide-degrading
enzymes and significantly affected by feed. The results
of this study indicated that Alistipes are associated with
carbohydrate, especially oligosaccharide metabolism, as
previously reported (Wang et al., 2017). We also found
that Draconibacterium and Paludibacter were associated with
oligosaccharide-degrading enzymes, and with high relative
abundance (Supplementary Table S3). Paludibacter is involved
in oligosaccharide degradation in plants (Ghanbari et al., 2016).
Draconibacterium, which belongs to phylum Bacteroidetes,
encodes a variety of enzymes and proteins required for
glycolysis, the Krebs cycle, the pentose phosphate pathway, and
oxidative phosphorylation, which reflects the integrity of the
Draconibacterium metabolic pathway (Li et al., 2016), which
could explain the Draconibacterium was the main producer
of oligosaccharide-degrading enzymes. Furfure work should
investigate the glycan-degrading abilities of these different

bacteria to determine if the bacteria evolved to specialize on
different diets.

CONCLUSION

In conclusion, this study investigated individual changes in
CAZymes, and microbial composition variation in response
to the change of diet and time. We revealed that dietary
treatment has significant effects on the CAZymes in cattle
rumens. The dominant phyla and genera composition of the
CAZymes varied among the four groups, the Bacteroides,
Fibrobacter, and Ruminococcus largely increased as forage
increased, and were identified as the key contributors of
CAZymes, which indicated that the disparity amongst these
two factors should be taken into account when exploring
the CAZymes and related microbial composition. Therefore,
this study can enhance our understanding of a biomass
conversion system and demonstrates that numerous enzymes
are involved in cellulose degradation in the cow rumen,
which contributes to the improvement of forage utilization in
ruminant nutrition.
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The ruminant gastrointestinal tract (GIT) microbiome plays a major role in the health,
physiology and production traits of the host. In this work, we characterized the
bacterial and fungal microbiota of the rumen, small intestine (SI), cecum and feces
of 27 Nelore steers using next-generation sequencing and evaluated biochemical
parameters within the GIT segments. We found that only the bacterial microbiota
clustered according to each GIT segment. Bacterial diversity and richness as well as
volatile fatty acid concentration was lowest in the SI. Taxonomic grouping of bacterial
operational taxonomic units (OTUs) revealed that Lachnospiraceae (24.61 ± SD 6.58%)
and Ruminococcaceae (20.87 ± SD 4.22%) were the two most abundant taxa across
the GIT. For the fungi, the family Neocallismastigaceae dominated in all GIT segments,
with the genus Orpinomyces being the most abundant. Twenty-eight bacterial and
six fungal OTUs were shared across all GIT segments in at least 50% of the steers.
We also evaluated if the fecal-associated microbiota of steers showing negative and
positive residual feed intake (n-RFI and p-RFI, respectively) was associated with their
feed efficiency phenotype. Diversity indices for both bacterial and fungal fecal microbiota
did not vary between the two feed efficiency groups. Differences in the fecal bacterial
composition between high and low feed efficiency steers were primarily assigned to
OTUs belonging to the families Lachnospiraceae and Ruminococcaceae and to the
genus Prevotella. The fungal OTUs shared across the GIT did not vary between feed
efficiency groups, but 7 and 3 OTUs were found only in steers with positive and
negative RFI, respectively. These results provide further insights into the composition
of the Nelore GIT microbiota, which could have implications for improving animal
health and productivity. Our findings also reveal differences in fecal-associated bacterial
OTUs between steers from different feed efficiency groups, suggesting that fecal
sampling may represent a non-invasive strategy to link the bovine microbiota with
productivity phenotypes.

Keywords: GIT microbiota, beef cattle, 16S rRNA gene, ITS1, fecal samples, residual feed intake,
next-generation sequencing
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INTRODUCTION

Food-producing animals, such as monogastrics and ruminants,
are responsible for most of the meat and milk produced
worldwide, and these food products represent the main source
of protein in the human diet. Brazil is one of the main producers
of beef in the world, holding about 15% of the global meat exports
(Food and Agriculture Organization of the United Nations
[FAO], 2016). More than 90% of the Brazilian commercial cattle
herds are animals belonging to the Nelore breed, a variety of Zebu
(Bos indicus) that is well adapted to the environmental conditions
and tropical production systems endemic to Brazil, thereby
enabling production that is of global economic importance
(Associação Brasileira das Indústrias Exportadoras de Carnes
[ABIEC], 2017).

In order to make this production system more profitable and
sustainable, farmers often seek strategies to decrease feeding costs
through manipulation of rumen fermentation (e.g., ionophores)
(Benatti et al., 2017; Crossland et al., 2017); altering management
practices (e.g., supplements) (Jose Neto et al., 2016; Carvalho
et al., 2017) and selection of cattle that have better feed conversion
efficiencies (Nkrumah et al., 2006; Fidelis et al., 2017). Most of
these practices target the ruminant gastrointestinal tract (GIT)
microbiome and its function, as it is known to play a key role
in the physiology of the mammalian host. For example, the GIT
microbiota stimulates the immune system, produces vitamins
and can inhibit pathogenic bacteria (Ley et al., 2006; Turnbaugh
and Gordon, 2009; Cho and Blaser, 2012).

This association is even more relevant in ruminants since
herbivorous animals are entirely dependent on symbiotic
associations with anaerobic microorganisms from the GIT
microbiota to digest plant cell wall polysaccharides (e.g., cellulose,
hemicelluloses, and pectins) in the rumen (Krause and Russell,
1996). The rumen represents the main site for converting the
ingested dietary components into energy to the host, while the
microbiota colonizing the distal GIT (small and large intestine)
are considered crucial for animal health, and to a lesser extent,
the energy-harvesting functions of the host (Mao et al., 2015;
Myer et al., 2015c).

Therefore, investigating the differences in microbial
community composition across the ruminant GIT can provide
further insights linking animal phenotypes and production
traits with variation in microbial colonization and fermentation
at different portions of the GIT. Previously, Oliveira et al.
(2013) described the composition of the bacterial community
in the GIT of a Nelore steer. However, this characterization was
performed using a single animal, and changes in community
composition were not linked to any specific phenotype.
To gain a more in-depth understanding of the Nelore GIT
microbiota, we investigated the bacterial and fungal composition
of the rumen, small intestine (SI), cecum and feces of 27
Nelore steers showing differences in feed efficiency. Previous
studies associating ruminant feed efficiency to microbial
communities have focused primarily on the analysis of ruminal
samples (McCann et al., 2014; Jewell et al., 2015; Shabat
et al., 2016) whose collection depends on invasive methods
or animal slaughter. Here, we investigated the compositional

profile of the bacterial and fungal microbiota colonizing the
Nelore GIT and also examined the hypothesis that steers
with high and low feed efficiency show differences in their
fecal microbiota.

Our results revealed that, despite variation in the composition
of bacterial and fungal communities across different portions of
the GIT, some OTUs known to be functionally relevant for fiber
degradation and host development were shared across the entire
GIT and present within the feces. Additionally, OTUs found
in fecal samples were related to feed efficiency, suggesting that
fecal microbiota analysis could be a practical method to assess
differences in animal phenotypes, health status, or to monitor
digestive disorders and the effect of diet, additives or supplements
in cattle herds in a non-invasive manner.

MATERIALS AND METHODS

Animals, Diets, and Sampling
The experimental procedures were approved by the Ethics
Committee on Animal Use of the Instituto de Zootecnia (CEUA-
IZ, Protocol 213-15), in accordance with guidelines of São Paulo
State Law No. 11.977, Brazil, and by the Ethics Committee on
Production Animal Use of the Universidade Federal de Viçosa
(CEUAP-UFV, Protocol 026/2015).

Twenty-seven Nelore steers from the Centro Avançado de
Pesquisa Tecnológica dos Agronegócios de bovinos de corte, a
subsidiary of the Instituto de Zootecnia (São Paulo State, Brazil)
and averaging 22.5 ± SD 0.8 mo of age and 401 ± SD 42 kg of
BW were confined in individual pens (4 × 2 m) with free access
to the diet and water. These animals originated from a breeding
program to select steers with improved individual performance
and their residual feed intake (RFI) was identified during
the growth period using the GrowSafe system, as previously
described (Fidelis et al., 2017). For the finishing period, the
steers were adapted to the diets, facilities, and management
for 22 days and remained on the finishing diet for a 103-days
period. The finishing diet was composed of 333 g/kg corn silage,
17 g/kg Brachiaria hay, 465 g/kg dry ground corn, 163 g/kg
soybean meal, 6 g/kg urea, 4 g/kg ammonium sulfate, and 13 g/kg
mineral mixture (dry matter basis), formulated to meet the
requirements of 1.3 kg of daily gain with a target finish weight
of at least 550 kg.

After finishing, steers were transported (130 km distance)
to an experimental slaughterhouse (Pirassununga, São Paulo,
Brazil). Fecal samples were collected the day before the
slaughter and stored in sterile plastic containers at −20◦C.
Animal handling was conducted in accordance with good
animal welfare practices, and slaughtering procedures followed
strict guidelines established and regulated by the Sanitary and
Industrial Inspection Regulation for Animal Origin Products,
including a fasting period of 16 h (Brasil, 2017). After slaughter,
the ruminal, intestinal (mid-jejunum) and cecal contents were
collected in plastic sterile containers and stored at −20◦C
for further analyses. Rumen samples were filtered through
four layers of cheese cloth to separate the liquid from
the solid fraction.
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Concentration of Volatile Fatty Acids
Organic acids were determined by HPLC using a Dionex
Ultimate 3000 Dual detector HPLC (Dionex Corporation,
Sunnyvale, CA, United States) coupled to a refractive index
(RI) Shodex RI-101 maintained at 40◦C using an ion exclusion
column Phenomenex Rezex ROA, 300 × 7.8 mm maintained at
45◦C. The mobile phase was prepared with 5 mmol/l sulfuric
acid (H2SO4) in ultrapure water, filtered (0.22 µm) and degassed
using a vacuum pump. The flow rate of the mobile phase was
0.7 ml/min. The samples (2.0 ml) were centrifuged (12,000 × g,
10 min) and the cell-free supernatants were treated with 600 µl
of calcium hydroxide and 300 µl of cupric sulfate as described by
Siegfried et al. (1984). Samples were freeze/thawn and centrifuged
(12,000 × g, 10 min) three times before concentrated sulfuric
acid (28 µl) was added to the cell-free supernatants. Stock
solutions of standards were prepared using the following organic
acids: acetic, succinic, propionic, valeric, isovaleric, isobutyric,
and butyric acid. All organic acids were prepared with a final
concentration of 10 mmol/l, except isovaleric acid (5 mmol/l)
and acetic acid (20 mmol/l). Stock solutions were diluted 2-,
4-, 8-, and 16-fold in 5 mmol/l H2SO4 and used as standards in
the HPLC analysis.

DNA Extraction and Sequencing
Total genomic DNA from each sample was extracted following
a mechanical disruption and phenol/chloroform extraction
protocol described by Stevenson and Weimer (2007), which
has been shown to generate high-quality, high-abundance DNA
representative of complex bacterial community (Henderson
et al., 2013). Extracted genomic DNA was quantified using a
Nanodrop spectrophotometer (Thermo Scientific, Wilmington,
DE, United States) and DNA was shipped for sequencing to the
University of Wisconsin-Madison (United States).

The V4 hypervariable region of the bacterial 16S rRNA
gene (length, ca. 250 bp) and the fungal internal transcribed
spacer (ITS1; length, ca. 250 bp) were amplified using primers
described by Kozich et al. (2013) and Kittelmann et al.
(2013), respectively. Bacterial PCR reactions consisted of 50 ng
of the total DNA, 0.4 µM of each primer, 1X Kapa Hifi
HotStart ReadyMix (KAPA Biosystems), and water to 25 µl.
For fungi, total DNA was increased to 100 ng and primers
to 1.6 µM each. PCR was performed at 95◦C for 3 min,
95◦C for 30 s, 55◦C for 30 s, 72◦C for 30 s (25 cycles
for V4 region and 35 cycles for ITS1) and a final extension
step at 72◦C for 5 min. PCR products were purified by
PureLink R© Pro 96 PCR Purification Kit (Invitrogen, Carlsberg,
CA, United States) and a second PCR was performed on the
resulting amplicons to attach Illumina sequencing adapters and
unique dual indices. PCR reactions were similar to those for
V4 except that 5 µl of non-quantified PCR products were
used as template DNA and 8 cycles were performed. PCR
products were recovered by gel extraction in AquaPōr LM low-
melt agarose (National Diagnostics, Atlanta, GA, United States)
using the Zymoclean Gel DNA Recovery Kit (Zymo Research,
Irvine, CA, United States). Purified DNA was quantified by
Qubit R© Fluorometer (Invitrogen, Carlsbad, CA, United States)

and equimolar amounts were pooled to create a single sample
at 1 × 109 ng per µl (Dias et al., 2017). Paired-end sequencing
was performed using the v2 kit (2 × 250 bp) for V4 region
and v3 kit (2 × 300 bp) for ITS1 on an Illumina MiSeq
following manufacturer’s guidelines (Illumina, Inc., San Diego,
CA, United States). All DNA sequences have been deposited
in the NCBI’s Sequence Read Archive (SRA) under BioProject
accession number PRJNA512996.

Sequence Analysis
Prior to analysis, all raw sequences obtained from the Illumina
MiSeq were demultiplexed using the Illumina software system
in order to remove sequencing adapters and low-quality base
pair calls. Bacterial and fungal sequences were then processed
separately using mothur (v1.39.5) following the MiSeq SOP
(Schloss et al., 2009). Briefly, paired-end reads were joined
using the make.contigs command with default parameters, and
sequences shorter than 200 bp or longer than 500 bp for
Bacteria and shorter than 200 bp or longer than 600 bp for
Fungi were removed. For both, sequences containing ambiguous
characters or exhibiting a homopolymer run greater than 8 bp
were removed. The V4 sequences were aligned using the SILVA
16S rRNA gene reference database release 128 (Quast et al.,
2012) and the ITS1 sequences were aligned using the UNITE
database (Kõljalg et al., 2013). Sequences that did not align to
the correct location were removed. Identical sequences were
grouped using the unique.seqs command and sequences that
had two or fewer base pairs different were considered the
same and grouped using pre.cluster. Chimeric sequences were
detected using the UCHIME algorithm (Edgar et al., 2011)
and removed. Singletons (sequences that occurred only once
in the entire dataset) were also removed. Bacterial and fungal
sequences were taxonomically assigned using classify.seqs to
the SILVA and UNITE gene reference databases, respectively,
with a bootstrap cut-off of 80. The method of Naive Bayesian
Classifier (NBC) was used to find the taxonomy of query
sequences (Wang et al., 2007). Bacterial and fungal sequences
were grouped into operational taxonomic units (OTUs) using
uncorrected pairwise distances clustered with the furthest
neighbor method and the average neighbor method, respectively,
with a similarity cut-off of 97%. Before proceeding with
analysis, the coverage of all samples was assessed by Good’s
coverage. Due to different sequencing depths, OTU tables were
normalized to equal sequence counts (5,122 sequences for
Bacteria and 1,707 for Fungi, established by the sample that
presented the lowest number of sequences). The normalized
OTU tables were used to determine alpha diversity indices
(Chao1, Shannon and Simpson) and to calculate relative
abundances of OTUs.

Statistical Analysis
Differences in bacterial and fungal alpha-diversity, as well
as in VFA concentration across the GIT were performed in
MiniTab R© 17.1.0 (Minitab, Inc., Quality Plaza, 1829 Pine Hall
Road, State College, Pennsylvania 16801, United States) by
ANOVA, followed by post hoc Tukey test. P-values below
0.05 were considered significant. To evaluate the clustering

Frontiers in Microbiology | www.frontiersin.org 3 June 2019 | Volume 10 | Article 1263150

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01263 June 22, 2019 Time: 14:10 # 4

Lopes et al. GIT Microbiome of Nellore Steers

of steers using OTU composition across the GIT, a non-
metric multidimensional scaling (nMDS) analysis using the
Bray-Curtis dissimilarity index (beta diversity index), and
non-parametric analyses of similarities (ANOSIM, number of
permutation = 10,000) were performed using the Past software
package (Hammer et al., 2001).

Venn diagrams were constructed using the tools available
in the “Bioinformatics and Evolutionary Genomics” website
to visualize shared and exclusive OTUs1. These analyses were
performed using OTUs that were present in at least 50% (up
to 100%, according to the OTU being analized) of all steers
analyzed in this study (≥13 steers). This criteria was based on
previous observations indicating that species of ruminal bacteria
that exhibit a heritable component show high presence (≥50%)
across animals (Sasson et al., 2017).

Non-metric multidimensional scaling analysis was used to
represent the beta-diversity of bacterial and fungal communities
of fecal samples from steers showing positive (p-RFI, low
feed efficiency) and negative residual feed intake (n-RFI, high
feed efficiency). To compare bacterial and fungal composition
of the fecal samples from steers exhibiting either p-RFI or
n-RFI, Venn diagrams were constructed using the OTUs that
were present in at least 50% (up to 100%) of the steers
belonging to each feed efficiency group (≥7 animals to the p-RFI
group and ≥6 animals to the n-RFI group). The Kolmogorov-
Smirnov, Shapiro-Wilk and D’Algostino and Pearson tests were
performed using GraphPad Prism v. 5.00 (GraphPad Software,
San Diego, CA, United States) to determine if the relative
abundance of bacterial and fungal OTUs followed a Gaussian
distribution. Since most OTUs did not follow this distribution
(P > 0.05), the differences in relative abundances according to
feed efficiency group were assessed by White’s non-parametric
t-test using the software package STAMP v 2.1.3 (Parks et al.,
2014). P-values below 0.05 were considered significant. The
bacterial shared OTUs were plotted on a volcano plot to
visualize the differences in relative abundances of OTUs present
in the n-RFI steers versus the p-RFI steers. To accomplish
this, the fold change (ratio between n-RFI and p-RFI relative
abundance of each OTU) was assessed along with the p-Values
obtained using White’s non-parametric t-test to visualize the data.
Adjustments for multiple comparisons were not performed due
to the exploratory nature of this study. In addition, differences
in alpha-diversity of fecal samples according to each feed
efficiency group were assessed by t-tests in MiniTab R© 17.1.0
(Minitab, Inc., Quality Plaza, 1829 Pine Hall Road, State College,
Pennsylvania 16801, United States). P-values below 0.05 were
considered significant.

RESULTS

Sequencing
In total, we generated 10,000,278 raw bacterial sequences with
an average length of 253 bp across all samples. For fungi, we
generated 7,226,285 raw sequences with an average length of

1http://bioinformatics.psb.ugent.be/webtools/Venn/

241 bp and across all samples. After trimming, quality filtering
and removal of chimeras, 5,697,607 (mean 42,204 ± SD 45,615 to
samples) and 3,676,969 (mean 28,068 ± SD 19,009 to samples)
high-quality bacterial and fungal sequences were obtained,
respectively. Good’s coverage across samples was >97% for
bacterial sequencing and >90% for fungal sequencing, indicating
that our sequencing efforts sufficiently covered the diversity of
bacterial and fungal communities in rumen liquids (RL) and
solids (RS), SI, cecum and feces. The summary of sequence
counts and OTUs that passed the steps of filtering, clean up and
normalization are shown in Supplementary Table S1. Only reads
and OTUs present in at least 50% of all the steers in a specific
RFI group (≥7 animals in p-RFI and ≥6 animals in n-RFI) were
considered for analysis of the feed efficiency phenotype (∗cut-off
in Supplementary Table S1).

The Bacterial Microbiota Changes
Across the Gastrointestinal Tract
The intra-community diversity (alpha diversity) varied across
different portions of the GIT (Tukey’s test, P < 0.05). Maximum
values of Chao richness and Shannon diversity were observed in
the RL and RS communities (1,296 ± SD 207 and 5.21 ± SD 0.26,
respectively), while minimal values of Chao richness (641 ± SD
189) and Shannon’s diversity (3.78 ± SD 0.73) were found in the
SI. The Simpson diversity index showed the inverse trend, with
maximum values observed in the SI community (0.071 ± SD
0.042) and minimal values in the RL, RS, and cecal communities
(0.022 ± SD 0.01) (Figure 1A).

Beta diversity analysis showed that the Bray-Curtis
dissimilarities of the bacterial communities differed according
to GIT segment (ANOSIM, P < 0.001). Main differences were
observed comprising the rumen (RL and RS fractions), the SI
and the large intestine (cecum and feces), and the bacterial
communities in the RL/RS and cecum/feces samples also differed
from each other (ANOSIM, P < 0.001) (Figure 2A).

Taxonomic analysis of the GIT bacterial communities revealed
5,230 unique OTUs (mean 551 ± SD 188 per sample after
normalization) that were assigned to 24 phyla, 50 classes, 84
orders, 163 families, and 402 genera. The unclassified group
represented 1.66 (± SD 1.01%), 2.48 (± SD 1.26%), 2.91
(± SD1.34%), 5.19 (± SD 1.89%), and 27.65 (± SD 5.18%)
of the OTUs that could not be assigned to any phylum, class,
order, family or genus, respectively. Firmicutes represented the
predominant phylum in the bacterial community across the
GIT of Nelore steers (relative abundance 66.68 ± SD 9.15%),
followed by Bacteroidetes in RL, RS, cecum and feces samples
(relative abundance of 20.50 ± SD 1.53%, 20.57 ± SD 1.59,
11.34 ± SD 1.55, and 12.17 ± SD 1.74, respectively) and
members of the phylum Actinobacteria in SI samples (13.90 ± SD
2.05%) (Figure 3A).

The most represented families across the GIT included the
Lachnospiraceae (24.61 ± SD 6.58%) and Ruminococcaceae
(20.87 ± SD 4.22%). Prevotelaceae was also predominant in
ruminal bacterial communities (10.06 ± SD 2.25%), but its
abundance decreased (P < 0.05) in other portions of the GIT
(3.15 ± SD 0.76%) (Figure 3B).
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FIGURE 1 | Changes in alpha-diversity of bacterial (A) and fungal (B)
communities across the GIT of Nelore steers. Triangles represent Chao
richness, squares represent Shannon-Wiener diversity and circles represent
Simpson’s diversity index. For each index, means followed by at least one
same letter did not differ at a 5% level of significance as determined by
Tukey’s test. RL, rumen liquid; RS, rumen solids, and SI, small intestine.

To filter the differences between the bacterial communities
across the GIT, we used Venn diagrams to analyze OTUs from
each portion of the GIT that were present in at least half of the
Nelore steers (≥13 steers for each portion of the GIT). We found
1,241 OTUs that were distributed across all samples, 9.91% which
were exclusive to RL, 8.94% to RS, 10.56% to SI, 8.3% to cecum,
and 4.03% to the feces (Figure 4A).

Taxonomic classification of the 28 OTUs shared across all
5 segments of the GIT showed that these sequences belonged
to the Clostridiales (24 OTUs) and Coriobacteriales order (3
OTUs). One OTU shared by all GIT portions could not be
assigned to any phylum. The highest classifiable level for the
shared OTUs, as well the relative abundance across the GIT

were represented in a heatmap (Figure 5). The majority of
the shared OTUs showed higher abundances in the bacterial
community colonizing the SI (with some OTUs also being
more abundant in the RS community), but decreased in the
large intestine with similar abundances in the cecum and feces.
The most abundant OTUs in the SI were assigned to the order
Clostridiales, with OTU00005 (genus Romboutsia, 10.51%),
OTU00007 (genus Paeniclostridium, 8.93%), OTU00003 (genus
Peptostreptococcaceae unclassified, 7.21%), OTU00008 (genus
Peptostreptococcaceae unclassified, 7.15%), and OTU00009
(genus Lachnospiraceae NK3A20 group, 6.61%) being the most
representative ones.

The Fungal Ruminal Microbiota Differs
From the Distal Segment of the
Gastrointestinal Tract
The Shannon and Simpson indexes of the fungal community
varied between the rumen and the distal (SI and cecum)
segments of the GIT (Tukey’s test, P < 0.05). The maximum
values of Shannon diversity and minimum values of Simpson’s
index were observed in the RL, RS, and fecal communities
(2.07 ± SD 0.61 and 0.28 ± SD 0.18, respectively). The fungal
chao richness did not vary across the GIT (140 ± SD 211,
Tukey’s test, P > 0.05) (Figure 1B). The fungal beta diversity,
summarized on a nMDS plot with Bray-Curtis dissimilarities,
showed that the rumen fungal communities differed (ANOSIM,
P < 0.001) between the liquid and solid fractions (RS and
RL). In addition, the RS and RL fungal communities were also
distinct from those in distal segments of the GIT (SI, cecum
and fecal samples) (ANOSIM, P < 0.001). However, it should be
pointed out that no differences were observed between the fungal
communities in the SI, cecum and fecal samples (ANOSIM,
P > 0.001) (Figure 2B).

Taxonomic analysis of the GIT fungal communities revealed
3,253 unique OTUs (mean 62 ± SD 34 per sample after
normalization) that were assigned to 3 phyla, 6 classes, 6 orders,
8 families, and 12 genera. The unclassified group represented
13.47 (± SD 10.28 %), 13.77 (± SD 10.44 %), 13.77 (± SD
10.44 %), 15.65 (± SD 13.89 %) and 68.77 (± SD 18.33 %)
of the OTUs that could not be assigned to any phylum, class,
order, family or genus, respectively. The OTUs assigned to the
Neocallimastigaceae family represented more than 75% of the
fungal OTUs across all segments of the GIT (Table 1).

Considering only the 31 fungal OTUs that were present
in at least half of the Nelore steers (≥13 steers), our Venn
diagrams showed that 6.15% were exclusive to the RL, 3.23%
to the RS, none to the SI, 3.23% to the cecum and 12.9% to
the feces (Figure 4B). The six shared OTUs distributed between
all five segments of the GIT of Nelore steers belonged to the
Neocallimastigaceae (Figure 5).

Microbial Fermentation Profile Changes
Across the Gastrointestinal Tract
Analysis of the microbial fermentation profiles across the GIT
segments showed the highest concentration (65.13 mmol/l) of
total volatile fatty acids (VFAs) in the cecum and feces, while
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FIGURE 2 | Non-metric multidimensional scaling (nMDS) plots of the Bray-Curtis dissimilarity index for bacterial (A) and fungal (B) communities in the GIT of Nelore
steers. Individual points represent GIT samples from different steers and different colors represent distinct GIT segments. Ellipses represent 95% confidence intervals.

the SI showed total VFA concentration almost six times lower
(11.57 mmol/l) than other GIT segments (ANOVA, P < 0.05)
(Table 2). In the rumen, cecum and feces, the proportions of
acetic, propionic and butyric acids were greater than other VFAs
(P < 0.05). In the SI samples, succinic acid was present at a
high proportion (23.88%), in addition to acetic and propionic
acids (Table 2).

Specific Bacterial and Fungal OTUs in
Fecal Samples Are Associated With the
p-RFI and n-RFI Phenotype in Nelore
Steers
For the 27 steers used in this study, previous feed efficiency
analysis performed during the growth period (approximately
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FIGURE 3 | Bacterial composition at the phylum (A) and family (B) level across the GIT of Nelore steers. Each bar represents the mean bacterial community
composition in rumen liquids (RL), rumen solids (RS), small intestine (SI), and cecum and feces. For phylum, “other” corresponds to the sum of phyla that showed
relative abundance <0.5%. For family, “other” corresponds to the sum of families that showed relative abundance <1%.

FIGURE 4 | Venn diagrams showing the number of bacterial (A) and fungal (B) OTUs shared between rumen (liquid and solids), small intestine, and cecum and
feces. Only bacterial OTUs that were present in at least 50% of all steers (13 animals) from each GIT segment are represented.

12 months prior to sampling) identified 12 steers with n-RFI
and 15 steers with positive RFI (p-RFI). The RFI values were
significantly different (P < 0.05) between n-RFI (−0.93 ± SD
0.17) and p-RFI steers (0.87 ± SD 0.14), separating the animals
into two groups: high and low feed efficiency, respectively. OTU
analyses were conducted using fecal samples from these two
feed efficiency groups to address the hypothesis that the fecal
microbiome of n-RFI and p-RFI Nelore steers show differences
in their bacterial and fungal community composition.

Alpha diversity analysis of the bacterial and fungal
communities in the fecal samples showed that Chao1
richness, Simpson’s diversity, and Shannon’s diversity did
not vary significantly between RFI groups (t-test P > 0.05)
(Supplementary Table S2). Analysis of beta diversity in fecal

samples did not show differences (ANOSIM, P > 0.001) between
bacterial and fungal communities of p-RFI and n-RFI steers
(Supplementary Figure S1). However, a more detailed analysis
of the OTUs present in at least half of the steers classified in
each feed efficiency group (≥7 animals to the p-RFI group
and ≥6 animals to the n-RFI group) using Venn diagrams
showed bacterial and fungal OTUs that were unique to each
efficiency group.

For the bacteria, 99 OTUs were unique to the p-RFI steers
(corresponding to 5.16% of the total relative abundance), while
the n-RFI steers had 41 unique OTUs representing 1.54% of total
relative abundance (Figure 6A). The most abundant bacterial
OTUs present only in p-RFI or n-RFI steers were OTU0034
(Alloprevotella) and OTU00234 (Turicibacter), respectively
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FIGURE 5 | Heatmap representing the relative abundance (%) of bacterial and fungal OTUs shared between rumen liquid (RL), rumen solids (RS), small intestine (SI),
and cecum and feces. The taxonomy for each OTU is given at the highest classifiable level.

(Supplementary Table S3). Differences in relative abundance of
the bacterial OTUs shared between the p-RFI and n-RFI groups
(66.43% of the total OTUs) were represented on a volcano plot
(Figure 6B). Of the 277 shared OTUs, 46.57% showed higher
abundance in the n-RFI steers with only 3 OTUs significantly
more abundant in these steers (White’s non-parametric t-test,
P < 0.05). For the p-RFI steers, 53.43% of the OTUs showed

higher abundance in these steers, relative to the n-RFI group and
only seven OTUs were found to be significantly more abundant
(White’s non-parametric t-test, P < 0.05) (Figure 6B). Among
the OTUs that were statistically more abundant in n-RFI steers,
OTU00065 (unclassified Lachnospiraceae) represented almost
1% of the relative abundance of OTUs in this group. In the
p-RFI steers, OTU00153 (Coprococcus) had relative abundances
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TABLE 1 | Fungal composition profile across the GIT of Nelore steers.

Level Taxa Rumen liquids Rumen solids Small intestine Cecum Feces

Phylum Neocallimastigomycota 85.51 ± 11.88 95.04 ± 4.98 86.71 ± 13.23 85.77 ± 9.76 77.29 ± 12.35

Others 0.32 ± 0.36 0.07 ± 0.09 0.47 ± 1.91 0.29 ± 0.37 1.16 ± 1.69

Unclassified 14.17 ± 11.59 4.89 ± 4.91 12.82 ± 13.23 13.94 ± 9.56 21.55 ± 12.12

Class Neocallimastigomycetes 85.51 ± 11.88 95.04 ± 4.98 86.71 ± 13.72 85.77 ± 9.76 77.29 ± 12.35

Others 0.00 ± 0.00 0.00 ± 0.00 0.39 ± 1.83 0.05 ± 0.22 0.41 ± 1.76

Unclassified 14.49 ± 11.878 4.96 ± 4.98 12.90 ± 13.23 14.18 ± 9.75 22.30 ± 12.36

Order Neocallimastigales 85.51 ± 11.88 95.04 ± 4.98 86.71 ± 13.72 85.77 ± 9.76 77.29 ± 12.35

Others 0.00 ± 0.00 0.00 ± 0.00 0.38 ± 1.80 0.05 ± 0.22 0.38 ± 1.72

Unclassified 14.49 ± 11.88 4.96 ± 4.98 12.91 ± 13.23 14.18 ± 9.75 22.33 ± 12.36

Family Neocallimastigaceae 83.22 ± 15.35 91.72 ± 14.07 84.88 ± 15.13 84.46 ± 12.55 76.61 ± 12.39

Others 0.00 ± 0.00 0.00 ± 0.00 0.38 ± 1.80 0.05 ± 0.25 0.38 ± 1.75

Unclassified 16.78 ± 15.44 8.28 ± 14.10 14.74 ± 14.85 15.49 ± 12.61 23.01 ± 12.45

Genera Anaeromyces 2.31 ± 1.76 1.65 ± 0.63 1.51 ± 1.17 0.98 ± 0.81 1.21 ± 1.12

Cyllamyces 0.34 ± 1.11 0.85 ± 3.04 1.52 ± 6.46 0.69 ± 2.93 0.29 ± 1.30

Neocallimastix 1.53 ± 1.02 1.42 ± 0.74 0.69 ± 0.69 0.42 ± 0.39 0.65 ± 0.61

Orpinomyces 13.38 ± 12.58 3.51 ± 3.24 44.15 ± 29.85 41.70 ± 27.90 36.18 ± 22.09

Others 0.11 ± 0.19 0.12 ± 0.16 0.45 ± 1.94 0.10 ± 0.35 0.40 ± 1.80

Unclassified 82.33 ± 12.18 92.45 ± 4.73 51.68 ± 27.14 56.11 ± 26.48 61.27 ± 21.14

The values represent the mean of relative abundance and standard deviation (%). “Others” corresponds to the sum of taxa that showed relative abundance <1% in
all TGI portions.

TABLE 2 | Fermentation profiles of Nelore steers GIT portions.

Rumen Small intestine Cecum Feces

Parameter Mean SEM Mean SEM Mean SEM Mean SEM

Acetic acid(%) 69.36a 0.37 55.52b 2.99 65.95a 1.29 69.39a 0.85

Propionic acid(%) 14.51a 0.38 16.71a 2.41 15.65a 0.75 13.17a 0.35

Butyric acid(%) 6.88c 0.19 0.81d 0.29 9.01b 0.56 12.46a 0.62

Isobutyric acid(%) 3.77ab 0.17 3.08b 0.70 5.82a 0.98 2.11b 0.18

Valeric acid(%) 0.97b 0.04 – – 1.96a 0.16 1.96a 0.16

Isovaleric acid(%) 3.86a 0.19 – – 1.60b 0.18 0.61c 0.07

Succinic acid(%) 0.65b 0.07 23.88a 2.00 – – 0.31b 0.11

A/P ratio∗ 4.87ab 0.14 8.21a 1.80 4.49b 0.24 5.40ab 0.19

Total VFa ∗∗ (mmol/l) 51.80b 3.15 11.57c 1.28 66.96a 3.19 63.30a 3.25

The values represent the mean and standard error of mean (SEM). To each parameter, means followed by at least one same letter did not differ at the 5% level of
significance by the Tukey’s test. ∗A/P, Acetic to propionic acid ratio; ∗∗, Total concentration of volatile fatty acids (VFAs); (−), not detected.

2.5 times greater in p-RFI than in n-RFI steers (Supplementary
Table S4). For fungi, seven OTUs were unique to the fecal
microbiome of p-RFI steers (corresponding to 4.55% of relative
abundance), while the n-RFI steers had three unique OTUS
representing 1.14% of total relative abundance (Figure 7 and
Supplementary Table S5). The majority of these unique fecal-
associated OTUs were assigned to the family Neocallimastigaceae.
The relative sequence abundance of shared fungal OTUs were
not different between the two efficiency groups (White’s non-
parametric t-test, P > 0.05, Supplementary Table S6).

DISCUSSION

The GIT of animals is differentiated anatomically into defined
and adapted regions (stomach, SI and large intestine) that are

colonized by microorganisms capable of metabolizing ingested
dietary substrates (Turnbaugh and Gordon, 2009). Ruminants
have forestomachs (rumen, reticulum, and omasum) that are
responsible for the digestion and conversion of most dietary
components into VFAs that represent the major source of energy
for ruminants (Russell and Hespell, 1981; Jami and Mizrahi,
2012). Because the rumen is the primary site of feed fermentation,
most studies evaluating the ruminant microbiome have focused
on the ruminal ecosystem (Tajima et al., 2001; Pitta et al.,
2010; Li et al., 2012; Firkins and Yu, 2015; Shabat et al.,
2016; Li and Guan, 2017). However, studies have demonstrated
relevant associations between the GIT microbiota and ruminant
production (Myer et al., 2015b,c, 2016, Lindholm-Perry et al.,
2016). Although it has been shown that different portions of
the GIT harbor distinct microbial communities with different
biochemical properties, relevant species of microorganisms are
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FIGURE 6 | Differences in the fecal bacterial community from p-RFI and n-RFI Nelore steers. (A) Venn diagram showing the number of bacterial OTUs shared in the
fecal samples of p-RFI and n-RFI Nelore steers. Only bacterial OTUs that were present in at least 50% of the steers from each feed efficiency group (at least 7
animals to p-RFI and 6 animals to n-RFI) are represented. (B) Differences in the relative abundance of shared OTUs from feces of Nelore steers. Each point
represents an OTU and points that showed Log2(FoldChange) > 0 were OTUs showing higher abundance in n-RFI steers, while points that showed
Log2(FoldChange) < 0 were OTUs showing higher abundance in p-RFI steers. Red points are OTUs statistically more abundant in n-RFI steers and blue points
represent OTUs that were statistically more abundant in p-RFI steers (White’s non-parametric t-test, P < 0.05).

known to be shared across all GIT regions (Frey et al., 2009;
Oliveira et al., 2013).

In this study, we characterized the bacterial and fungal
composition of the GIT of 27 Nelore steers, an important beef
cattle breed due to its prominence in world meat production. Our
data revealed significant differences in the bacterial and fungal
community (beta diversity) between the evaluated segments
(Figure 2) and supports the idea that passage of digesta through
adjacent GIT sections affects the composition of the gut microbial
communities (Oliveira et al., 2013; Mao et al., 2015; Perea
et al., 2017). Mao et al. (2015) characterized the bacterial
communities colonizing different regions within the GIT of
Holstein dairy cattle and reported significant differences in
species composition and metabolic function of digesta-associated
and mucosa-adherent microbiota. Heterogeneity in microbiota
composition of distinct GIT segments have been reported not

only for ruminants (Dias et al., 2017; Perea et al., 2017), but also
for other animals like chickens (Clavijo and Vives Flórez, 2017)
and mice (Montealegre et al., 2016).

The diversity and abundance of gut microorganisms
also varies considerably according to host development and
anatomical location, mainly because of varying physiochemical
conditions (e.g., pH, redox potential, oxygen availability),
availability of nutrients and sites for adhesion, host secretions
(mucins), and exposure to exogenous compounds that cause
disturbance in the ecosystem (e.g., antibiotics, dietary changes,
and pathogens) (Carbonero et al., 2014; Moya and Ferrer,
2016). In our study, several differences were observed in
composition, richness (Chao index), diversity (Shannon index),
and species dominance (Simpson) during the passage from the
rumen to the SI. The genera Romboutsia and an unclassified
Peptostreptococcaceae represented the most abundant OTUs in
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FIGURE 7 | Venn diagram showing the number of fungal OTUs shared in the feces of p-RFI and n-RFI Nelore steers. Only fungal OTUs that were present in at least
50% of the steers from each feed efficiency group (7 animals in p-RFI and 6 animals in n-RFI) are represented.

the SI, but they were not present in other regions of the Nelore
GIT. Members of the Lachnospiraceae NK3A20 group (OTUs
OTU00009 and OTU000020) were also abundant in the SI and
were also present in the rumen, cecum and fecal samples.

These differences in the microbial community across the
Nelore GIT are possibly related to drastic changes in chemical
(acidification and host enzymes secretion) and physical
(osmolarity, adhesion sites) conditions in the abomasum
(Figure 1). The secretion of enzymes by the host in the glandular
stomach (abomasum) and the SI allows for digestion of microbial
biomass, which provides protein to the host (Russell and Hespell,
1981). In addition, feed digestion in the SI is shorter than in the
rumen due to a faster passage rate, which limits the establishment
and adaptation of the microbiota to the physical and chemical
conditions present in this portion of the GIT (Frey et al., 2009;
Carbonero et al., 2014). This is reflected in the SI, which had the
lowest total VFA concentration of all GIT segments analyzed
in this study (Table 1). Microbial fermentation appears to be
reestablished in the large intestine, with the proportion of acetate,
propionate and butyrate being similar to the rumen (Table 2),
which agrees with our observations that microbial diversity
increases in the distal segments of the GIT (Figure 1).

Despite the divergences observed among the microbial
communities of the GIT segments, the bacterial families

Lachnospiraceae and Ruminococcaceae (Figure 3) and the
fungal family Neocallimastigaceae (Table 1) were the most
abundant across the GIT. The Lachnospiraceae includes species
of bacteria with fibrolytic and proteolytic properties, such
as Lachnospira multiparus and Butyrivibrio fibrisolvens, while
members of the Ruminococcaceae family include cellulolytic
bacteria, such as Ruminococcus albus and R. flavefaciens (Russell
and Rychlik, 2001). The Neocallimastigaceae family comprises
several anaerobic fungal species (e.g., Orpinomyces, Anaeromyces,
Neocallimastix, and Piromyces) and recent transcriptomic and
comparative genomics studies indicated that these species
produce highly active enzymes for the degradation of plant
cell walls and recalcitrant fiber in the rumen (Haitjema et al.,
2017; Gruninger et al., 2018). Considering the functional role
of these microbial groups in the degradation of plant biomass,
their relative abundance in the GIT segments may represents
mechanisms for additional energy acquisition by the host
through the digestion of structural carbohydrates that escape
ruminal degradation (Oliveira et al., 2013; Myer et al., 2015c).
Moreover, our finding that 28 bacterial and 6 fungal OTUs were
common to all segments of the GIT (Figure 5) suggest that some
bacterial and fungal species are able to colonize and/or survive in
all portions of the GIT. All shared bacterial OTUs represented
Gram-positives and were found in greater abundances in the
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SI. The digestive conditions and processes that occur in the
transition from the abomasum to the SI could function as a filter
that limits the growth of ruminal microorganisms throughout
the entire ruminant GIT (Oliveira et al., 2013; Moya and Ferrer,
2016; Myer et al., 2016). In the absence of the enzymatic and
chemical processes that occur in the abomasum and the SI, the
composition of microbial communities would probably be much
less divergent across the GIT.

Sampling GIT contents often relies upon invasive techniques
or sacrificing the animal, and some studies have suggested the
use of fecal samples as a proxy to explore potential associations
between the GIT microbiota and host phenotype (Turnbaugh
and Gordon, 2009; Tajima et al., 2012; Nash et al., 2017; Tang
et al., 2018). Here, we evaluated the relationship between
fecal microbiota composition and feed efficiency and found
that differences between bacterial communities of negative
(n-RFI) and positive (p-RFI) feed efficiencient steers are due
to OTUs belonging to the families Lachnospiraceae (Blautia,
Coprococcus, Butyrivibrio, and Roseburia genera), Prevotelaceae
(Alloprevotella and Prevotella genera), Coriobacteriaceae
(Atopodium and Senegalimassilia genera), and Ruminococcaceae
(Saccharofermentans genus) (Supplementary Tables S3, S4).
These bacteria are typically involved in the degradation of
dietary substrates and VFA production in ruminants (Russell
and Rychlik, 2001; Jami and Mizrahi, 2012; Li and Guan, 2017).
For example, species within the Prevotella and Butyrivibrio
are well known for producing hydrolytic enzymes, such as
cellulases, xylanases, and beta-glucanases, that degrade plant
structural polysaccharides (Cotta and Hespell, 1986; Kamra,
2005). Furthermore, Butyrivibrio is involved in butyrate
production, which represents one of the main sources of energy
for enterocytes and exerts strong effects on GIT epithelial cells,
such as stimulation of cell proliferation and differentiation
(Wächtershäuser and Stein, 2000; Guilloteau et al., 2010).
Butyrate also has an effect on the expression of leptin in bovine
adipocytes, affecting feed intake and energy expenditure of the
host (Soliman et al., 2007). In addition, ruminal abundance of
members of the Lachnospiraceae and Ruminococcaceae families,
as well as the genus Prevotella, have been reported as being
associated with host feed efficiency (Carberry et al., 2012;
McCann et al., 2014; Myer et al., 2015a; Shabat et al., 2016). For
the fungal communities, shared OTUs did not vary in abundance
between the p-RFI and n-RFI groups (Supplementary Table S6),
with only a few unique OTUs identified for each group. Studies
on anaerobic fungi are challenging due to their fastidious nature
and information about their potential role in feed efficiency is
lacking (Haitjema et al., 2017; Gruninger et al., 2018).

The results presented here expand our knowledge about the
composition of the Nelore GIT microbiome and suggests specific
taxa potentially associated with feed efficiency. However, it
should be noted that these findings are observational, precluding
inferences on causality. We observed differences between
microbial communities colonizing adjacent sections of the
Nelore GIT and showed that fecal samples, although distinct
in composition from other GIT sections, harbor considerable
microbial diversity associated with different fermentation
products and feed efficiency phenotypes. This is promising, as

collection of fecal samples is non-invasive and more practical
for sampling large numbers of animals to study different host
traits. For example, analysis of fecal samples has been applied
to population-scale studies of humans, making it possible to
associate changes in the GIT microbiota with the health status
of individuals and several physiological and psychological
conditions, including obesity, autism, humor, kidney stone,
biogeography, and eating habits (Turnbaugh and Gordon, 2009;
Lloyd-Price et al., 2017; Nash et al., 2017; Tang et al., 2018).

Thus, while additional studies are needed, these findings
suggest that analysis of microbial communities in fecal samples
could be useful for monitoring functional groups related to
feed efficiency in cattle. Further confirmatory studies using
larger cohorts will be needed to corroborate our findings
and to evaluate the consistency in the relationship of fecal
microbial populations with animal phenotype. Large-scale
studies assessing the fecal microbial community of cattle
herds could enable the identification of microbial groups
potentially associated with a causal effect on ruminant
feed efficiency. Expanding knowledge of the effects of the
microbial community on the well-being and health of
cattle will also be important for the development of new
management, nutrition and manipulation strategies of the GIT
microbial community.
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TABLE S3 | Most abundant exclusive bacterial OTUs identified in fecal samples of
Nelore steers showing low (p-RFI) or high (n-RFI) feed efficiency.

TABLE S4 | Shared bacterial OTUs that were more abundant (White’s
non-parametric t-test, P < 0.05) in fecal samples of Nelore steers showing n-RFI
(gray lines) or p-RFI (white lines).
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Inflammaging is well understood in the study of humans; however, it is rarely reported
for dairy cows. To understand the changing pattern of the gut microbiota, inflammatory
status and milk production performance during the aging process in cows, we grouped
180 cows according to their lactation period: L1 (n = 60, 1st lactation), L3 (n = 60,
3rd lactation), and L5+ (n = 60, at least 5th lactation) and analyzed their milk
components and daily milk yields to evaluate the changing pattern of milk production.
The microbiota was analyzed using high-throughput sequencing of amplicons of 16S
rRNA, which also allowed us to predict the functions of microbes and then study
the changing pattern of the ruminal and fecal microbiota. Serum cytokines, including
TNF-α, IL-6, IL-10, and TGF-β were measured to study the progress of inflammaging
in the cows. We found that old cows (L5+) suffered from a long-term and low-
level chronic inflammation, as indicated by significantly higher levels of inflammatory
cytokines IL-10, TNF-α, and TGF-β in the L5+ group (p < 0.001). We also observed a
significant decrease in daily milk yield and milk lactose, as well as a significant increase
in somatic cell score, among the cows in the L5+ group. For the gut microbiota, most
of the genera belonging to Prevotellaceae and Lachnospiraceae, which had a higher
abundance among cows of both the L1 and L3 groups (LEfSe, LDA > 2), showed
a similar change pattern during the aging process, both in the rumen and in feces,
and across the six farms. Beneficial bacteria, like Bacteroidaceae, Eubacterium, and
Bifidobacterium, displayed lower abundance in the feces of the L5+ group (LEfSe,
LDA > 2). Reconstruction of the fecal bacteria community indicated transformation of
the fermenting pattern of older cows’ (L5+) feces microbiota, with increased functions
related the protein metabolism and fewer functions related to carbohydrate and lipid
metabolism compared with those in L1 (p < 0.05). Finally, the connections among these
changing patterns were revealed using redundancy analysis and network analysis. The
results support the hypothesis of prolonging a cows’ productive life and improve dairy
cow milk productive performances by manipulating the gut microbiota.
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INTRODUCTION

Over the past few decades, scientists have emphasized the
importance of the ruminal microbiome in ruminant digestion.
Ruminants depend on ruminal microbes to decompose feed
into micromolecules [such as volatile fatty acids (VFAs) and
ammonia], which are easily absorbed by the host. Few studies
have investigated the fecal bacteria communities, because fecal
bacteria communities have fewer effects on cows digestive ability
compared with that of the ruminal bacteria communities. Until
recently, the gut microbiota (refers mainly to the ruminal and
fecal microbiota in our discussions about cow microbiota) was
considered as much more than a community to help with
digesting foods. Some studies found that the ruminal microbial
ecosystem plays an important role in the development of diseases,
such as subacute ruminal acidosis (Wetzels et al., 2017) and frothy
bloat (Pitta et al., 2016). Other studies reported the correlation
between fecal microbiota and mastitis (Ma et al., 2016) and milk
composition (Zhang et al., 2017). Thus the relationship between
the gut microbiota and host health cannot be ignored; however,
the relationship between the composition of the fecal microbiota
and host inflammaging, which has been frequently reported in
other species, remains unknown for dairy cows.

The gut microbiome is associated with many of the most
discussed topics in human health, such as aging (OToole and
Jeffery, 2015), cancer (Roy and Trinchieri, 2017), metabolic
diseases (obesity, diabetes) (Sonnenburg and Bäckhed, 2016), the
digestive system (Desai et al., 2016), the cardiovascular system
(Zhu et al., 2016), the immune system (Thaiss et al., 2016), and
the central nervous system (Mayer et al., 2014). These studies
also confirmed the symbiotic relationship between host and its
gastrointestinal microbes. On the one hand, the gut microbiome
produces a wide array of microbial metabolites [e.g., short-chain
fatty acids (SCFA) and trimethylamine-N-oxide (TMAO)], which
might permeate into the circulatory system, where they might
have either beneficial (Malmuthuge and Guan, 2016) or toxic
(Zhu et al., 2016) effects on host health. On the other hand,
hosts are able to limit the activities of microbes and shape the
structure of the microbiome through the host immune system
(Thaiss et al., 2016), gene expression, or the manipulation of
the diet using direct-fed microbials, prebiotics, or probiotics
(Malmuthuge and Guan, 2017).

Older populations suffer from a chronic low-grade
inflammation, known as inflammaging, which is characterized
by a higher level of inflammation-related cytokines compared
with those in younger people, and this inflammaging might
be the cause of debility and diseases of old age (Biagi et al.,
2010; Claudio, 2010). There are many factors that can result
in inflammaging, and these factors may be involved with the
genetic effects of mitochondrial DNA variants, changes in eating
habits, and chronic exposure to antigens (Claudio, 2010). The
phylogenetic composition of the bacterial community changes
along with the process of aging. The latest studies suggested that
inflammaging could also be resulted from age-related microbiota
changes. Floris showed by transferring aged microbiota to
young germ-free (GF) mice that certain bacterial species (e.g.,
Akkermansia, Proteobacteria) within the aged microbiota

promote inflammaging (Floris et al., 2017). Thevaranjan
demonstrated that inflammaging was highly associated with
age-related microbiota changes that might drive intestinal
permeability and decrease macrophage function (Thevaranjan
et al., 2017). Inflammaging can undermine the balance between
gut microbiota and gut-associated immune system (Biagi et al.,
2010), and contribute to the development of a number of
age-related chronic diseases such as atherosclerosis, type 2
diabetes, Alzheimer’s disease, osteoporosis, and major depression
(Claudio, 2010). The remodeling of gut microbiota may help
with alleviating inflammaging and attaining longevity. The life
span of middle-age killifish, whose gut was recolonized with
bacteria from young donors, was extended (Smith et al., 2017).
However, the theory about which (and how) bacteria influence
inflammaging is not fully clear yet. A review (Brüssow, 2013)
summarized three groups of gut bacteria according to their effects
on host health: (1) Symbiotic gut bacteria, such as Bacteroidaceae,
Eubacterium, Peptococcaceae, Bifidobacterium, and Lactobacillus,
are beneficial to human health; (2) a second group, comprising
Escherichia, Streptococcus, and Veillonella, produce toxic
compounds by fermenting proteins, possibly leading to aging;
and (3) pathogenic gut bacteria that induce infections.

Older dairy cows are more likely to face various health
problems, as well as reduced production efficiency, resulting in a
higher culling hazard (Maia et al., 2014) and causing a measurable
economic loss. The natural lifespan of a cow can be up to 25 years;
however, the average culling age for dairy cows worldwide is only
6 years old mostly due to the physiological and psychological
stress of lactating cows. Despite the importance of longevity to
the productivity of cows, as well as to animal welfare, there is a
lack of proof supporting the hypothesis that a cows’ productive
life could be prolonged by manipulating the gut microbiota.
Some studies reported that the ruminal microbiota changed
during newborn maturation or with increasing age (Jami et al.,
2013; Liu et al., 2017). Studies also confirmed the relationship
between the rectal microbiota and the maturation of newborn
dairy calves (Mayer et al., 2012; Alipour et al., 2018). However,
no study has connected variations in the fecal microbiota with
inflammaging, nor determined whether this could be applied to
different farm environments.

The development of high-throughput sequencing has allowed
us to gain a full-scale view of the composition (by sequencing
16S rRNA amplicons) and function (by the sequencing the
metagenome or by prediction from 16S rRNA data) of the gut
community. However, how to handle the sequences derived from
sequencing of 16S rRNA amplicons remains a challenge. The
operational taxonomic unit (OTU), often at a similarity of 0.97,
was developed to define clusters of organisms (which could
be uncultivated or unknown) grouped by their DNA (Blaxter
et al., 2005). The analysis of 16S rRNA amplicons based on
OTUs has dominated the field of microbiota study for more
than 10 years. There is, however, a need to identify higher
phylogenetic resolution OTUs and to combine OTU results from
different studies; therefore, denoising methods, such as Deblur
(Amir et al., 2017), have been developed to obtain putative
error-free sequences and identify sub-operational-taxonomic-
units (sOTUs).
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In the present study, we used advanced technique to
explore the variations of the fecal bacteria communities, milk
composition, inflammatory cytokines, and routine blood analysis
of 180 cows from six dairy farms. We also analyzed the rumen
bacterial communities of 30 cows, with the aim of finding
an explanation for the fragility of older dairy cows, and the
relationship between the cow gut microbiota and inflammaging,
as well as longevity.

MATERIALS AND METHODS

Ethics Statement
The Institutional Animal Care and Use Committees (IACUCs)
approved all the experimental procedures, which complied with
the China Physiological Society’s guiding principles for research
involving animals. This study did not involve any endangered
or protected animal species, and did not cause any harm to the
experimental animals.

Experimental Design and
Sample Collection
Healthy female Holstein cattle (n = 180) of different ages were
obtained from six different farms (F1–F6, 30 cows from each
farm). The cows were selected according to their physiological
status and grouped by lactation period as follows: L1 (n = 60,
1st lactation), L3 (n = 60, 3rd lactation), and L5+ [n = 60,
ranging from the 5th lactation to the 9th lactation (average 6th
lactation)]. Each farm provided 10 cows of group L1, 10 cows
of group L3 and 10 cows of group L5+. The cows from same
farm had been fed with exactly the same total mixed ration diet
for over 1 month, and the cows from different farms were fed
with different total mixed ration diets; however, all diets were
based on corn silage, and all the cows were fed ad libitum.
All six dairy farms are located in Beijing, China, and belong
to Beijing Sunlon Livestock Development Ltd., and thus had
a similar breeding mode. There were no significant differences
among the three groups in terms of rectal temperature (the mean
of two independent measurements in the morning), days in milk
(DIM), and body condition score (the mean of two independent
evaluations) (Table 1). None of the cows were diagnosed with any
diseases and had not been treated with any antibiotics for the last
3 months until sample collection.

The daily milk yield (DMY) was recorded three times in three
consecutive months before sample collection, and the mean was
calculated for further comparison. Sample collection began in

TABLE 1 | The body condition score, rectal temperature, and days in milk of
cows in this study.

Item Least squares mean ± SE P-value

L1 (n = 60) L3 (n = 60) L5+ (n = 60)

Body condition score 2.9 ± 0.09 2.8 ± 0.09 2.9 ± 0.09 0.668

Rectal temperature (◦C) 38.8 ± 0.05 38.8 ± 0.05 38.8 ± 0.05 0.548

Days in milk (days) 216.6 ± 8.53 213.4 ± 8.53 225.6 ± 8.53 0.576

March 2017 and ended in August 2017, with the samples (feces,
rumen liquid, milk, and blood) coming from the same farm
being collected within 24 h. Feces were collected aseptically in the
morning and transported to the laboratory immediately on dry
ice before being stored in the refrigerator at−80◦C. Milk samples
were collected in the morning, afternoon, and evening, followed
by mixing in the proportion of 4:3:3. Preservatives were used to
keep the milk samples fresh. In addition, 10 ml of anticoagulant
and 10 ml non-anticoagulant blood samples were collected at
the tailhead of cows. Non-anticoagulant blood samples were
coagulated at room temperature for 1 h before centrifugation at
1,000× g for 10 min to separate the serum from the erythrocytes,
and the sera were stored at−20◦C until further processing.

The rumen liquid of 30 cows could only be collected from
the first farm (F1) because of the lack of conditions to collect
the ruminal liquid at the other farms; however, we successfully
collected feces, milk, and blood samples of all 180 cows selected
in the current study. The rumen liquid was collected at noon
(approximately 4 h after the morning feed and on the same day as
feces were collected from the cows in F1) using a flexible stomach
tube, which was washed with clean water before each collection.
About 50 mL of rumen liquid from each cow was aspired through
the mouth, with the initial 100 mL (approximately) discarded
to avoid contamination by saliva. The obtained sample was
transported to the laboratory on ice and then stored in at −80◦C
immediately. The whole period of rumen liquid collection and
storage lasted less than 3 h.

The Measurement of Cytokines and
Milk Components, and Routine
Blood Analysis
Inflammation-related cytokines in serum including tumor
necrosis factor alpha (TNF-α), interleukin (IL)-6, transforming
growth factor beta (TGF-β), and IL-10, were determined using
an ST-360 Microplate Reader (Kehua Bio-engineering Co., Ltd.,
Shanghai, China) and cytokine diagnostic reagents (Jinhaikeyu
Biological Technology Development Co., Ltd., Beijing, China),
which is based on an enzyme-linked immunosorbent assay
(ELISA). Routing blood analysis, including WBC (white
blood cell count), W-SCR (lymphocyte cell ratio), W-MCR
(mononuclear cell rate), W-LCR (granulocyte cell ratio),
W-SCC (lymphocyte cell count), W-MCC (mononuclear cell
count), W-LCC (granulocyte cell count), RBC (red blood cell
count), HGB (hemoglobin), HCT (hematocrit), MCV (mean
corpuscular volume), MCH (mean corpuscular hemoglobin),
MCHC (mean corpuscular hemoglobin concentration), RDW-
CV (red blood cell distribution width of coefficient of variation),
RDW-CV (red blood cell distribution width of standard
deviation), PLT (platelet count), PDW (platelet distribution
width), MPV (mean platelet volume), and P-LCR (large cell
ratio of platelet) in anticoagulant whole blood were analyzed
using a K-4500 Fully Automated Hematology Analyzer (Sysmex
Corporation, Kobe, Japan) within 24 h after sample collection.
The component analysis models designed by Bentley Instruments
Inc. (Chaska, MN, United States) were used to measure and
calculate milk components, including Lactose (milk lactose),
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Car (milk carbamide), FPD (freezing point depression of milk),
Solids (milk solids), Fat (milk fat), Protein (milk protein),
SCS (somatic cell score of milk), and this procedure was
completed within 48 h after milk sample collection. All the
steps referred to above were operated according to corresponding
manufacturer’s instructions.

Determination of Ruminal and
Fecal Bacteria Communities
The procedures of DNA extraction, amplification, and
sequencing were completed by Novogene Bioinformatics
Technology Co., Ltd. (Beijing, China). DNA was extracted from
0.2 g of feces (5 mL for the rumen liquid) using a QIAamp DNA
Stool Mini Kit (Qiagen, Hilden, Germany). Rumen liquid was
first centrifuged at 8,000 × g for 20 min, and the supernatant
was removed. Feces (pellet after centrifugation for rumen liquid)
was added into 1 ml of lysis buffer (500 mM NaCl, 50 mM
Tris−HCl pH 8, 50 mM EDTA, 4% SDS) that blended with
mini Bead Beater (BioSpec, Bartlesville, OK, United States), and
treated in FastPrep (MP Biomedicals, Irvine, CA, United States)
at 5,000 oscillations per minute for 60 s. The mixture was heated
at 95◦C for 15 min, then centrifuged for 5 min at 12,000 × g
to pellet particles. 250 ml of 10 M ammonium acetate were
added to the supernatant, followed by incubation in ice for
5 min and centrifugation at 12,000 × g for 10 min. One volume
of isopropanol was added to each sample and incubated in
ice for 30 min. Precipitated nucleic acids were collected by
centrifugation for 15 min at 12,000 × g and washed with
ethanol 70%. Pellet was suspended in 100 ml of TE buffer and
treated with 2 ml of DNase-free RNase (10 mg/ml) at 37◦C for
15 min. Protein removal by Proteinase K treatment and DNA
purification with QIAamp Mini Spin columns were performed
following the kit protocol. The final DNA concentration was
determined using a NanoDrop 2000 UV-vis spectrophotometer
(Thermo Fisher Scientific, Wilmington, NC, United States), and
DNA quality was checked using 1% agarose gel electrophoresis.
The V3–V4 (341F 5′-CCTAYGGGRBGCASCAG-3′, 806R
5′-GGACTACNNGGGTATCTAAT-3′) region of the 16S ribo-
somal RNA (rRNA) gene was amplified using a thermocycler
PCR system (GeneAmp 9700, ABI, Foster City, CA,
United States). The PCR reactions were conducted using
the following program: 3 min of denaturation at 95◦C; 27
cycles of 30 s at 95◦C, 30 s for annealing at 55◦C, and 45 s for
elongation at 72◦C; and a final extension at 72◦C for 10 min. The
PCR reactions were performed in triplicate in a 20 µL mixture
containing 4 µL of 5 × FastPfu Buffer, 2 µL of 2.5 mM dNTPs,
0.8 µL of each primer (5 µM), 0.4 µL of FastPfu Polymerase,
and 10 ng of template DNA. The resulting PCR products were
extracted from a 2% agarose gel and further purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, United States) and quantified using QuantiFluor-
ST (Promega, Madison, WI, United States) according to the
manufacturer’s protocol. Purified amplicons were pooled in
equimolar amounts and paired-end sequenced (2 × 250) on an
Illumina (San Diego, CA, United States) HiSeq 2500 instrument
(n = 61,645 ± 9,513 (mean ± SD) raw reads per fecal sample,

n = 48,815 ± 6,590 per ruminal liquid sample) according to the
standard protocols. The Q30 of the raw reads was 96 ± 0.86
(mean ± SD). All the bioinformatic analysis procedures of the
sequences were completed on a QIIME 2 data science platform
(Bolyen et al., 2018). Paired-end sequences were merged and
quality-filtered using the approaches recommended by QIIME 2;
reads with an average Phred quality score below 20 were filtered
out, and paired-end reads were merged at a minimum overlap
of 15 nt. The sub-operational-taxonomic-unit (sOTU) is an
OTU at a similarity of 100%, and thus two sequences from the
same region of 16S rRNA with a single-nucleotide difference
belong to two different sOTUs. Deblur, constructed recently by
Amir et al. (2017), and integrated to QIIME 2, was used to obtain
putative error-free sequences and pick sOTUs. After the default
procedure of Deblur, we obtained a total of 4,115,142 reads for
the fecal samples [22,862 ± 6,588 (mean ± SD) per sample], and
398,597 reads for the ruminal samples (13,287 ± 1,870), with no
chimeras and no sequencing errors (theoretically). After filtering
the sOTUs observed in less than 10 samples, 4,745 sOTUs (3,301
sOTUs for rumen liquid) with single-nucleotide differences and
hardly any false positives were obtained. The representative
sequence of each sOTU was then aligned to the Silva database
(Christian et al., 2013) (Release 132) (trimmed to the V3–V4
region bound by the 341F/806R primer pair) to assign taxonomy
using the q2-feature-classifier (Bokulich et al., 2018). Any
contaminating mitochondrial and chloroplast sequences were
filtered out using the QIIME2 feature-table plugin. This resulted
in 86% of the total sequences being assigned taxonomically at
the genus level. The closed-reference OTUs were then chosen
and further used to predict the functional profile of bacterial
communities and to identify Kyoto Encyclopedia of Genes and
genomes (KEGG) pathways using PICRUSt (Langille et al.,
2013). Unless specified above, the parameters used in the analysis
were set to the defaults.

Statistical Analysis
To study how the production performance, inflammatory
cytokines, and blood biochemical indexes changed with
increasing of age, an SAS (Littell et al., 1996) general linear
model (GLM) procedure considering the fixed effects of farm,
lactation stage (two stages decided by the median of days in
milk), lactation period (L1, 1st lactation; L3, 3rd lactation; L5+,
at least 5th lactation), and the interaction between farm and
lactation period, was used. Principal coordinates analysis (PCoA)
of Bray–Curtis dissimilarity (Bray and Curtis, 1957), which was
calculated from sOTU sequence count table, was used to visualize
the difference in the bacterial community between samples and
among groups, followed by Permutational Multivariate Analysis
of Variance (PERMANOVA), a non-parametric multivariate
statistical test (Anderson, 2010), to test the significance of the
difference in bacterial community among lactation groups.

Before the following analysis of bacteria and predicted
pathways, a relative abundance table of bacteria at genus level
or KEGG pathways of the third level were calculated, and
the mean-only version of a non-parametric empirical Bayes
method (Johnson et al., 2007; Leek et al., 2012) was used
to remove the effect of uninterested variables (farm groups).
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The non-strict version of Linear discriminant analysis Effect
Size (LEfSe), which determines significant taxa differing in at
least one (and possibly multiple) class value(s) (Segata et al.,
2011), was then used to identify the bacterial biomarkers of
lactation groups (L1, 1st lactation; L3, 3rd lactation; L5+, at least
5th lactation). The predicted KEGG pathways observed in less
than 90 samples were filtered out, as the relative abundance of
these pathways deviated markedly from the normal distribution.
ANOVA, followed by Duncan’s test, was then used to detect
the pathways that were differently abundant across the three
lactation groups after the relative abundance of pathways was
log transformed and scaled to a standard normal distribution.
Redundancy Analysis (RDA), introduced by Borcard (Borcard
et al., 2011), was used to analyze the correlation between
the cows’ physiological indexes (inflammatory cytokines, milk
production performance, routine bloods) measured in this
study, and bacterial communities. The permutation test method
(function envfit) constructed in the R VEGAN package (Dixon,
2003) was then used to test the significance of this correlation.
Spearman’s rank correlation coefficient was calculated to measure
the relationship among the cows’ physiological indexes, ruminal
bacteria, and fecal bacteria.

Nucleotide Sequence
Accession Numbers
The sequences in this study were accessible from the NCBI
Sequence Read Archive with accession number SRP202074.

RESULTS

Changes of Inflammation-Related
Cytokines, Routine Bloods, and
Production Performances
With Increasing Age
Four cytokines (TNF-α, IL- 6, TGF-β, and IL-10) were
measured to study the changes in inflammation-related cytokines
with increasing age, and to determine if aged cows suffer
from inflammation. Using SAS GLM, we observed low-
level inflammation among the cows in the L5+ group. The
concentrations of TNF-α, TGF-β, and IL-10 showed a similar
changing pattern; their levels were higher in L5 than L1 and
L3 (p < 0.001) but not statistically different between L1 and L3
(Table 2). IL-6 levels were significantly higher in the L3 and L5+
groups, and no significant difference was observed between L3
and L5+. Thus, the levels of all the measured cytokines were
significantly higher in L5+ compared with those in L1 (p< 0.05).

SAS GLM analysis of milk production performance suggested
a decrease in milking performance as the cows grew older. Milk
lactose and DMY tended to decline, while the SCS and FPD
tended to increase with age (p< 0.001). Among the three groups,
L5+ had the lowest level of daily milk yield, at about 5 kg lower
than that in L3, and 3 kg lower than that in L1 (p < 0.05). Total
milk solids and milk protein levels were also the lowest in L5+
when comparing the means, although the differences were not
significant. This decline in production performance of old dairy

TABLE 2 | Difference in inflammation-related cytokines, production performance,
and routine bloods across three lactation groups.

Item Least squares mean ± SE P-value

L1 (n = 60) L3 (n = 60) L5+ (n = 60)

Inflammation-related cytokines

TNF-α (pg/ml) 169.29 ± 3.61b 166.29 ± 3.62b 188.44 ± 3.60a < 0.001

IL-6 (pg/ml) 138.36 ± 4.12b 154.48 ± 4.13a 150.55 ± 4.12a 0.018

IL-10 (pg/ml) 20.74 ± 0.77b 22.34 ± 0.77b 26.44 ± 0.77a < 0.001

TGF-β(ng/ml) 66.30 ± 1.87b 70.68 ± 1.87b 76.55 ± 1.86a < 0.001

Performances of production

DMY (kg/day) 37.91 ± 0.83b 39.95 ± 0.99a 35.23 ± 0.84c < 0.001

Lactose (%) 5.00 ± 0.04a 4.79 ± 0.04b 4.67 ± 0.04c < 0.001

Car (mg/dL) 12.67 ± 0.44 12.66 ± 0.44 12.57 ± 0.44 0.986

FPD (mOH) 554.16 ± 1.65b 556.07 ± 1.66b 564.48 ± 1.64a < 0.001

Solids (%) 11.18 ± 0.15 11.55 ± 0.15 11.13 ± 0.15 0.090

Fat (%) 3.00 ± 0.09 3.26 ± 0.09 3.17 ± 0.09 0.146

Protein (%) 3.14 ± 0.02 3.19 ± 0.02 3.11 ± 0.02 0.065

SCS 2.95 ± 0.15c 3.50 ± 0.15b 4.49 ± 0.15a < 0.001

Blood routine

WBC (109/L) 11.67 ± 0.44 11.10 ± 0.44 10.58 ± 0.44 0.221

RBC (1012/L) 6.03 ± 0.07a 5.73 ± 0.07b 5.70 ± 0.07b < 0.001

HGB (g/L) 96.59 ± 1.15 93.78 ± 1.15 93.88 ± 1.15 0.151

HCT (%) 27.90 ± 0.33 27.03 ± 0.33 26.80 ± 0.33 0.051

MCV (fL) 47.67 ± 0.31b 48.75 ± 0.31a 48.65 ± 0.31a 0.024

MCH (pg) 16.52 ± 0.12b 16.96 ± 0.12a 17.04 ± 0.12a 0.004

MCHC (g/L) 346.93 ± 0.87 347.79 ± 0.87 349.77 ± 0.87 0.064

PLT (109/L) 429.27 ± 13.38 418.09 ± 13.40 390.67 ± 13.35 0.113

W-SCR (%) 56.23 ± 1.00 53.60 ± 1.00 53.54 ± 1.00 0.100

W-MCR (%) 6.00 ± 0.21 6.18 ± 0.21 6.51 ± 0.21 0.210

W-LCR (%) 37.77 ± 0.96 40.22 ± 0.96 39.94 ± 0.95 0.146

W-SCC (109/L) 6.69 ± 0.29 6.09 ± 0.29 5.87 ± 0.29 0.124

W-MCC (109/L) 0.70 ± 0.03 0.67 ± 0.03 0.68 ± 0.03 0.800

W-LCC (109/L) 4.28 ± 0.17 4.34 ± 0.17 4.03 ± 0.17 0.384

PDW (fL) 6.64 ± 0.09b 6.78 ± 0.09ab 6.98 ± 0.09a 0.020

MPV (fL) 6.12 ± 0.05b 6.26 ± 0.05ab 6.33 ± 0.05a 0.006

RDW-SD 17.46 ± 0.29 17.70 ± 0.29 18.29 ± 0.29 0.123

RDW-CV 0.17 ± 0.00 0.17 ± 0.00 0.17 ± 0.00 0.265

P-LCR (%) 3.21 ± 0.20b 3.88 ± 0.20a 3.89 ± 0.20a 0.024

TNF-α, tumor necrosis factor alpha; IL-6, interleukin 6; TGF-β, transforming
growth factor beta; IL-10, interleukin 10; DMY, daily milk yield; Lactose, milk
lactose; Car, milk carbamide; FPD, freezing point depression of milk; Solids, milk
solids; Fat, milk fat; Protein, milk protein; SCS, somatic cell score of milk; WBC,
white blood cell count; W-SCR, lymphocyte cell ratio; W-MCR, mononuclear cell
rate; W-LCR, granulocyte cell ratio; W-SCC, lymphocyte cell count; W-MCC,
mononuclear cell count; W-LCC, granulocyte cell count; RBC, red blood cell count;
HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;
RDW-CV, red blood cell distribution width of coefficient of variation; RDW-CV, red
blood cell distribution width of standard deviation; PLT, platelet count; PDW, platelet
distribution width; MPV, mean platelet volume; and P-LCR, large cell ratio of platelet
were compared across three lactation groups (L1, L3, L5+, corresponding to 1st
lactation, 3rd lactation, and at least 5th lactation) using GLM, general linear model
in SAS. The least squares means labeled with different letters were significantly
different (Duncan’s test, p < 0.05), otherwise they were not significantly different.

cows (L5+) indicated that the physiological functions of aged
dairy cows had diminished.

We also compared the blood physiology of the three groups.
As shown in Table 2, there was a significant decline in the RBC
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FIGURE 1 | The dairy milk yield of cows with high and low TNF-α level SAS
GLM procedure showing that cows with higher TNF-α levels produce less
milk. 180 cows were divided into two groups at the median of TNF-α level,
and the daily milk yield of the two groups was compared using GLM (General
Linear Model) in SAS.

count in L3 and L5+ (p < 0.001). Some blood physiological
indexes related to the size of red blood cells (MCV, MCH) and the
size of platelets (PDW, MPV, P-LCR) were increased in the L5+
group compared with those in the L1 group (Table 2, p< 0.05).

We then sought to determine if there is a connection between
inflammatory cytokines and milk yield. We divided the 180
cows into two groups exactly at the median of the TNF-
α level, and then compared the milk yield between the two
groups using SAS GLM, which considered farm group, lactation
group (L1, L3, L5+), lactation stage (two levels divided by the
median of lactation days), and TNF-α group as fixed effects. The
results in Figure 1 showed that the dairy cows with a higher
level of blood TNF-α in blood tended to produce less milk
(about 2 kg, p< 0.01).

Variation of Fecal Microbiota
Among the Six Farms
Bray–Curtis dissimilarity (Bray and Curtis, 1957), which is
computed from sequence counts of bacteria, is good at
quantifying the difference in abundance between two different
bacterial communities. To make this Bray–Curtis dissimilarity
easier to understand, we used the technique of unsupervised
principal coordinates analysis (PCoA) to visualize the Bray–
Curtis dissimilarity matrix among 180 dairy cows’ feces
microbiota. In the PCoA plot (Supplementary Figure S1A),
the visible distance between two points approximates to the

Bray–Curtis dissimilarity between the two corresponding cows’
bacteria communities. A remarkable spatial separation among the
six farms’ clouds was observed in Supplementary Figure S1A
(PERMANOVA, p< 0.001), suggesting a large difference between
the cows’ feces microbiota from different farms.

To further understand this variation in fecal microbiota
between different farms, we used a flower figure (Supplementary
Figure S1B) to characterize the distribution of sOTUs among
the six farms. Supplementary Figure S1B shows that, although
most of the sOTUs (54%) were shared by all farms among
the 4745 observed sOTUs, there were some sOTUs observed
only in one specific farm. Considering that all the sOTUs
observed in less than 10 samples were excluded from this
analysis, these farm-specific sOTUs could be very convincing
and meaningful. More information about these common sOTUs
and farm-specific sOTUs is shown in Supplementary Table S1.
In addition, even for those sOTUs that were shared among
most farms, their abundance fluctuated markedly between farms
(Supplementary Figure S2).

Change of Fecal Bacterial Communities
With Increasing Age
Principal coordinates analysis based on Bray–Curtis dissimilarity
was applied six times independently for the six farms to analyze
the difference in bacterial composition across the three lactation
groups. The PCoA plots (Figure 2) showed that the clouds
derived from the L1 and L5+ data were separated from each other
within each farm, indicating that their bacterial communities
were different. The point clouds of L3 groups, which were
more likely to be located between L1 and L5+, were hard to
tell from L1 in some cases (Figures 2A,D,E). We then used
the PERMANOVA technique to test if there were significant
separations across the centers of the three lactation groups’
bacterial communities. As shown in Table 3, five out of six
farms had overall p-values below 0.001, which provided sufficient
proof that there were significant differences across the bacterial
communities from the three lactation groups. Even for the non-
significant farm (F5), the difference was significant if we only
looked at the p-value of L1 versus L5+ (p < 0.05). The results
of PERMANOVA confirmed those of PCoA; that there was a
significant difference between the bacterial composition of the L1
and L5+ groups (p< 0.05).

The non-strict version of LEfSe (Segata et al., 2011) was
used to determine the bacteria most likely to explain the
differences among lactation groups, by coupling Kruskal–Wallis
tests for statistical significance with additional tests assessing
biological consistency and effect relevance. Bacteria with LDA
scores greater than 2 were speculated to have a different
abundance across the three lactation groups (Figures 3, 4).
Finally, we identified 18 clades as biomarkers of L5+, which
could distinguished L5+ from the other two groups and were
more abundant in the L5+ samples, including Terrisporobacter,
Cellulosilyticum, Christensenellaceae R-7 group, dgA-11 gut group,
and eight genera belong to the Ruminococcaceae (Ruminococ-
caceae UCG-009, Ruminococcaceae UCG-004, Ruminococcaceae
NK4A214 group, Ruminiclostridium 5, Ruminiclostridium 1,
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FIGURE 2 | Principal coordinates analysis (PCoA) to visualize the differences among the fecal bacteria communities of three lactation groups from six farms. (A–F)
PCoA was applied six times separately for the six farms (F1–F6) to visualize the differences in fecal bacterial communities across three lactation groups. In each plot,
each point represents a sample, the distance between two points approximates the difference of their bacterial communities (Bray–Curtis dissimilarity), and the
points belonging to different lactation groups were shown in different colors.
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TABLE 3 | PERMANOVA to test the difference in bacterial communities across
three lactation groups.

Overall

Farm Pairwise permanova p-value p-value

L1−L3 L1−L5+ L3−L5+

(n = 20) (n = 20) (n = 20)

F1 (n = 30) 0.407 < 0.001 0.002 < 0.001

F2 (n = 30) 0.005 0.007 0.035 < 0.001

F3 (n = 30) < 0.001 < 0.001 0.016 < 0.001

F4 (n = 30) 0.017 < 0.001 < 0.001 < 0.001

F5 (n = 30) 0.484 0.019 0.350 0.131

F6 (n = 30) 0.030 < 0.001 < 0.001 < 0.001

Permanova, a non-parametric method, was applied separately in six farms to
test the significance of the difference in fecal bacteria communities across
three lactation groups. F1–F6 represent six farm groups, and L1 (1st lactation),
L3 (3rd lactation), and L5+ (at least 5th lactation) represent the three lactation
groups. All the p-values were calculated by permutating 1000 times. Each pairwise
p-value was calculated from 20 samples, and each overall p-value was calculated
from 30 samples in the corresponding farm.

Hydrogenoanaerobacterium, Caproiciproducens, and Angelaki-
sella), as well as a lineage of Elusimicrobia. We found 11
clades that were more abundant in the L3 group, including
Pygmaiobacter, Tyzzerella 3, Coprococcus 3, Clostridium
sensu stricto 6, Bacteroides, and a lineage of Bifidobacterium.
We also found 33 clades as biomarkers of L1, including
Succinivibrio, [Eubacterium] nodatum group, [Eubacterium]
brachy group, Defluviitaleaceae UCG-011, four genera
belonging to the Ruminococcaceae (Ruminococcaceae UCG-
014, Ruminococcaceae UCG-005, Ruminiclostridium 9, and
Fournierella), 12 genera belonging to the Lachnospiraceae
(Marvinbryantia, Lachnospiraceae UCG-001, Lachnoclostridium,
Dorea, Coprococcus 2, Blautia, Anaerostipes, Anaerosporobacter,
Agathobacter Acetitomaculum, [Eubacterium] xylanophilum
group, and [Eubacterium] ventriosum group) and all the
genera belong to the Prevotellaceae (Prevotellaceae UCG-004,
Prevotellaceae UCG-003, Prevotellaceae UCG-001, Prevotella
9, Prevotella 1, and Alloprevotella). Clearly, there was a
reconstruction within the family Ruminococcaceae as the
cows grew older.

Changing Pattern of Bacterial Functions
With Increasing Age
To study how the functions of fecal bacteria changed with
increasing age, we first predicted the functions of fecal bacteria
using PICRUSt, and then used ANOVA followed by Duncan’s
test to compare the abundance of predicted KEGG pathways
across the three lactation groups. We detected 249 KEGG
pathways of the third level after filtering the pathways observed
in less than 90 samples, which were not compatible with the
analysis of ANOVA and Duncan’s test. We observed that 37%
of the selected pathways (93 pathways) had changed during
aging (ANOVA, p < 0.05). Figure 5 shows the 42 most
significant pathways with p-values below 0.005. For the KEGG
pathways related to essential nutrients shown in Figure 5, six
pathways related to the metabolism of amino acids (Cysteine and

FIGURE 3 | Histogram of the LDA scores computed for differentially abundant
fecal bacteria across three lactation groups. LEfSe scores could be
interpreted as the degree of consistent difference in relative abundance of the
analyzed fecal bacteria communities across the three lactation groups. The
histogram thus identifies which clades among all those detected as
statistically and biologically differentially abundant and could explain the
greatest differences across the three groups. In brief, the blue bars, for
example, represent the bacteria with the highest abundance in L5+ compared
with those in the other two groups.

methionine metabolism, D-Alanine metabolism, D-Glutamine,
and D-glutamate metabolism, Glutathione metabolism, Glycine,
serine and threonine metabolism, Phosphonate, and phosphinate
metabolism) were more abundant in L5+ and L3 than in L1.
Three pathways belonging to the metabolism of carbohydrates
category (Starch and sucrose metabolism, Galactose metabolism,
and Fructose and mannose metabolism) were more abundant
in L1 than in L5+. Two pathways related to the metabolism of
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FIGURE 4 | The fecal bacteria (highlighted by small circles and by shading) showing different abundance values among three lactation groups. There are six layers
from the inside of this plot to the outside, corresponding to six levels of taxonomy (kingdom, phylum, class, order, family, and genus). Each node (small circle)
represents a taxon; blue nodes represent the bacterial biomarkers of L5+ with the highest abundance in L5+ compared with that in the other two groups (red for 1st
lactation, green for 3rd lactation), while yellow nodes indicate the bacteria that are not statistically and biologically differentially abundant among the three lactation
groups. The diameter of each circle is proportional to the taxon’s abundance. This representation, employing the Silva taxonomy, simultaneously highlights high-level
trends and specific genera; for example, multiple differentially abundant sibling taxa are consistent with the variation of the parent clade.

lipids (Glycerophospholipid metabolism and Lipid metabolism)
were more abundant in L1 than in L3 and L5+. In addition, two
pathways (NOD-like receptor signaling pathway, and Antigen
processing and presentation) belonging to the Immune System
category were less abundant in L3 and L5+. The biosynthesis
of ansamycins appeared to be less active in L3 and L5+,
and some pathways that might produce toxic metabolites such
as, Peroxisome and Bacterial toxins, were more active in L3
and L5+. Two pathways related to trypanosomiasis (African
trypanosomiasis and American trypanosomiasis) were more
abundant in L3 and L5+ (Duncan’s test, p< 0.05).

Correlation Analysis
After the effects of farm groups were corrected, RDA was used
to analyze how much the physiological indexes were related
to the cows’ fecal bacteria community. The goodness of fit
statistic of RDA is the squared correlation coefficient (r2), and
the significance of this r2 was assessed using a permutation
test in the VEGAN package. The results of performing 2000
permutations are shown in Table 4, which shows that age
(months after birth), with a r2 of 0.353, was the variable most
related to the bacterial community, except for farm groups,
followed by DMY (0.143) and milk fat (Fat, 0.125). The variables
with a significant r2 (p < 0.05) were used to draw RDA maps
(Figure 6), in which the length of each arrow represents its
degree of correlation to the bacterial community in the RDA
(no permutations). Coloring the samples by their different

lactation groups showed that the centroids of the three groups’
clouds were well separated, which confirmed the remarkable
correlation between the cows’ age and their fecal bacteria
community (Figure 6A). By plotting the bacteria in an RDA
map, we could easily find the bacteria most related to a specific
variable, and those most involved in the significance of the
variable’s r2-value. For example, among the 30 most abundant
bacteria labeled in Figure 6B, Cellulosilyticum, Ruminococcaceae
UCG-009, and Ruminococcaceae NK4A214 group, located in
the positive direction of the age arrow, were positively
related to age, whereas Succinivibrio, Ruminococcaceae UCG-
005, Blautia, Anaerosporobacter, Agathobacter, Acetitomaculum,
and Prevotellaceae UCG-003 were negatively related to age. In
addition, these bacteria must contribute the most to the size of
the r2-value for the age variable. More information could be
found by comparing the angles between the arrows; for example,
SCS, TNF-α, MPV, and MCH were positively related to age,
as their arrows expanded toward almost the same direction;
by contrast, platelets, daily milk yield, and milk lactose were
negatively related to age.

Instead of relating bacteria to the physiological indexes while
the effects of lactation groups existed, as above, we next removed
the effects of both farm groups and lactation groups before
we calculated the Spearman’s rank correlation between bacteria
and physiological indexes. Therefore, the correlations shown in
Figure 7 were more like partial correlations, meaning they were
correlated even when the cows’ age was unchanged, and only
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FIGURE 5 | The 42 most significant KEGG pathways that were differently annotated across three lactation groups. ANOVA, followed by Duncan’s test, was used to
assess the significance of the difference after log transformation and standard normal scaling of the relative abundance of the pathways. (A–G) The top 42 significant
KEGG pathways with ANOVA p-values below 0.005 are showed in these barplots, which were split by the first taxonomic level of the KEGG pathways. The
difference between two lactation groups with different letters above their bars was significant (Duncan’s test, p < 0.05), otherwise they were not significant, and the
standard error (SE) of the group mean is displayed with error bars.

the 30 bacteria most related to physiological indexes are shown.
We found that Cellulosilyticum, which was more abundant in
the L5+ group, was strongly and positively correlated to TNF-α.

Coprococcus 3, which was more abundant in L3 compared with
that in L1 and L5+, was strongly and positively correlated with
daily milk yield [FDR (false discovery rate) adjusted p< 0.001].
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TABLE 4 | The correlation between physiological indexes and fecal
bacteria communities.

Index r2 P-value

Age 0.353 < 0.001

DMY 0.143 < 0.001

Fat 0.125 < 0.001

HGB 0.105 < 0.001

Lactose 0.100 < 0.001

Solids 0.098 < 0.001

MPV 0.094 < 0.001

HCT 0.076 0.002

RBC 0.073 0.002

SCS 0.070 0.003

P-LCR 0.064 0.003

RDW-CV 0.064 0.003

PLT 0.060 0.004

TNF-α 0.055 0.010

FPD 0.054 0.010

PDW 0.054 0.008

Protein 0.049 0.014

MCH 0.043 0.025

MCV 0.038 0.037

W-MCR 0.032 0.059

RDW-SD 0.031 0.077

IL-6 0.031 0.064

W-MCC 0.030 0.085

W-SCR 0.022 0.140

MCHC 0.022 0.150

W-LCR 0.022 0.139

TGF-β 0.019 0.207

IL-10 0.014 0.314

W-LCC 0.013 0.347

W-SCC 0.005 0.656

Car 0.004 0.746

WBC 0.002 0.816

The significance (p-values) of the correlation between a cows’ physiological indexes
and bacterial communities were assessed by permutating 2000 times using the
method in the R VEGAN package. The goodness of fit statistic of RDA, the
squared correlation coefficient (r2), which measures the correlation between cows’
physiological indexes and bacterial communities, is showed in this table. The
abbreviations are the same as those shown in the footnote to Table 2.

Further Association of the Ruminal
Bacteria to the Lactation Group, and to
Fecal Bacteria and Physiological Indexes
In this part, we were only able to analyze the samples of 30
cows from one of the six farms (F1) because of a lack of
conditions to collect the ruminal liquid in the other farms.
From the PCoA plot of the ruminal bacteria communities
(Supplementary Figure S3), we observed the differences among
the rumen bacteria communities of the three lactation groups
(PERMANOVA, p < 0.05); however, compared with that of
the L1 group, the rumen bacteria communities of L5+ were
more similar to those of L3. In contrast to the LEfSe analysis
of fecal microbiota, in this experiment we selected the bacteria
with an LDA > 4 as the biomarkers of each lactation group

in the LEfSe analysis of rumen bacteria to avoid false positives
because we had only 30 samples. We found that, Rikenellaceae
RC9 gut group and two genera belonging to the Ruminococcaceae
(Ruminococcaceae NK4A214 group and Ruminococcaceae UCG-
014) were more abundant in L3. The abundance of Prevotella 1,
the most abundant bacterial genus in the rumen (average relative
abundance = 0.34), declined when cows grew to the third
lactation (L3). We did not find any ruminal bacteria biomarkers
for the L5+ group in this study (Supplementary Figure S4).

Correlation network analysis was used to visualize the
Spearman’s rank correlation coefficient matrix among cows’
physiological indexes, the dominant rumen bacteria, and fecal
bacteria. We detected a close and complex connection network
among physiological indexes, rumen bacteria, and fecal bacteria
(Figure 8). All the gut bacteria, whether in the rumen or
feces, were connected with each other to some extent (directly
or indirectly, positively or negatively). The interactions among
rumen bacteria were much more complicated than those among
fecal bacteria. Both rumen bacteria and fecal bacteria were related
to the physiological indexes. Among the physiological indexes,
the age variable had the largest number of connections with the
ruminal and fecal bacteria (the number of lines connected to a
node) in the network (32 connections in total), followed by TGF-
β (17), IL-10 (13), and milk Fat (12), indicating that cows age and
inflammatory cytokines play an important role in this network,
and that gut bacteria were hypersensitive to increasing age and
to the progress of inflammatory status. There were significant
positive correlations among TGF-β, IL-10, TNF-α, and the cows’
age (FDR adjusted p< 0.01).

DISCUSSION

Chronic low-grade inflammatory status (inflammaging) was
reported in humans and model animals (Claudio, 2010;
Thevaranjan et al., 2017). In the present study, we observed
similar inflammaging in older cows (L5+), with significantly
higher levels of TGF-β, TNF-α, IL-10, and SCS (p < 0.001,
Table 2). The L5+ group also showed decreased milk production
performance, with significantly lower yields of milk and lower
milk lactose levels compared with those in both L1 and L3
(p< 0.001, Table 2). Note that the increase in anti-inflammatory
cytokines such as IL-10 should not always be interpreted as a
beneficial change, because an increase of IL-10 might be a sign
of dyshomeostasis as a result of increasing TNF-α (Figure 8). In
addition, anti-inflammatory cytokines can have proinflammatory
activity under specific circumstances. Inflammaging is thought to
be the cause of the age-related decline in the functionality of the
immune system (immunosenescence) (Larbi et al., 2008). Thus,
it is not difficult to explain the negative effect of TNF-α on milk
yield in the current study (Figure 1). Inflammaging may be one
of the reasons for higher culling hazard and reduced production
efficiency in older cows.

Age-related changes in the composition of the symbiotic
microbiota in humans have been demonstrated (Biagi et al.,
2010; Liang et al., 2011; Yu et al., 2015); however, the
results of these studies differed in terms of signature microbes
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FIGURE 6 | Continued
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FIGURE 6 | RDA analysis of the correlation between bacteria and a cows’ physiological status. (A) Each point represents a sample; each arrow represents a
quantitative explanatory variable (age, inflammation-related cytokines, production performance, routine bloods). Projecting a sample’s point at right angles on an
arrow approximates the position of the sample along that variable, and the distance between two samples’ points approximates their difference in bacterial
communities; the cosine values of the angles between explanatory variables reflect their correlations. (B) Each point represents a bacterial genus; the species that
failed to be assigned a genus taxa are included in “unclassified.” The top 30 abundant genera are labeled with their taxa. The size of a point reflects the abundance
of the corresponding genus. The cosine values of angles between the bacteria and explanatory variables, and between the response variables (bacteria) themselves
or explanatory variables themselves, reflect their correlations.

FIGURE 7 | The 30 bacteria most related to cows’ physiological status. Spearman’s rank correlation is shown as the color of the tile in this heatmap: Red means a
positive correlation, blue means a negative correlation. “∗,” “∗∗,” “∗∗∗” indicate FDR (false discovery rate) adjusted p-values <0.05, <0.01, and <0.001, respectively.

and inconsistent conclusions. In fact, mice under different
experimental conditions also showed different changing pattern
with increasing age (Kozik et al., 2017; Thevaranjan et al.,
2017). Moreover, Zaneveld believed that the microbiological
changes induced by many perturbations are stochastic, and thus
lead to a transition from a stable to an unstable community
state (known as the “Anna Karenina principle” for animal
microbiomes) (Zaneveld et al., 2017). Thus it is important to
conduct experiments under different conditions to form a valid
conclusion. In the current study, we observed marked differences
among the fecal microbiota derived from cows reared in different
farms (Supplementary Figure S1). This suggested that the effect

of farms, which might be co-effects of the management action,
the composition of the total mixed ration, and environment of
the different farms, was one of the reasons that led to the changes
in pattern of the cows’ feces microbiota.

In the analysis of large data derived from various
environments, there is a lack of methods to handle an experiment
design comprising more than one category variable as an
influencing factor on microbes whose abundance was known to
disobey the Gaussian distribution. This rules out any analysis
model that considers Gaussian distribution as a fundamental
assumption. In the present study, we used a non-parametric
method (Johnson et al., 2007; Leek et al., 2012) to remove the
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FIGURE 8 | Correlation network among the most abundant 50 ruminal bacterial genera, most abundant 50 fecal bacterial genera, and physiological indexes (mean
age, inflammatory cytokines, milk production performance, and routine bloods). Light blue nodes represent genera of fecal bacteria. Yellow nodes represent genera
of ruminal bacteria. Green nodes represent the physiological indexes measured in this study. A line between two nodes represents their significant correlation
(Spearman’s rank correlation, FDR adjusted p < 0.01), and the thicker the line is, the great the absolute value of the correlation coefficient. The red and blue lines
represent positive and negative correlations, respectively. The sizes of the nodes of the ruminal and fecal bacteria reflect the abundance of the
corresponding bacteria.

effect of the uninterested variable (farm), and used another
non-parametric method, LEfSe (Segata et al., 2011), to test the
effect of the variable of interest (lactation group), thus producing
believable results and conclusions.

By conducting an experiment upon 180 cows from six
different farms, we were able to draw robust conclusions for
the different farm environments. We found that the bacterial
community did indeed change with increasing age (Figure 2
and Table 3), and some bacteria that were present extensively in
the six farms displayed a relative stable changing pattern across
the lactation groups (Figures 3, 4). In particular, the bacteria
belonging to the Prevotellaceae were more abundant in both the
rumen and feces of young dairy cows (L1) compared with those
in L3 and L5+ (Figure 3 and Supplementary Figure S4), which
was consistent with the study of Liu (Liu et al., 2017). Dysbiosis
of fecal microbiota could definitely be related to inflammation
(Figure 8); for example, Cellulosilyticum, which was strongly and
positively related to TNF-α and negatively related to milk lactose
when the effect of lactation group was removed (Figure 7), was
more abundant in L5+ (Figure 3), indicating that it might be the
key reason for the inflammation of the older cows (L5+).

Our study also demonstrated dysbiosis of the fecal bacteria
community in the older cows by comparing the predicted

functions across the three lactation groups. The reconfiguration
of microbiota in older cows led to changes in the metagenome
such that it contained more functions related to protein
metabolism and fewer functions related to carbohydrate and
lipid metabolism (Figure 5). This finding was in accord with
a previous study of the human metagenome (Rampelli et al.,
2013). The fermentation of proteins often leads to the production
of toxic chemical substances such as NH3, H2S, amines, and
phenols (Brüssow, 2013), while the loss of lipid and carbohydrate
related genes may decrease the potential to generate beneficial
compounds, such as short chain fatty acids (SCFA), which
can protect the intestinal tract from damage. Some species
belonging to the Lachnospiraceae, for example, were reported to
protect against colon cancer in humans by producing butyric
acid (Meehan and Beiko, 2014). In the present study, we
detected a decrease of many genera belonging to Lachnospiraceae
(14 genera) among cows in the L5+ group compared with those
in either the L1 or L3 groups, in both the feces and rumen
(Figure 3 and Supplementary Figure S4). Although not all the
species belonging to Lachnospiraceae showed a beneficial effect
on host health in our study (e.g., Cellulosilyticum), Coprococcus 3,
in particular, was more abundant in cow feces of the third
lactation (Figure 3), as well as strongly and positively related
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to milk yield (Figure 7), indicating that Coprococcus 3 might
be related to the high milk production of third lactation cows.
Moreover, Brüssow (Brüssow, 2013) classified the Bacteroidaceae,
Eubacterium, and Bifidobacterium as beneficial bacteria, because
of their ability to synthesize vitamins, help in digestion, stimulate
immune function, and inhibit pathogenic microbes. However,
these bacteria showed a lower abundance in cows in the L5+
group compared with those in either the L1 or L3 group
(Figures 3, 4). Certain predicted KEGG pathways, which tend to
have negative effect to host health, such as Peroxisome, Bacterial
toxins, African trypanosomiasis, and American trypanosomiasis,
showed a higher abundance among dairy cows in the L3 and
L5+ groups than in the L1 group (Figure 5). The increase
of the peroxisome pathway in older cows may lead to the
production of H2O2. In addition, Hydrogenoanaerobacterium is
an H(2)-producing anaerobic bacterium, and the increase in its
abundance in cows in the L5+ group (Figure 3) might lead
energy waste and the production of H· free radicals. As reactive
oxygen species (ROS), H2O2 and H· could cause oxidative stress
(OS), leading to further inflammation. Therefore, on the one
hand, older dairy cows, especially cows of L5+, face more
threats from toxic substances and ROS, both of which can cause
morbidity of older cows. On the other hand, older dairy cows lack
of the protection of short chain fatty acids, which increases the
chances of toxic compounds and ROS damaging the intestinal
mucosa and further entering blood circulation. In summary,
a decayed microbiota might be one of the reasons why older dairy
cows suffer from chronic low-grade inflammation and decreased
milk production.

Our study mainly focused on the bacterial community of
feces (180 samples), but we also related fecal bacteria to rumen
bacteria (30 samples). Rumen bacteria reacted to aging similarly
to fecal bacteria: Prevotellaceae and Lachnospiraceae showed
a similar changing pattern between rumen bacteria and feces
bacteria. However, rumen bacteria showed some differences; for
example, the interactions among rumen bacteria were much
more complicated than those among fecal bacteria (Figure 8).
All the gut bacteria (in both the rumen and feces) were related
to each other (directly or indirectly, positively or negatively)
(Figure 8), which made them a community, and it is possible
that any changes in its members would cause a domino effect.
Our study supports the hypothesis that the fecal microbiota plays
an important role in host health, at least as an indicator of
host health, suggesting that we should pay more attention to the
balance of the rectal microbiota.

Given the existence of methods to manipulate the gut
microbiota, such as fecal microbiota transplantation (FMT)
(Weingarden et al., 2015), dietary intervention (Weimer, 2014),
or feeding with probiotics directly, the question remains as to
which microbes should be our focus. The results of the present
study support the hypothesis of prolonging a cows’ productive
life and improve dairy cow milk productive performances
by manipulating the gut microbiota. Manipulating the levels
of species belonging to the Lachnospiraceae, Bacteroidaceae,
Eubacterium, Bifidobacterium, Hydrogenoanaerobacterium,
which showed a close connection to the cows’ age and either milk
production or inflammatory cytokines, might help to alleviate

inflammaging and boost milk production. Some bacteria, such as
the Prevotellaceae, which showed a stable changing pattern with
aging in various circumstances, should be subjected to further
intensive study to confirm their influence on host health.
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FIGURE S1 | Differences among the dairy cows’ feces microbiota at six farms.
(A) The unsupervised PCoA of Bray–Curtis dissimilarity. Each point represents a
sample with the composition structure of all observed sOTUs; the distance
between two points thus represents the difference in the microbiota between two
corresponding samples. (B) Flower figure of the distribution of sOTUs among the
six farms. The number in each petal represents the number of sOTUs that are
peculiar to the corresponding farm, and the number in the center represents the
number of sOTUs that are common for all six farms.

FIGURE S2 | Histogram of the LDA scores computed for the differentially
abundant fecal bacteria among the six farms. The bacteria biomarkers of different
farms are represented with different colors.
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FIGURE S3 | Principal coordinates analysis (PCoA) to visualize the differences
among ruminal bacteria communities of three lactation groups within the first farm
(F1). Each point represents a sample in F1; the distance between two points
approximates the difference of their bacterial communities (Bray–Curtis
dissimilarity), and the points belonging to different lactation groups were shown in
different colors.

FIGURE S4 | LEfSe (Linear discriminant analysis effect size) to identify the ruminal
bacteria biomarkers of three lactation groups. (A) Histogram of the LDA scores

computed for differentially abundant rumen bacteria across three lactation groups.
(B) The ruminal bacteria (highlighted by small circles and by shading) showing
different abundance values among the three lactation groups.

TABLE S1 | SOTUs specifically present in a farm or commonly distributed among
all six farms. There are seven sheets in this Excel file; the first sheet exhibits the
sOTUs commonly distributed among all six farms; the second to seventh sheets
show the sOTUs specifically present in each farm; each sheet shows the total
sequence count and taxon of each sOTU.
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This study aimed to investigate the effects of two practically relevant doses of
menthol-rich plant bioactive lipid compounds (PBLC) on fermentation, microbial
community composition, and their interactions in sheep rumen. Twenty-four growing
Suffolk sheep were divided into three treatments and were fed hay ad libitum plus
600 g/d of concentrate containing no PBLC (Control) or PBLC at low dose (80 mg/d;
PBLC-L) or high dose (160 mg/d; PBLC-H). After 4 weeks on the diets, samples of
ruminal digesta were collected and analyzed for short-chain fatty acid (SCFA), ammonia,
and microbiota; microbiota being analyzed in the solid and the liquid digesta fractions
separately. Ruminal SCFA and ammonia concentrations were not affected by the PBLC
treatments. The microbiota in the solid fraction was more diverse than that in the
liquid fraction, and the relative abundance of most taxa differed between these two
fractions. In the solid fraction, phylogenetic diversity increased linearly with increased
PBLC doses, whereas evenness (lowest in PBLC-L) and Simpson diversity index
(greatest in PBLC-H) changed quadratically. In the liquid fraction, however, the PBLC
supplementation did not affect any of the microbial diversity measurements. Among
phyla, Chloroflexi (highest in PBLC-L) and unclassified_bacteria (lowest in PBLC-L) were
altered quadratically by PBLC. Lachnospiraceae, Bacteroidaceae (increased linearly),
BS11 (increased in PBLC-L), Christensenellaceae (decreased in PBLC treatments), and
Porphyromonadaceae (increased in PBLC treatments) were affected at the family level.
Among genera, Butyrivibrio increased linearly in the solid fraction, YRC22 increased
linearly in the liquid fraction, whereas Paludibacter increased and BF311 increased
linearly with increasing doses of PBLC in both fractions. The PBLC treatments
also lowered methanogens within the classes Thermoplasmata and Euryarchaeota.
Correlation network analysis revealed positive and negative correlations among many
microbial taxa. Differential network analysis showed that PBLC supplementation
changed the correlation between some microbial taxa and SCFA. The majority of
the predicted functional features were different between the solid and the liquid
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digesta fractions, whereas the PBLC treatments altered few of the predicted functional
gene categories. Overall, dietary PBLC treatments had little influence on the ruminal
fermentation and microbiota but affected the associations among some microbial taxa
and SCFA.

Keywords: correlation network analysis, microbiota composition, menthol, ruminal fermentation, sheep

INTRODUCTION

Phytobiotics or plant bioactive molecules have been considered
a new class of feed additives for livestock and poultry because
of their several beneficial responses in animal production (Van
Bibber-Krueger et al., 2016; Kumar et al., 2018; Szczechowiak
et al., 2018). Depending upon the type and amount of bioactive
compounds used, beneficial biological effects may include
modulation of ruminal fermentation (Calsamiglia et al., 2007;
Mirzaei-Alamouti et al., 2016; Kazemi-Bonchenari et al., 2018),
inhibition of methane production and protein degradation
(Cobellis et al., 2016; Patra et al., 2017; Soltan et al., 2018),
decreased growth of pathogenic microorganisms in the intestines,
boosting of immunity, augmentation of antioxidant activities in
the animal tissues (Chowdhury et al., 2018; Kumar et al., 2018),
regulation of gastrointestinal nutrient transport and barrier
function (Patra et al., 2018), improvement of growth performance
(Kazemi-Bonchenari et al., 2018) and body condition (Hausmann
et al., 2017, 2018), and increased quantity and quality of milk
and meat (Hausmann et al., 2018; Smeti et al., 2018). Based
on their molecular structures, these secondary plant compounds
can be separated into several classes, namely, saponins, tannins,
flavonoids, alkaloids, organosulfur compounds, terpenoids, and
phenylpropanoids (Wink, 2003; Patra, 2012). The so-called
“essential oils” as a very important group of plant bioactive
lipid compounds (PBLC) have been investigated widely in
the diets of livestock and poultry due to their antimicrobial
properties and specificity to certain microbes (Patra, 2011;
Cobellis et al., 2016; Chowdhury et al., 2018). In ruminants, PBLC
could inhibit some undesirable microbes, such as methanogenic
archaea and protein-degrading bacteria, thus improving ruminal
fermentation (McIntosh et al., 2003; Patra and Saxena, 2010;
Cobellis et al., 2016).

In several previous trials, high doses of menthol-rich
peppermint oil decreased methane production and altered the
concentrations and proportions of short chain fatty acid (SCFA)
in the ruminal fluid in vitro (up to 2 mL/L, Agarwal et al.,
2009; up to 1 g/L, Patra and Yu, 2012; up to 0.6 g/L, Roy et al.,
2015). In these in vitro studies, few select microbial populations
(e.g., Ruminococcus spp., Fibrobacter succinogenes, methanogenic
archaea, and protozoal numbers) were specifically affected by
the menthol supplementation (Agarwal et al., 2009; Patra and
Yu, 2012). In contrast, peppermint herbs fed at dosages of
50 g/kg DM to lactating Holstein cows (Hosoda et al., 2005) or
at 200 g/d in steers (Ando et al., 2003) had no effect on the
total concentration and molar proportions of SCFA. Assuming a
menthol content of the applied peppermint supplements of∼1%
(Beigi et al., 2018), the menthol doses used in the latter in vivo
studies were far lower than those used in vitro, however, they

were yet higher than the doses that can be used economically and
safely in routine practical feeding. Regarding safety, current EU
regulations acknowledge that menthol supplementation is safe
up to a concentration of 25 mg/kg complete feeding stuff and
require detailed labeling where this concentration is exceeded
(The European Commission, 2018).

The ruminal microbiota is highly dynamic and has diverse
microbes associated with ruminal epithelium, digesta solids,
or ruminal liquid (Mao et al., 2015; Klevenhusen et al.,
2017). The three fractions have distinctive microbiota diversity,
composition, and functions and perform different ecological and
nutritional roles (Mao et al., 2015; Klevenhusen et al., 2017). It has
been shown repeatedly that dietary PBLC including menthol can
modulate ruminal fermentation by exerting antimicrobial actions
(Calsamiglia et al., 2007; Patra and Saxena, 2009; Khiaosa-ard
and Zebeli, 2013). To the best of our knowledge, however, no
study has investigated the effects of any PBLC on microbiota in
the different digesta fractions separately. We thus hypothesized
that menthol might affect the microbiota in the solid and
the liquid phase differently. Moreover, considering the specific
antimicrobial actions of high doses of peppermint oil that lead
to fermentation changes in vitro vs. an apparent absence of
fermentation changes when menthol is supplemented at lower
doses in vivo, it was further hypothesized that menthol effects
on specific microbial populations may not result in detectable
fermentation changes in vivo due to compensatory alterations in
metabolic interactions among microbial species. To test the above
hypotheses, this study was performed to investigate the effects of
menthol-rich PBLC at two doses with practical relevance and yet
justifiable safety on ruminal fermentation and its relation to the
composition, structures, functions and interactions of microbiota
in the solid and liquid fractions of ruminal digesta.

MATERIALS AND METHODS

Experimental Design, Animals, and
Feeding
Twenty-four growing Suffolk sheep (15 females and 9 males)
with initial body weight (BW) of 32.9 ± 3.44 kg and age of
121 ± 3.75 days were equally distributed into three experimental
groups that either received no PBLC (Control; n = 8), 80 mg
PBLC/d (PBLC-L; n = 8) or 160 mg PBLC/d (PBLC-H; n = 8).
The experiment was performed in two feeding experimental runs
with 12 sheep in the first run and 12 different sheep in the second
run. Sheep were distributed to the three dietary treatment groups
(Control, PBLC-L and PBLC-H) with the aim to achieve equal
sex (5 females and 3 males, per group) and BW distribution by
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using a randomized block design. Each block consisted of one
sheep per group with similar initial BW. This resulted in a total
of four blocks of three sheep per run, which were accommodated
to the four available pens. Each pen contained three separate
automatic transponder-operated feeding stations with locking
gates designed for small ruminants. Each sheep had access to only
one specific feeder recognized by individual animal identification
tag with an electronic transponder fitted to its neck collar.

Based on an (National Research Council [NRC], 2007)
requirement for 300 g/d growth rate, all sheep were fed a pelleted
concentrate (600 g/d) and ad libitum meadow hay (without
chopping) for 4 weeks. Ingredients and chemical compositions
of concentrates were the same except that the concentrates of
the PBLC-L and PBLC-H groups were pelleted together with a
PBLC premix (OAX17, PerformaNat GmbH, Germany; 13.33 g
PBLC/kg of ground corn grains) to achieve the final target
PBLC concentrations (133 or 267 mg/kg concentrate) (Table 1).
Concentrates were pelleted below 50◦C to avoid evaporative
loss of PBLC during pelleting, and the concentrate pellets were
stored in air-tight bags. The daily dose of PBLC was supplied
with the concentrates at 07:00, 11:00, and 15:00 h in three equal

TABLE 1 | Ingredient and chemical composition of pelleted concentrates and
hay fed to sheep.

Concentratea Hay

Control PBLC-L PBLC-H

Ingredient composition (g/kg)

Corn 305 295 285

Barley 305 305 305

Soybean meal 348 348 348

Molasses 30 30 30

Mineral and vitamin premixb 5 5 5

Salt 2 2 2

Limestone 5 5 5

Additive premixc 0 10 20

Chemical composition

Dry matter (DM; g/kg as-fed) 914 915 912 923

Organic matter (g/kg DM) 949 950 948 958

Crude protein (g/kg DM) 259 257 259 108

Ether extract (g/kg DM) 30.8 25.1 25.8 9.60

Neutral detergent fiber (g/kg DM) 125 140 152 641

Acid detergent fiber (g/kg DM) 65.4 74.6 70.7 374

Crude fiber (g/kg DM) 48.9 41.7 43.0 332

Calcium (g/kg DM) 5.31 5.36 5.83 3.11

Phosphorus (g/kg DM) 5.09 4.81 4.74 2.08

Metabolizable energy (MJ/kg DM)d 12.6 12.6 12.6 7.53

aControl: without PBLC; PBLC-L: low dose (133 mg/kg feed) of PBLC;
and PBLC-H: high dose (267 mg/kg feed) of PBLC. bMineral and vitamin
premix (Spezialfutter Neuruppin Ltd., Neuruppin, Germany), containing per
kg dry matter: 160 g calcium, 40 g phosphorus, 100 g sodium, 30 g
magnesium, 500,000 IU vitamin A, 50,000 IU vitamin D3, 500 mg vitamin E (as
alpha-tocopherol acetate), 4500 mg zinc (as zinc oxide), 500 mg manganese
[as Mn-(II)-oxide], 20 mg cobalt [as Co-(II)-carbonate], 20 mg iodine (as calcium
iodate), and 35 mg selenium (as sodium selenite). cAdditive premix contained
13.33 g PBLC/kg of ground corn grains. dCalculated from individual ingredients
(National Research Council [NRC], 2007).

portions (200 g each time). All sheep completely consumed the
concentrate feed allowance. The commercial source of PBLC
contained mainly menthol (900 g/kg) with other minor bioactive
compounds. Drinking water was available at all times from
push-button water troughs. Feed samples (hay and concentrate
mixtures) were collected weekly and pooled for each treatment
for chemical analyses.

Feed Analysis
The chemical composition of feed samples was analyzed
following standard methods (Naumann et al., 2004). Briefly,
content of dry matter was determined in a drying cabinet
(VDLUFA MB III 3.1), crude ash in a muffle furnace at 550◦C
(VDLUFA III 8.1), ether extract by the Soxhlet method with
hydrolysis (VDLUFA MB III 5.1.1), and crude protein by the
incineration method (VDLUFA MB III 4.1.2). Acid detergent
fiber (ADF) expressed exclusive of residual ash (ADFom) was
determined using FibertecTM 8000 (FOSS, Hilleroed, Denmark;
method, VDLUFA MB III 6.5.2). Neutral detergent fiber (NDF)
content (comparable to the assay with heat-stable amylase and
expressed exclusive of residual ash; aNDFom) was estimated
using near-infrared spectroscopy according to the method
VDLUFA MB III 31.2.

Sampling of Ruminal Solid and Liquid
Fractions and Microbiota Analysis
After the 4 weeks trial period, sheep were maintained on the
assigned feeding regime until slaughter using penetrative captive
bolt with subsequent exsanguination. Animals from the three
groups were killed in the order of their block designation (i.e.,
block after block) over 6 consecutive days. Each day, one animal
was killed 2 h after the morning feeding and a second animal
was killed 2 h after the 11:00 h feeding. As group order of
killing was kept constant for all blocks, exactly half of the animals
in each group had been slaughtered 2 h after the morning
feeding and the other half had been slaughtered 2 h after the
11:00 h feeding at the end of the trial. The pH in the ventral
sac of the rumen was recorded immediately after killing using
pH meter 3110 (Xylem Analytics Germany GmbH, Weilheim,
Germany). One ruminal content sample of each sheep was
filtered through two layers of sterile cheesecloth to separate
solid and liquid fractions for microbiota analysis. These samples
were immediately placed on ice and stored within 30 min at
−20◦C until DNA extraction. To determine the concentrations
of short-chain fatty acids (SCFA) and ammonia, an aliquot
of 8 mL of ruminal fluid from each sheep was immediately
transferred into a 15 mL polypropylene centrifuge tube (TPP R©,
Trasadingen, Switzerland) containing 2 mL of metaphosphoric
acid solution (250 g/L distilled water) to precipitate protein and
stop fermentation. The tubes were kept at room temperature
for 30 min and then placed on ice. The ruminal fluid was
centrifuged at 5000× g at 4◦C for 15 min and the supernatant was
stored at −20◦C until analysis. Concentrations of SCFA (acetic,
propionic, n-butyric, iso-butyric, n-valeric, and iso-valeric acids)
and ammonia were analyzed as described by Pieper et al. (2014).
Methane production was estimated from the stoichiometric

Frontiers in Microbiology | www.frontiersin.org 3 September 2019 | Volume 10 | Article 2038182

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02038 September 3, 2019 Time: 15:24 # 4

Patra et al. Menthol Alters Ruminal Microbiota Interactions

relations between SCFA concentrations and methanogenesis
(Moss et al., 2000).

Extraction of DNA
Metagenomic DNA from the solid and liquid fractions of the
rumen samples was extracted using the repeated bead beating
(with a Homogenizer MM301, Retsch, Haan, Germany at a
frequency up to 30 Hz) plus column purification method
as described by Yu and Morrison (2004). The quality of
extracted DNA was assessed based on the absorbance ratios
of 260/280and 260/230 nm and quantified using a NanoDrop
ND-2000 Spectrophotometer (Thermo Scientific, Wilmington,
DE, United States). The DNA samples were dried under vacuum
and sent to the DNA sequencing facility at The Ohio State
University (United States) and stored at−20◦C until analysis.

16S rRNA Gene Sequencing and
Downstream Analysis
Amplicon libraries of 16S rRNA genes were prepared and
sequenced at the Molecular and Cellular Imaging Center
of The Ohio State University1. Briefly, dual index 16S
rRNA gene amplicon libraries from both bacteria and
archaea were prepared following the Illumina protocol
(Fadrosh et al., 2014; Illumina 16S Metagenomic Sequencing
Library Preparation guide – Part # 15044223 Rev. B) using
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) specific primers
(Caporaso et al., 2011) with a unique barcode for each DNA
sample. The amplicon libraries were pooled equimolarly and
sequenced on the MiSeq instrument in a 300 cycles paired-end
run. The built-in plugins within QIIME2 (version 2018.6)
(Bolyen et al., 2018) were used to analyze the 16S rRNA
amplicon sequences. Briefly, DADA2 was first used to denoise
the demultiplexed forward and the reverse reads with quality
(Q > 25) filtering (Callahan et al., 2016). The denoised-feature
table and amplicon sequence variants (ASVs) were used for
taxonomic diversity analysis. The ASVs were taxonomically
classified with the Greengenes 99% OTUs 16S rRNA gene
reference sequences (version 13_8) using the naïve Bayesian
taxonomic classifier (Wang et al., 2007). The relative abundance
of a taxon was expressed as percentage of total sequences in
respective samples. Assigned taxa were visualized through
bar plots using the mean relative abundance of each group.
Mitochondria sequences were removed in the final analysis. Raw
16S rRNA gene amplicon sequence data are available in NCBI
Sequence Read Archive (SRA) under BioProject PRJNA529255.

Prediction of Metabolic Pathways and
Functions of Microbiota
The functional features of each sample were predicted
using PICRUSt (Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States) (Langille et al.,
2013). Species-level OTUs were picked using the q2-vsearch
closed-reference OTU picking method against the Greengenes

1https://mcic.osu.edu/home

reference database of 16S rRNA gene sequences clustered at
97% sequence similarity (13_5 release). Copy number-based
normalized classified OTUs table was used to link in between
Greengenes IDs and KEGG orthologs by finding genome
contents for each OTU from pre-calculated file followed by
multiplying the OTU abundance by predicted functional
abundance in the genome using PICRUSt.

Statistical Analysis
The Mixed model procedure of SAS (2001) was used to
analyze the relative abundance of phylum, family and genus,
and KEGG gene abundance at subsystem levels 1, 2, and 3.
Residuals were checked for normality using either Shapiro–Wilk
or Kolmogorov–Smirnov test. When residuals did not show
normal distribution, data were transformed (log, arcsine, sine,
or square-root) to have normal distribution. If residuals did
not follow normal distribution after various transformations,
the non-parametric Wilcoxon test was used to compare solid
vs. liquid fractions and Control vs. both PBLC treatments.
Unequal variances among treatments, if any, were adjusted using
the “Repeated” statement in the mixed model. The relative
abundances of all the identified phyla and KEGG level 1 gene
categories were analyzed, while only the relative abundance
of the major families, genera, KEGG subsystem level 2 and
level 3 categories (each with a relative abundance >0.5%) were
comparatively analyzed because of the large numbers of taxa and
functional categories identified. The model included treatment,
block (i.e., initial BW of sheep), fractions of digesta, sex and
fraction × treatment interaction. Linear and quadratic effects of
PBLC doses (0, 80, and 160 mg/d) were assessed using polynomial
contrasts. Contrasts between Control (0 mg/d of PBLC) vs.
average of both PBLC groups (80 and 160 mg/d of PBLC) were
also used to determine the overall effects of PBLC compared with
the Control. When interaction was or tended to be significant,
the SLICE option in the model was used to determine the effect in
either the solid or liquid fraction. Variability of data was expressed
as pooled SEM, and statistical significance was set at P ≤ 0.05,
while a trend was considered at 0.05 < P ≤ 0.10.

Principal component analysis (PCA) was performed to
investigate differences in the predicted functions at KEGG level
3 among the treatments and between the two digesta fractions
using PROC PRINCOMP of SAS (2001) with the covariance
matrix. The first three principal components were plotted to
show the overall comparison of the treatments. The PCA loadings
of the first three components were further analyzed using SAS
(2001) by multivariate analysis of variance (MANOVA) to test for
differences in the overall predicted functional features between
digesta fraction, treatment and treatment × fraction interaction.
Aided by an online tool2, linear discriminant analysis (LDA)
effect size (LEfSe) and Kruskal-Wallis tests were used to find
differentially abundant (P < 0.05 and LDA scores higher than 2;
Segata et al., 2011) taxa and functional features.

Pearson correlations between SCFA and major OTUs each
with a relative abundance >0.1% and among the OTUs each with
a relative abundance >0.5% were calculated using SAS (2001).

2http://huttenhower.sph.harvard.edu/galaxy
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These cutoffs were used based on the assumption that the small
OTUs with a relative abundance below these cutoffs would have
minimal influence on the functionality of the entire microbiota.
The force-directed correlation network layouts based on the
numerical values of correlations coefficients were then created
including nodes consisting of microbiota and SCFA pattern
which had a P ≤ 0.01 using Cytoscape (Shannon et al., 2003).
We chose the strong correlation (P ≤ 0.01) cutoffs to focus
on substantial contributions in the interactions. These networks
were created separately for the Control group and the PBLC
groups, or the liquid fraction and the solid fraction. Correlation
differences were also analyzed to evaluate the differential features
between Control and PBLC treatments, and liquid and solid
fractions, and these networks were visualized in Cytoscape
(Shannon et al., 2003).

RESULTS

Ruminal Fermentation
Ruminal fermentation characteristics including pH, total SCFA
concentrations and molar proportion of acetate, propionate,
butyrate and other minor acids, and acetate to propionate ratio
were not affected by the dietary PBLC supplementation (Table 2).
Ammonia concentrations in ruminal fluid were not changed by
PBLC. The estimated methane production in sheep was also not
influenced by PBLC feeding (Table 2).

Rumen Microbiota Diversity
On average, 37,359 quality checked sequences were obtained
from each sample, which allows for >99% depth coverage.
As shown in Table 3, all the determined alpha diversity
measurements, except for Simpson diversity index (P = 0.103)
and evenness (P = 0.69), were greater in the solid fraction than in
the liquid fraction. In the solid fraction, the number of observed
OTU and Chao 1 richness estimate were not affected (P > 0.10)
by PBLC, but phylogenetic diversity (P = 0.028) increased linearly

with PBLC doses; whereas evenness (lowest in PBLC-L), and
Simpson diversity index (greatest in PBLC-H) were quadratically
changed by PBLC (P = 0.006–0.001). In the liquid fraction,
however, none of the determined alpha diversity measurements
was influenced by the PBLC supplementation (P > 0.10) except
for Simpson index (increased linearly, P = 0.094). Interactions
between treatment and digesta fraction were not significant
(P > 0.10) for any of the alpha diversity measurements.

Microbiota Composition
In the solid fraction, 104 species-level OTUs were shared among
all the treatments, but 5, 7, and 11 OTUs were unique to
the Control PBLC-L, and PBLC-H, respectively. In the liquid
fraction, the number of shared OTUs was 93, whereas 7, 11, and 6
OTUs were unique to Control, PBLC-L and PBLC-H, respectively
(Supplementary Figure S1).

Twenty-one different phyla were identified in all the
samples, and all differed in relative abundance between
the solid and liquid fractions, except for Tenericutes,
Chloroflexi, Euryarchaeota, Proteobacteria, TM7, WPS-2,
and Armatimonadetes. Firmicutes, Fibrobacteres, Spirochetes,
SR1, Planctomycetes, and Actinobacteria were more predominant
(P ≤ 0.05) in the solid fraction than in the liquid fraction, while
Bacteroidetes, Verrucomicrobia, Synergistetes, Cyanobacteria,
Lentisphaerae, and LD1 showed an opposite distribution
(P ≤ 0.05) (Figure 1 and Supplementary Table S1). Interaction
effects between treatment and digesta fraction were not
evident (P ≥ 0.10) for any of the phyla. Among the phyla,
Firmicutes (quadratic response; P = 0.065; lowest in PBLC-L),
Chloroflexi (quadratic response; P = 0.004; highest in PBLC-L),
Planctomycetes (decreased in both PBLC treatments vs. Control;
P = 0.062), UP_bacteria (quadratic response; P = 0.007; lowest
in PBLC-L), SR1 (tended to increase linearly; P = 0.051), and
Euryarchaeota (decreased in both PBLC treatments vs. Control;
P = 0.009) were influenced by the PBLC treatments.

Ninety-one different families were found from at least one
sample, and 21 families including four unclassified families

TABLE 2 | Effect of two doses of dietary menthol-rich plant bioactive lipid compounds (PBLC) on ruminal pH and short-chain fatty acids (SCFA) in sheep.

Fermentation characteristics Treatmenta SEM P-value

Control PBLC-L PBLC-H Linear Quadratic Control vs. PBLC

pH 6.16 6.19 6.18 0.042 0.69 0.73 0.60

Total SCFA (mM) 109 100 103 7.3 0.56 0.51 0.40

Acetate (A; mole/100 moles) 68.7 68.6 67.7 0.54 0.23 0.59 0.42

Propionate (P; mole/100 moles) 17.3 16.8 17.8 0.62 0.60 0.29 0.94

Isobutyrate (mole/100 moles) 0.96 1.02 1.02 0.059 0.48 0.67 0.41

Butyrate (mole/100 moles) 11.0 11.5 11.1 0.59 0.85 0.52 0.63

Isovalerate (mole/100 moles) 1.12 1.32 1.22 0.117 0.57 0.33 0.33

Valerate (mole/100 moles) 1.03 1.11 1.08 0.069 0.85 0.51 0.42

A:P ratio 3.99 4.12 3.85 0.116 0.38 0.17 0.96

Ammonia (mmol/L) 13.6 14.2 13.7 1.02 0.92 0.65 0.75

Methane (L/mole of SCFA)b 6.83 6.91 6.72 0.074 0.29 0.15 0.87

aControl, PBLC-L, and PBLC-H, treatment groups supplemented with menthol-rich PBLC at 0, 80, and 160 mg/d, respectively. bEstimated from stoichiometric relations,
methane = 0.45 × acetate – 0.275 × propionate + 0.40 × butyrate (Moss et al., 2000).
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TABLE 3 | Effect of dietary menthol-rich plant bioactive lipid compounds (PBLC) on ruminal microbiota diversity measurements in the solid and the liquid fractions of
sheep ruminal digesta.

Diversity measurements Treatmenta SEM P-value

Control PBLC-L PBLC-H Linear Quadratic Control vs. PBLC

Solid fractionb

Observed OTUsc 74.3 76.1 81.3 3.18 0.14 0.68 0.27

Chao1 75.9 77.3 82.8 3.37 0.16 0.61 0.33

Coverage (%) 99.9 99.9 99.8 0.02 0.016 0.16 0.13

Phylogenetic diversity 35.3 36.0 40.1 1.39 0.028 0.32 0.12

Evenness 0.868 0.843 0.868 0.0052 0.90 0.001 0.076

Shannon 7.85 7.70 8.06 0.127 0.25 0.12 0.84

Simpsond 0.988 0.984 0.990 0.0013 0.22 0.006 0.65

Liquid fractionb

Observed OTUsc 63.4 62.9 64.6 3.77 0.83 0.82 0.95

Chao1 63.9 63.4 65.2 3.97 0.81 0.82 0.93

Coverage (%) 99.9 99.9 99.9 0.02 0.74 0.57 0.57

Phylogenetic diversity 28.8 28.3 30.4 2.18 0.60 0.64 0.83

Evenness 0.863 0.863 0.873 0.0068 0.28 0.57 0.51

Shannon 7.21 7.23 7.47 0.144 0.22 0.56 0.44

Simpsond 0.984 0.984 0.988 0.0018 0.094 0.19 0.43

aControl, PBLC-L, and PBLC-H, treatment groups supplemented with menthol-rich PBLC at 0, 80, and 160 mg/d, respectively. bCorrelation coefficient for OTUs between
the solid and the liquid fractions was 0.36 (P = 0.083). Treatment × fraction was not significant (P > 0.10) for all the measurement except coverage (P = 0.050). There
were significant differences between the solid and the liquid fractions for all the diversity measurements except Simpson (P = 0.103) and evenness (P = 0.69). cOTUs
were clustered based on 99% sequence similarity. dData were sine-transformed to achieve normality. Observed OTUs and Chao1 observes and estimates the number of
OTUs, respectively. Good’s coverage estimates the percentage of entire species in a sample. Phylogenetic diversity measures phylogenetic difference between detected
species by summing the length of branches. Evenness represents the relative evenness of species richness. Shannon explains both abundance and evenness of detected
taxa. Simpson measures the number and abundance of detected taxa.

(UF) had a relative abundance of >0.5% in at least one of the
fractioned samples. All these major families were significantly
different (P = 0.03 to < 0.001) in relative abundance between
the solid and the liquid fractions, except for BS11 (P = 0.10)
(Figure 2 and Supplementary Table S2). Overall, the solid
fraction had a greater relative abundance of UF_Clostridiales 1,
Ruminococcaceae, Lachnospiraceae, S24-7, UF_Bacteroidales
2, Clostridiaceae, Christensenellaceae, Fibrobacteraceae,
UF_Clostridiales 2, Mogibacteriaceae, and Spirochaetaceae, but
a lower relative abundance of Prevotellaceae, UF_Bacteroidales
1, Paraprevotellaceae, Veillonellaceae, Bacteroidaceae, RF16,
Erysipelotrichaceae, RFP12, Dethiosulfovibrionaceae, and
Porphyromonadaceae than the liquid fraction (P ≤ 0.05).
Lachnospiraceae (P = 0.019), Bacteroidaceae (P = 0.026),
and UF_Clostridiales 2 (P = 0.060) tended to increase or
increased linearly with increasing doses of PBLC. A trend
in fraction × treatment interaction (P = 0.075) was noted
for Erysipelotrichaceae, which was not affected by the PBLC
treatments in the solid fraction but increased linearly in the liquid
fraction. BS11 increased quadratically (P = 0.012) with the highest
relative abundance in the PBLC-L, while Christensenellaceae
decreased (P = 0.010) and Porphyromonadaceae increased
(Wilcoxon test, P = 0.008) in both PBLC groups.

The present study identified 144 genera in at least one
sample, and many of them were unclassified genera (UG).
Twenty-eight genera had relative abundances >0.5%, and
all these genera significantly differed in relative abundance
between the solid and the liquid fractions (P = 0.03 to < 0.001),

except for UG_BS11 (P = 0.10), YRC22 (P = 0.76), and
Paludibacter (P = 0.14) (Figure 3 and Supplementary
Table S3). Ruminococcus, Clostridium, Fibrobacter, Butyrivibrio,
Succiniclasticum, Treponema, several unclassified genera
within the families Ruminococcaceae, S24-7, Lachnospiraceae,
Prevotellaceae, Christensenellaceae, and Mogibacteriaceae, or
orders Clostridiales and Bacteroidales were more predominant
in the solid fraction than in the liquid fraction (P ≤ 0.05),
whereas Prevotella, CF231, BF311, TG5, UG_Bacteroidales 1,
UG_Paraprevotellaceae, UG_RF16, UG_Veilonellaceae, and
UG_RFP12 were more predominant in the liquid fraction than
in the solid fraction (P ≤ 0.05).

Trends for interaction effects between treatment × digesta
fraction were noted for the relative abundance of YRC22
(P = 0.077) and Butyrivibrio (P = 0.088). With the increased
doses of PBLC, Butyrivibrio increased their relative abundance
linearly (P = 0.015) in the solid fraction, while YRC22 did
the same (P = 0.007) but in the liquid fraction. The relative
abundance of UG_Clostridiales 1 tended to decrease (P = 0.098)
and that of UG_Christensenellaceae (Wilcoxon P = 0.080)
and UG_Paraprevotellaceae (P = 0.036) tended to decrease or
decreased linearly in response to the PBLC supplementation
irrespective of fractions. On the contrary, Paludibacter increased
(Wilcoxon test, P = 0.043) and the relative abundances of
three other taxa (UG_Lachnospiraceae 1, P = 0.018; BF311,
P = 0.025; and UG_Clostridiales 2, P = 0.057) tended to increase
linearly or increased linearly with increased PBLC doses in
both fractions. The PBLC treatments quadratically affected the
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FIGURE 1 | Community barplot analysis depicting the average relative abundance of phyla detected in solid and liquid fractions of the ruminal digesta of different
treatment groups. Control, PBLC-L, and PBLC-H, treatment groups supplemented with menthol-rich plant bioactive lipid compounds at 0, 80, and 160 mg/d,
respectively. In the square brackets, symbols † and ‡ indicate greater (P ≤ 0.05) abundances in the solid and the liquid fractions, respectively, while uppercase letters
indicate significant (P ≤ 0.05) treatment effect (T; Control vs. both PBLC-L and PBLC-H) or dose effect (L for linear, Q for quadratic) of PBLC; whereas, lowercase
letters (t for treatment, and l and q for linear and quadratic dose effect, respectively) indicate a trend (0.05 < P ≤ 0.10). No interactions between treatment and
digesta fraction were present (P ≥ 0.10).

relative abundance of UG_BS11 (P = 0.012; highest in PBLC-L),
UG_Ruminococcaceae 2 (P = 0.047; lowest in PBLC-L), and
UG_Lachnospiraceae 2 (P = 0.050; lowest in PBLC-L).

LEfSe analysis showed that some bacteria and
archaea were enriched in the solid fraction of the
PBLC treatments, including Dehalobacteriaceae,
Mycoplasmataceae, UG_Lachnospiraceae, unclassified species
(US)_Dehalobacterium, and US_Desulfovibrio, whereas
Christensenellaceae, UG_Paraprevotellaceae, Euryarchaeota,
US_Methanosphaera, US_Prevotella, LD1-PB3, and UG_LD1-
PB3 were significantly more predominant in the solid fraction
of the Control than of the PBLC treatments (P ≤ 0.05;
Figure 4). In the liquid fraction, WCHB1-25, US_WCHB1-25,
Bacteroidaceae, US_BF311, and US_YRC22 had a greater relative
abundance in the PBLC groups than in the Control, whereas
Christensenellaceae, UG_Christensenellaceae, Thermoplasmata,
Methanomassiliicoccaceae, and vadinCA11, US_Blautia 2 and
UC_Proteobacteria were significantly greater in the Control than
in the PBLC treatments (P ≤ 0.05; Figure 4).

Correlations Between Microbial Taxa and
SCFA
Irrespective of PBLC supplementation, the concentrations of all
six determined SCFAs were correlated (P ≤ 0.05) with at least
one of the 17 solid-associated OTUs, and there were 29 significant

correlations between individual SCFA and OTUs, of which nine
were positive (Figure 5A). Only 14 correlations (P ≤ 0.05) were
found among four SCFAs (all the six SCFA except acetate and
propionate) and 10 liquid-associated OTUs, out of which seven
were positive (Figure 5B). Between the solid and liquid fractions,
an overlap was noted in the correlations of OTU4, OTU14, and
OTU19 with butyrate and OTU16 with valerate. Consequently,
25 correlations were unique for the solid-associated OTUs and
10 correlations were unique for the liquid-associated OTUs
(Supplementary Figure S2).

In the Control group, 11 OTUs from both digesta fractions
were correlated with the concentration of at least one of
the six detected SCFAs (9 OTUs negatively and 2 OTUs
positively; P ≤ 0.05). A total of 31 individual correlations
were noted within the correlation network, out of which 29
correlations were negative and two (US_BS11 with propionate
and US_CF231 with valerate) were positive (Figure 6A). In
the PBLC groups, five OTUs from both digesta fractions were
associated (P≤ 0.05) to at least one of five SCFAs (all the detected
SCFAs except propionate), and of the 12 correlations, seven
were negative (Figure 6B). Although PBLC did not influence
the concentrations of any of the SCFAs (Table 2), it was striking
that, with the exception of a single correlation between OTU14
and butyrate, there was no further overlap in the OTU-SCFA
correlation networks between the Control and PBLC treatments.
Thus, differential network analysis for unique correlations in the
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FIGURE 2 | Community barplot analysis depicting the average relative abundance of the major families (each representing ≥0.5% total sequences) detected in solid
and liquid fractions of the rumen digesta of different treatment groups. Control, PBLC-L, and PBLC-H, treatment groups supplemented with menthol-rich plant
bioactive lipid compounds at 0, 80, and 160 mg/d, respectively. In the square brackets, symbols † and ‡ indicate grater (P ≤ 0.05) abundances in the solid and the
liquid fractions, respectively, while uppercase letters indicate significant (P ≤ 0.05) treatment effect (T; Control vs. both PBLC-L and PBLC-H) or dose effect (L for
linear, Q for quadratic) of PBLC; whereas, lowercase letters (t for treatment, and l and q for linear and quadratic dose effect, and i for interaction effect between
treatment and digesta fraction) indicate a trend (0.05 < P ≤ 0.10).

Control group (Supplementary Figure S3A) largely mirrored the
set of the all identified correlations in that group (Figure 6A),
whereas differential network analysis for unique correlations
in both PBLC groups (Supplementary Figure S3B) largely
mirrored the total set of correlations identified in the PBLC
groups (Figure 6B).

Interactions Among Microbiota
Network analysis revealed that some ruminal microbes
extensively correlated among themselves. A total of 106
correlations were found among the 22 OTUs in the correlation
network of the Control group (P < 0.01; r > 0.62 or r < −0.62)
either positively (n = 64) or negatively (n = 42) (Figure 7A). In
the PBLC groups, 20 OTUs were correlated (P < 0.001; r > 0.62
or r < −0.62) to other OTUs forming 74 correlations, out of
which 34 were negative (Figure 7B). The OTU-OTU correlations
between the microbiota of the solid vs. liquid fractions were
less prominent (Supplementary Figure S4). Differential
network analysis revealed that 62 correlations (mostly positive
correlations) among the 22 OTUs were exclusively present in the

Control group compared with the PBLC groups (Supplementary
Figure S5A). Alternatively, 19 OTUs in the PBLC groups
were involved in 30 unique correlations (17 positive and 13
negative correlations) that were not present in the Control group
(Supplementary Figure S5B). A merged network depicting all
the OTU-OTU and the OTU-SCFA correlations is shown in
Supplementary Figure S6 for completeness.

Predicted Functions and Metabolic
Pathways of the Bacterial Microbiota
At the KEGG level 1, all the functional categories had very
small but significant differences (P ≤ 0.05) between the solid
and the liquid fractions of the ruminal digesta (Supplementary
Figure S7). The predicted genes for “metabolism” had the highest
relative abundance (>52% of total functions in each fraction),
which was significantly greater in the liquid than the solid
fractions. The predicted “genetic information processing” was
also more predominant for the liquid (24.1%) than for the
solid (23.8%) fractions. However, “environmental information
processing” (10.9% vs. 8.92%) and “cellular processes” (3.09% vs.
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FIGURE 3 | Community barplot analysis depicting the average relative abundance of the major genera (each representing ≥0.5% total sequences) detected in the
solid and the liquid fractions of the rumen digesta of different treatment groups. Control, PBLC-L, and PBLC-H, treatment groups supplemented with menthol-rich
plant bioactive lipid compounds at 0, 80, and 160 mg/d, respectively. In the square brackets, symbols † and ‡ indicate greater (P ≤ 0.05) abundances in the solid
and the liquid fractions, respectively, while uppercase letters indicate significant (P ≤ 0.05) treatment effect (T; Control vs. both PBLC-L and PBLC-H) or dose effect
(L for linear, Q for quadratic) of PBLC; whereas, lowercase letters (t for treatment, and l and q for linear and quadratic dose effect, and i for interaction effect between
treatment and digesta fraction) indicate a trend (0.05 < P ≤ 0.10).

2.49%) were more predominant in the solid than in the liquid
fractions. No significant difference in the predicted functional
categories was noted at KEGG level 1 between the Control and
the PBLC treatments (P > 0.05).

At KEGG level 2, a total of 64 KEGG ortholog groups
were predicted. Among them, 30 gene families had a relative
abundance >0.5%, and all of them were different between the
solid and liquid fractions (P ≤ 0.05), except for the genes
assigned to “translation proteins” (Figure 8 and Supplementary
Table S4). The majority of the functions were involved
in (for solid vs. liquid fractions) “amino acid metabolism”
(10.4% vs. 10.8%), “carbohydrate metabolism” (10.1% vs.
10.3%), “replication and repair” (9.74% vs. 10.0%), “membrane
transport” (9.28% vs. 7.54%), “translation” (6.30% vs. 6.47%), and
“energy metabolism” (6.17% vs. 6.33%). Among other predicted
functional categories each with a relative abundance >1%, “signal
transduction,” “xenobiotics biodegradation and metabolism,”
“cell motility,” “transcription,” and “lipid metabolism” were more
prevalent in the solid than in the liquid fractions. The PBLC
treatments altered a number of functions (P < 0.05), including
“membrane transport” (quadratic effect; lowest in PBLC-L),
“glycan biosynthesis and metabolism” (quadratic effect; highest

in PBLC-L), “folding, sorting and degradation” (quadratic effect;
highest in PBLC-L), “transcription” (quadratic effect; lowest in
PBLC-L), “metabolism of other amino acids” (increased in PBLC
groups), “biosynthesis of other secondary metabolites” (quadratic
effect; highest in PBLC-L), “translation proteins” (decreased
linearly), and “membrane and intracellular structural molecules”
(quadratic effect; highest in PBLC-L).

At KEGG level 3, a total of 70 predicted functional
categories each with a relative abundance >0.5% were
noted in the samples (data not shown), and all these
categories were different (P ≤ 0.05) in relative abundance
between the two digesta fractions, with the exception of
“ribosome biogenesis,” “glycolysis/gluconeogenesis,” “translation
proteins_unclassified,” and “valine, leucine and isoleucine
biosynthesis.” As evaluated using MANOVA analysis,
the PCA plot also showed clear separation (Pillai’s trace,
P < 0.001) between the two fractions (Figure 9). The PBLC
treatments affected the relative abundance of “transporters”
(quadratic effect; lowest in PBLC-L), “amino acid related
enzymes” (quadratic effect; lowest in Control), “amino
sugar and nucleotide sugar metabolism” (increased in PBLC
groups), “transcription factors” (quadratic effect; lowest in
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FIGURE 4 | Linear discriminant analysis effect size (LEfSe) and their cladograms of biomarker genera and species in the solid (A,B) or liquid (C,D) fractions of the
rumen digesta. Nodes represent position of microbiota in taxa with circular and axial lines indicate the level of taxa and number of taxa at the lower level. Control and
PBLC, sheep supplemented with 0 and 80 or 160 mg/d menthol-rich plant bioactive lipid compounds.

PBLC-L), “chaperones and folding catalysts” (quadratic effect;
highest in PBLC-L), “nitrogen metabolism” (increased in
the PBLC groups), “membrane and intracellular structural
molecules_unclassified” (quadratic effect; highest in PBLC-L),
“protein export” (quadratic effect; lowest in Control), and
“butanoate metabolism” (quadratic effect; lowest in PBLC-L),
but the magnitudes of the changes were very small (Table 4).
MANOVA analysis revealed that no separation was noted
between the Control and the PBLC treatments (Pillai’s trace,
P = 0.55) on the PCA plot (Figure 9). Furthermore, no
significant interaction between the treatment × digesta fractions
(Pillai’s trace, P = 0.47) was noted for the overall predicted
functional features.

DISCUSSION

Effect of PBLC on Ruminal Fermentation
Various PBLC can influence the ruminal microbiota with
consequences for fermentation, which may include an alteration

of SCFA profile, inhibition of methane production, suppression
of protein degradation and ammonia production, modification
of fatty acid biohydrogenation, and mitigation of ruminal
acidosis (Hutton et al., 2009; Patra, 2011; Cobellis et al., 2016).
High doses of peppermint oil that contains menthol as a
major component also changed ruminal SCFA profile (i.e.,
increased acetate and lowered propionate molar proportions),
methane production and microbial abundances in vitro
(Agarwal et al., 2009; Patra and Yu, 2012). However, the
results from in vitro studies may not agree with those of
in vivo studies (Flachowsky and Lebzien, 2012). Thus, we
investigated how menthol-containing PBLC might affect
ruminal microbiota and fermentation in vivo. The PBLC did
not affect SCFA and ammonia concentrations or estimated
methane production at the two doses tested. Our results
are in line with a previous study that showed no effect of
feeding peppermint herb (50 g/kg DM) to lactating Holstein
cows on total SCFA concentration or molar proportion of
acetate, propionate, and butyrate though digestibility of
nutrients was lowered (Hosoda et al., 2005). Ando et al. (2003)
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FIGURE 5 | Correlation network showing the correlation between SCFAs in the ruminal fluid and the major OTUs (each representing ≥0.1% total sequences) in the
solid (A) and liquid fractions of digesta (B). Dotted lines indicate positive correlations whereas solid lines represent negative correlations. The shorter the distances
between two nodes, the stronger the correlation between them. See Supplementary Table S5 for the taxonomic assignment of the OTUs.

FIGURE 6 | Correlation network showing the correlation between major OTUs (each representing ≥0.1% of total sequences) in the digesta and SCFAs of ruminal
fluid in the Control group (A) and both PBLC-L and PBLC-H groups (B). Control, PBLC-L, and PBLC-H, treatment groups supplemented with menthol-rich PBLC at
0, 80, and 160 mg/d, respectively. Dotted lines indicate positive correlations, whereas solid lines represent negative correlations. The shorter the distance between
two nodes, the stronger the correlation between them. See Supplementary Table S5 for the taxonomic assignment of the OTUs.

also found no changes in ruminal SCFA concentration
or molar SCFA proportion in steers supplemented with
200 g dried peppermint herb (equivalent to 29 g/kg diet).
Assuming a menthol content of the applied peppermint
supplements of ∼1% (Beigi et al., 2018), the PBLC doses

used in those two previous studies were likely ∼5 times
higher than the two doses used in our study. Hence,
menthol does not appear to markedly change ruminal SCFA
production when applied at dosages that have any practical
relevance in vivo.
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FIGURE 7 | Correlation networks showing correlations between major OTUs (each representing ≥0.5% total sequences) in the rumen of the Control group (A) and
both the plant bioactive lipid compound groups (B). Dotted lines indicate positive correlations, while solid lines represent negative correlations. The shorter the
distance between two nodes, the stronger the correlation between them. See Supplementary Table S5 for the taxonomic assignment of the OTUs.

Effect of PBLC on Ruminal Microbiota
According to previous studies (Larue et al., 2005; Pitta et al.,
2010), the solid and the liquid fractions of rumen digesta have
different microbiota. This can be explained by the fact that types
and availability of substrates differ between the solid and the
liquid fractions of the ruminal content, causing differences in the
microbiota composition between these two fractions (de Menezes
et al., 2011; Petri et al., 2012; Klevenhusen et al., 2017).

Supplementation of PBLC increased the microbial
phylogenetic diversity and the number of observed species-level
OTUs numerically (P = 0.14) in the solid fraction. This seems
surprising since most studies revealed inhibitory or no effects
of different PBLC on ruminal microbiota (Patra and Yu, 2012,
2015a; Schären et al., 2017, 2018). The inhibitory effect was also
noted for menthol-containing peppermint oil that decreased the
abundances of total bacteria, archaea, and select bacterial species
including Ruminococcus albus, Ruminococcus flavefaciens, and
Fibrobacter succinogenes in ruminal cultures in vitro (Patra
and Yu, 2012). In agreement with the present study, however,
peppermint oil increased species richness in a previous in vitro
study, while garlic oil decreased richness when added at the same
dose (0.5 g/L) (Patra and Yu, 2015b). Collectively, menthol at
low or medium doses may increase diversity in the rumen by
inhibiting some dominant bacteria.

The PBLC treatments altered the relative abundance of only
a few taxa, and most of them were unclassified genera or species

of bacteria. Among the classified genera, Paludibacter and BF311
were increased or increased linearly by PBLC. Paludibacter (e.g.,
P. propionicigenes) can ferment soluble sugars, soluble starch, and
glycogen to predominantly propionate and acetate, but cannot
utilize cellulose, xylan, fumarate, malate, lactate, succinate or
pyruvate (Ueki et al., 2006). Little is known about the substrates
and fermentation products of BF311, which has no cultured
representative, but our correlation analysis suggests that this
genus might interact with Prevotella, a major genus in the rumen
(Bi et al., 2018).

Our initial hypothesis was that PBLC could have differential
effects on the microbiota in the solid vs. the liquid fractions
because those fractions have different microbiota (Belanche et al.,
2017; Klevenhusen et al., 2017). However, we did not find much
differential effect of PBLC between the two fractions except for
YRC22 and Butyrivibrio, with the former increasing its relative
abundance in the liquid fraction while the latter expanding its
relative abundance in the solid fraction with the increased doses
of PBLC. This is different to our previous study in vitro (Patra
and Yu, 2014) where Butyrivibrio fibrisolvens, a Gram-positive
butyrate-producing species, was unaffected by peppermint oil but
inhibited by oregano oil at the same dose. The discrepancy may be
explained either by not having separate data for solid and liquid
fractions or by the much higher dose of menthol-rich PBLC in
the previous study performed in vitro. The metabolism of YRC22
is not known because there is no known cultured representative,

Frontiers in Microbiology | www.frontiersin.org 12 September 2019 | Volume 10 | Article 2038191

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02038 September 3, 2019 Time: 15:24 # 13

Patra et al. Menthol Alters Ruminal Microbiota Interactions

FIGURE 8 | Relative abundances of different predicted functional features (at KEGG level 2) of the rumen microbiota compared between the solid and the liquid
fractions of the ruminal digesta and among the three treatment groups. Control, PBLC-L, and PBLC-H, treatment groups supplemented with menthol-rich PBLC at
0, 80, and 160 mg/d, respectively. In the square brackets, symbols † and ‡ indicate grater (P ≤ 0.05) abundances in the solid and the liquid fractions, respectively,
while uppercase letters indicate significant (P ≤ 0.05) treatment effects (T; Control vs. both PBLC-L and PBLC-H) or dose effect (L for linear, Q for quadratic) of
PBLC; whereas, lowercase letters (t for treatment, and l and q for dose) indicate a trend (0.05 < P ≤ 0.10).

but it was predominant in the rumen of cattle (Klevenhusen et al.,
2017) and increased due to dietary propionate supplementation
(Yao et al., 2017) and decreased due to 1% nitrate addition (Zhao
et al., 2015). Taken together, PBLC affected the abundance of
certain ruminal bacteria, but these changes were rather small and
were only marginally fraction-specific.

Ruminal archaeal taxa, i.e., Euryarchaeota and
US_Methanosphaera in the solid fraction, Thermoplasmata and
its family Methanomassiliicoccaceae and genus vadinCA11 in the
liquid fraction, were significantly decreased in the PBLC groups.
Thermoplasmata is a class of methylotrophic methanogens, and
it was also inhibited by rapeseed oil in lactating cows (Poulsen
et al., 2013). These changes in archaea might suggest decreased
methanogenesis by these taxa. Peppermint oil decreased methane
production and total archaeal number in the ruminal fluid when
used at very high concentrations in vitro (Agarwal et al., 2009;
Patra and Yu, 2012) and acted similarly at lower doses in vivo in
lactating dairy cattle (50 g/kg peppermint herbs; Hosoda et al.,
2005). The relative proportions of individual SCFA have been
shown to vary when methane production is altered (Patra, 2010),

which has been used to estimate methane production from SCFA
profiles in some studies (Wolin, 1960; Moss et al., 2000). The
methane production estimated from the SCFA concentrations,
however, did not change in response to the PBLC treatments.
Albeit those estimates have to be interpreted with great care, they
may suggest that changes in archaea do not necessarily cause an
alteration in methane production, possibly due to compensation
by the other methanogenic archaea (Ohene-Adjei et al., 2008).

Correlations Between SCFA and Ruminal
Microbiota
A correlation network existed between SCFA and some
of the detected microbial taxa. Propionate and acetate
showed correlations with one (i.e., US_RF39) and three
(US_Mogibacteriaceae, US_RF39, and Anaerostipes sp.)
OTUs, respectively, in the solid fraction, whereas those
acids were not correlated to any OTUs in the liquid fraction.
This might imply that acetate and propionate production is
highly redundant in the ruminal microbiota. In fact, acetate
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TABLE 4 | Effect of supplementation of menthol-rich plant bioactive compounds (PBLC) on predicted gene function at KEGG level 3 in the solid and the liquid fractions
of ruminal digesta in sheep.

Categoriesa Solid fractionb Liquid fractionb SEM P-value

Control PBLC-L PBLC-H Control PBLC-L PBLC-H Treatment Fraction

Transporters [†,Q]c 5.00 4.88 4.98 3.96 3.77 3.98 0.088 0.045 <0.001

Amino acid related enzymes [‡,Q] 1.59 1.60 1.60 1.64 1.65 1.65 0.005 0.040 <0.001

Amino sugar and nucleotide sugar
metabolism [‡,T]

1.39 1.41 1.40 1.45 1.46 1.45 0.005 0.011 <0.001

Methane metabolism [‡,I] 1.34 1.35 1.30 1.26 1.23 1.27 0.003 0.073 <0.001

Transcription factors [†,Q] 1.34 1.28 1.31 1.08 1.03 1.08 0.028 0.049 <0.001

Chaperones and folding catalysts [‡,Q] 1.10 1.11 1.10 1.19 1.21 1.19 0.009 0.047 <0.001

Nitrogen metabolism [‡,T] 0.72 0.73 0.73 0.73 0.74 0.74 0.005 0.042 <0.001

Membrane and intracellular structural
molecules_unclassified [‡,Q]

0.66 0.69 0.68 0.86 0.89 0.85 0.017 0.049 <0.001

Protein export [‡,Q] 0.67 0.68 0.68 0.71 0.71 0.71 0.003 0.033 <0.001

Butanoate metabolism [†,Q] 0.63 0.63 0.63 0.59 0.58 0.59 0.003 0.016 <0.001

aBecause a large number of gene categories were predicted at KEGG level 3, only the categories that both had relative gene abundances ≥0.5% and were significantly
affected by PBLC were analyzed to find out major treatment effect. bControl, PBLC-L, and PBLC-H, treatment groups supplemented with menthol-rich PBLC at 0, 80,
and 160 mg/d, respectively. c In the square brackets, symbols † and ‡ indicate greater (P ≤ 0.05) abundances in the solid and the liquid fractions, respectively, while
uppercase letters indicate significant (P ≤ 0.05) treatment effect (T; Control vs. both PBLC-L and PBLC-H) or dose effect (L for linear, Q for quadratic) of PBLC; whereas,
lowercase letters (t for treatment, and l and q for dose) indicate a trend (0.05 < P ≤ 0.10).

FIGURE 9 | Principal component analysis of the predicted functional features (at KEGG level 3) of the ruminal microbiota between the solid and the liquid fractions of
the ruminal digesta and among the three treatment groups. Control, PBLC-L, and PBLC-H, treatment groups supplemented with menthol-rich PBLC at 0, 80, and
160 mg/d, respectively. Statistical comparison of the scores of the first three principal components using MANOVA showed that solid vs. liquid fractions of digesta
were different (P < 0.001). Treatment (P = 0.55) and interaction among treatment × digesta fraction (P = 0.47) were not significant for the overall predicted functional
features.

and propionate concentrations in ruminal fluid are higher
compared to the other SCFA, and many diverse ruminal
microbes are involved in the production of these SCFA in
their energy yielding pathways (Russell and Wallace, 1997).
Butyrate had the most complex correlation network in both the
solid- and liquid-associated microbiota. Moreover, three OTUs
(US_Ruminococcaceae 1, Ruminococcus sp., and US_Clostridiales
2) all showed negative correlations to butyrate concentration

in both the solid and the liquid fractions. This suggests that
a rather limited number of microbes may be involved in
the regulation of the production of butyrate (Diez-Gonzalez
et al., 1999). Furthermore, the more complex networks in
the solid fraction may imply that microbiota therein may
be of greater importance for SCFA production in general
and butyrate production in particular (Petri et al., 2012;
Klevenhusen et al., 2017).
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One striking finding of the present study was that the
correlation networks between ruminal microbial OTUs and
SCFA had almost no overlap between the Control group and
the two PBLC-treated groups. Whereas propionate correlated
with four microbial OTUs (i.e., US_BS11, US_Prevotellaceae,
US_Paraprevotellaceae, and Pseudobutyrivibrio sp.) in the
Control group, it was not correlated to any microbial taxa in
the PBLC groups. Relationships between the other five measured
SCFA and microbial taxa were also rather sparse in the PBLC
groups compared to the Control. Importantly, the negative
correlation between OTU14 (Ruminococcus spp.) and butyrate
was the only correlation that occurred in both the Control
and the PBLC groups. All other correlations were different
between the Control and the PBLC treatments. This indicates
that PBLC profoundly altered the correlation networks among
OTUs and SCFA even though the relative abundance of only
a few microbes was altered by PBLC and SCFA concentrations
were unchanged. Previous studies had shown that diet could alter
the metabolic networks in the rumen (Tapio et al., 2017; Wolff
et al., 2017), however, we are not aware of any study that showed
such effect on the correlation networks among OTUs and SCFA
induced by PBLC.

Interactions Among Microbiota
We also used co-occurrence networks to evaluate how PBLC
might influence interactions among different taxa of ruminal
microbes. We noted that most of the predominant taxa
extensively interacted in both the Control and the PBLC groups.
There were many unique interactions in the PBLC groups, which
were absent in the Control group and vice versa. Thus, the PBLC
treatment might extensively affect the microbial interactions
despite the minor effects on rumen microbiota composition and
relative abundance of major taxa and no detectable changes
in SCFA production. The mechanistic explanations of these
interactions are not known and neither it is known how they are
affected by PBLC. The influence of diet on microbial interactions
is at a similarly descriptive state (Henderson et al., 2015; Tapio
et al., 2017). Thus, further research is warranted to better
understand the physiology of the ruminal microbiota using
metagenomics and metatranscriptomics in combination with
fermentation profile analyses (Tapio et al., 2017).

Functional Redundancy in the Ruminal
Microbiota
As expected, most of the predicted functions differed between the
solid- and the liquid-associated microbiota, which was further
confirmed by PCA that separated solid and liquid fractions by
the first two principal components. The differential functions
between the two fractions were consistent with the finding of the
study of Mao et al. (2015). Overall, although a few functional
categories were affected by PBLC, no distinct separation among
the treatments was seen on the PCA plot, suggesting that PBLC
had little effect on the metabolic function of the microbiota. This
once again highlights the functional redundancy of the ecosystem
where the microbiota can adapt to fulfill its metabolic functions
under varying environmental conditions.

CONCLUSION

Menthol-rich PBLC at practically relevant dosages (80–160 mg/d;
equivalent to 57–114 mg/kg diet DM) elicits a few distinct
changes in microbiota composition, including a reduction
of certain methanogens and an increase in microbiota
diversity, especially among the particle-colonizing bacteria.
However, the menthol-rich PBLC did not change ruminal
microbial fermentation. Considering the changes in microbial
composition and diversity, it appears surprising that PBLC
rich in menthol did not exert a significant effect on ruminal
fermentation. By demonstrating changes in the microbial
and metabolic networks during PBLC supplementation,
the present study indicates that stable fermentation is
maintained during minor microbial alterations as a result
of metabolic redundancy of the ruminal ecosystem. These
findings suggest that correlation network analysis can
add novel dimensions to the understanding of ruminal
microbial interactions, which may be of practical relevance
for targeted manipulation of ruminal fermentation.
Further research is needed to elucidate and confirm
these interactions.
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Bacterial communities in gastrointestinal tracts (GIT) play an important role in animal

health and performance. Despite its importance, little information is available on the

establishment of microbial populations in the goat GIT or on changes occurring during

early development. Therefore, this study investigated the bacterial community dynamics

of the rumen, duodenum, jejunum, ileum, cecum, and colon in 15 goats at five

developmental stages (0, 14, 28, 42, and 56 days old) by using 16S rDNA sequencing

and quantitative real-time PCR technology. 940 genera were found to belong to 44 phyla

distributed along the GIT. As a whole, the microbial richness and diversity showed a

clear increasing trend as the kids aged and alpha diversity differed significantly among

GIT compartments mainly occurring at middle day ages (14 and 28 days). Principal

coordinate analysis indicated that the bacterial community displayed distinct temporal

and spatial specificity along the GIT in preweaning goats. As kids aged, the phylum

Firmicutes was replaced by Bacteroidetes in rumen, whereas Proteobacteria in the

large intestine was displaced by Firmicutes. The phylum Proteobacteria was mainly

present in the small intestine in older animals. In the rumen, taxa, such as Bacillus and

Lactococcus decreased and Prevotella, Treponema, Ruminococcus, and unclassified

Prevotellaceae increased with the age of kids. Furthermore, a lower proportion of taxa,

such as Lactobacillus and Bacteroides was observed with higher abundances of both

Christensenellaceae_R_7 and Ruminococcus in duodenum and jejunum in older animals.

In the large intestine, the microbiota displayed taxonomic dynamics with increases of

Ruminococcaceae UCG 005, unclassified Lachnospiraceae, Barnesiella, and Blautia as

kids aged. Predicted pathway analysis suggested that genes involved in amino acid

metabolism, and translation were abundant in both rumen and duodenum, while genes

involved in membrane transport and carbohydrate metabolism were enriched in the

large intestine. These results indicate that both the microbial colonization process and

potential function exert a temporal-spatial specificity throughout the GIT of goats. This

study provides new insight into the temporal dynamics of GIT microbiota development

during preweaning and will aid to develop strategies for improving animal health and

downstream production.

Keywords: microbiota, temporal-spatial specificity, gastrointestinal tract, preweaning, ruminant
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INTRODUCTION

The microbiomes of the gastrointestinal tract (GIT) of
mammalian animals have been increasingly identified as a
critical factor in animal health, development, and productivity
(Holmes et al., 2012; Yeoman and White, 2014). The GIT
microbiome is an intricate microecosystem, which mainly
consists of bacteria, archaea, anaerobic fungi, and ciliate
protozoa (Holmes et al., 2012; Falony et al., 2016; Mao et al.,
2016). Mutualistic relationships between GIT microbiota and
their mammalian hosts have been reported to play important
roles in the host’s nutritional metabolism, to increase the host’s
resistance to pathogenic bacteria, and to crucially contribute
to the maturation of the immune system (Dolan and Chang,
2017; Espín, 2017; Parker et al., 2018). In ruminants, a typical
example of these relationships in the rumen is the fibro lytic
activity, which facilitates the conversion of plant fibers to soluble
small compounds (acetate, propionate, and butyrate). Then,
these compounds are absorbed and metabolized for the energy
requirements of the animal and for other physiological purposes
(Mackie, 2002; Jami et al., 2013; Mao et al., 2015). For animal
husbandry, the GIT is of great significance due to the ability of
its microbiomes to transform the heat energy stored in plant
structural carbohydrates into animal products, such as meat,
wool, and milk (Jami et al., 2013).

During the early development of ruminant life, the rumen
of neonate kids is unfunctional due to the undeveloped volume
and papilla; therefore, the sucked milk enters the abomasum due
to the closure of the esophageal ditch by the reflex arc (Khan
et al., 2011; Soest, 2018). Although, the milk can partially pass
to the rumen and constitute the first substrate for microbial
fermentation in the rumen (Dias et al., 2017; Yeoman et al.,
2018). Previous studies have demonstrated that the establishment
of the rumen microbiota was conductive to the maturity of
structural and physiological function of the rumen due to their
fermentative products, which are pivotal for the rumen wall
villi (Jami et al., 2013). Concomitant with the solid-feed intake
and increase of microbial activity, the rumen then becomes
functional and improves its absorptive and metabolic capacity by
increasing its surface area and volume (Rey et al., 2012; Steele
et al., 2016;Meale et al., 2017). Gradual conversion of the ingested
milk to a solid feed, a qualitative change occurs that transforms
the kid from pre-ruminant to ruminant. Simultaneously, the
main digestive site shifts from the intestine to the rumen as the
metabolite changes from glucose to volatile fatty acid (VFA). In
addition, with the emergence of the ruminant behavior, other
digestive compartments, such as the small intestine also develop
in response to changes of enzymatic activity from lactase to
maltase (Khan et al., 2016; Dias et al., 2018).

Coupled with the development of physiological structure
and function in GIT, the bacterial community abundance and
diversity also show a sharp change as kids develop. Moreover,
it has been reported that the dynamic of GIT microorganisms
prior to weaning exerts a lasting impact on both adult ruminant
health and animal products (Jewell et al., 2015; Dill-McFarland
et al., 2017). The majority of researchers focused on the bacterial
community in the rumen and the feces of young ruminants

due to the conventional interest in the rumen as the main
functional organ and the convenience of fecal sampling (Lopes
et al., 2015; Wang et al., 2016c; Shen et al., 2017; Xu et al.,
2017). Hence, for quite a long time, these sites have always
been treated as representative of the GIT microbiota. However,
a number of studies reported that the rumen or fecal microbiota
cannot represent the other GIT compartments (de Oliveira et al.,
2013; Zhao et al., 2015; Donaldson et al., 2016). Consequently,
the bacterial community in various GIT segments is still poorly
characterized. A recent study explored the composition and
potential function of digesta- and mucosa-associated along the
GIT in adult dairy cattle (Mao et al., 2015) and another two
studies investigated the bacterial microbiota dynamics across the
GIT in preweaning dairy calves (Dias et al., 2018; Yeoman et al.,
2018).

The ruminal microbiota after weaning and the bacterial
community of compound stomachs (reticulum, omasum, and
abomasum) in pre-weaned goats have been studied before (Han
et al., 2015; Lei et al., 2018). Nevertheless, the early colonization
process of the bacterial community in integrated GIT requires
further investigation. To fill this gap, this study characterized
the dynamics of bacterial community across the GIT (rumen,
duodenum, jejunum, ileum, cecum, and colon) of goat kids
during preweaning development (0, 14, 28, 42, and 56 days old).
This work increases the understanding of the spatial-temporal
changes in the microbiota of kids during early development
and provides a frame for the design of strategies for preferable
intervention of the GIT microbiota toward improving health
or products.

MATERIALS AND METHODS

Ethics Statement
This study was carried out in accordance with the regulations
of Instructive Notions with Respect to Caring for Experimental
Animals, Ministry of Science and Technology of China.
The protocol was approved by the Experimental Animal
Management Committee of the Northwest A&F University
(No. 2014ZX08008002).

Animals and Sample Collection
This experiment was conducted in the Original Breeding Farm of
the Shaanbei White Cashmere Goat experimental station of the
Northwest A&F University. In this experiment, 15 female goats
with similar age and weight were used. Estrus synchronization
technology was adopted to ensure all kids were birthed at the
same time. After birth, the kids were selected and randomly
divided into five age groups (0, 14, 28, 42, and 56 days, n =

3 for each group) according to the sampling time point. For
the 0 day-age group, newborn kids were separated from the
ewes and euthanized immediately before they were suckled. In
other groups, kids were housed together with their mothers in
the same pen where they were solely fed with colostrum (0–3
days) or raw milk until 25 days of age. The kids were allowed
access to complete formula granulated feed (Table S1) from 25
days in addition to breast milk. All kids were fed two equal
portions of the diet at 8:00 and 18:00 and drank water ad libitum
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throughout the whole experiment. By the respective deadline,
the kids of each age group were sacrificed without prior feeding.
Kids were euthanized via injection of thiopental (0.125 mg/kg of
body weight) and potassium chloride (5–10mL). After execution,
the enterocoel was opened and the rumen, duodenum, jejunum,
ileum, cecum, and colon were separated with suture line to avoid
reflux of digesta among adjacent regions. Then, relevant digesta
samples were collected and homogenized, separately. Finally, the
homogenized digesta from each gastrointestinal tract segment
were snap-frozen in liquid nitrogen and stored at −80◦C for
subsequent DNA analysis.

DNA Abstract, PCR Amplification, 16S

rRNA Sequencing, and Data Processing
All digesta samples were thawed at 4◦C and kept on ice during the
whole extraction process. About 1 g (wet weight) of homogenized
digesta sample of each GIT segment was used for total genomic
DNA extraction. The DNA was abstracted by a bead-beating
method, followed by SDS/GITC and phenol–chloroform isoamyl
extraction. The solution was precipitated with isopropanol and
sodium acetate, and then, the pellets were suspended in 50 µL
of Tris-EDTA buffer. The DNA concentration was quantified
using a Nanodrop spectrophotometer and stored at −20◦C until
further processing.

The V3-V4 regions of the bacterial 16S rRNA genes were
amplified in triplicate by PCR (95◦C for 2min, followed
by 25 cycles at 95◦C for 30 s, 55◦C for 30 s, and 72◦C
for 30 s and a final extension at 72◦C for 5min). The
universal primer used in this amplification protocol was:
338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′), with a target product of
468 bp (Xu et al., 2016). The PCR reaction was conducted in a
20 µL mixture containing 4 µL of 5 × FastPfu Buffer, 2 µL of
2.5mM dNTPs, 0.8 µL of each primer (5µM), 0.4 µL of FastPfu
Polymerase, and 10 ng of template DNA. PCR products were
excised from a 2% agarose gel. With regard to purification, an
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA) was used. Purified amplicons were pooled in
equimolar and paired-end sequenced (2× 300 bp) on an Illumina
MiSeq platform according to standard protocols (Caporaso et al.,
2012).

Raw reads of different samples were demultiplexed and
quality-filtered using default parameters in Quantitative Insights
into Microbial Ecology (QIIME, version 1.9.1) (Caporaso et al.,
2010), with the following criteria: (1) The 300-bp reads were
truncated at any site, receiving an average quality score <20 over
a 50-bp sliding window; truncated reads shorter than 50 bp were
discarded. (2) Reads with 2 nucleotide mismatches in primer
matching or that contained ambiguous characters were removed.
(3) Sequences that overlapped at least 10 bpwere assembled based
on their overlap sequences. Reads that could not be assembled
were abandoned. Then, valid and clean sequences were assigned
to bacteria using the cluster command in Mothur 1.3. The
operational taxonomic unit (OTU), which is a most commonly
used microbial diversity unit, was clustered with a 97% similarity
cutoff using UPARSE (version 7.1) (Edgar, 2013). Chimeric

sequences were identified and removed using UCHIME version
4.2 (Edgar, 2010). Alpha and beta diversities were calculated
for downstream analysis of OTUs. Good’s coverage, Chao, Ace,
Shannon, and Simpson indexes were used to estimate bacterial
richness and community diversity. Principal coordinate analysis
(PCoA) was applied to visualize the dissimilarity of microbial
communities among different age groups. Analysis of similarity
(ANOSIM) was conducted to assess significant differences
among samples using Mothur version 1.3 (Schloss et al., 2009).
The data of the rumen digesta sample was obtained from our
team (Zhang et al., 2019, unpublished) and the accession number
in NCBI was SRP119700.

Prediction of Microbial Function
In this study, phylogenetic investigation of communities by
reconstruction of unobserved states (PICRUSt) was used to
predict the molecular function of each sample. PICRUSt provides
a valuable approach to infer the metagenomic potential of
microorganisms by using 16S rRNA gene sequences (Langille
et al., 2013). The presumable genes and their functions are pre-
calculated in the database of the Kyoto Encyclopedia of Genes
and Genomes (KEGG). With PICRUSt, the nearest sequenced
taxon index (NSTI) was calculated to measure dissimilarity
between the predicted metagenome presented here and reference
genomes. When this value is low, it seems that PICRUSt perform
well in predicting the genomes of the microorganisms in an
environmental sample. The differences of predicted bacterial
function among GIT regions were compared by PCoA using the
R (v.3.5.3) software package.

Quantitative Real-Time PCR Analysis
The copy numbers of the 16S rRNA genes related to the
total bacterial populations was enumerated via real-time PCR,
which was performed in triplicate with the SYBR Premix
Ex Taq II assay kit (TaKaRa Bio Inc., Shiga, Japan) using a
CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories,
Hertfordshire, UK). The primers for total bacteria were as
follows: bacF (5′-CCTACGGGAGGCAGCAG-3′) and bacR (5′-
ATTACCGCGGCTGCTGG-3′) (Metzler-Zebeli et al., 2013). The
20-µLreaction mixture contained 10 µL of 2× SYBR Premix Ex
Taq II, 1 µL of each primer (10-mM working concentration),
and 2 µL of 10 ng DNA templates. Amplification was conducted
one holding cycle at 95◦C for 10min for initial denaturation,
and then 34 cycles at 95◦C for 10 s followed by annealing
at 58◦C for 15 s and extension at 72◦C for 20 s. Briefly, a
standard curve was generated using serial dilutions of standard
plasmid DNA, containing the 16S rRNA gene sequence. The real-
time PCR efficiency ranged from 90 to 110%; negative controls
without DNA template were run with every assay to assess the
overall specificity.

Statistical Analysis
The differences in the alpha diversity (Chao and Shannon
indexes), the variance of relative abundance of bacterial taxa,
the total copy number of bacterial 16S rDNA gene, and
the relative abundance values of KEGG pathways affected by
ages or GIT regions were analyzed using SPSS (SPSS v.20,
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SPSS Inc., Chicago, IL, USA) via one-way ANOVA with
Tukey’s post-hoc comparison based on the assumption of the
additivity of effects, the normality of distribution and the
homogeneity of variances. Correlation between bacterial taxa
and KEGG pathways was evaluated by Spearman’s correlation
test using the R “heatmap” package. Significance was declared
at P < 0.05.

RESULTS

Data Acquisition and Analysis
In the present study, a total of 90 samples from the
digesta of rumen, duodenum, jejunum, ileum, cecum, and
colon were collected from five different age groups: 0-day-old
newborns, 14-, 28-, 42-, and 56-days-old suckling kids. 3,366,283
valid sequences were obtained after quality filtering with an
average of (37,403 ± 4,090) reads per sample. To facilitate
unified analysis, the reads of all samples were normalized
according to the minimum sequence in one sample. Based
on a specialized criterion (≥97% nucleotide sequence identity
between reads), the whole number of OTUs reached 4,064.
Individual-based rarefaction curves were generated for each
sample to assess whether the OTU coverage was sufficient to
accurately describe the bacterial composition of each region
(Figure S1). In addition, the Good’s coverage exceeded 0.99
(Table S2). These results showed that the conducted sampling
effort was adequate for the samples of all animals. A total of
940 bacterial genera belonging to 44 phyla were identified in
all samples.

Temporal Changes of Bacterial

Microbiome in Rumen, Small Intestine, and

Large Intestine
At the 0.97 similarity level, the Chao and Shannon indices
differed significantly among the age groups in the samples of
all regions except for ileum and cecum (P < 0.001 to P <

0.05) (Figure 1, Table S3). The Chao value in the 14-days-old
group was lower compared to other age groups in the samples
of the rumen and colon, while in the duodenum and jejunum,
it was lowest in the 0-day-old group (P < 0.05) (Figure 1A).
With regard to the bacterial diversity, in rumen and duodenum
samples, the Shannon index increased with increasing age.
However, the Shannon index in samples taken from jejunum,
ileum, cecum, and colon decreased in the 14-days-old group
and increased significantly (P < 0.05) again in the three older
age groups (Figure 1B). The bacterial composition similarity
comparison of digesta samples by principal co-ordinates analysis
(PCoA) of each age group using Bray-Curtis distance displayed
that the samples clustered together based on their particular
age group (Figure 2B). This was also evidenced via analysis
of similarity (ANOSIM), which yielded significant and high
R values between the age groups (Table S4). In the rumen,
there were three sub-clusters, which consisted of the 0-day
age group, the 14-days age group, and 28-, 42-, vs. 56-days
age groups. This indicated that the bacterial communities
in 28-, 42-, vs. 56-days age groups displayed a high degree

of similarity. In duodenum, cecum, and colon, the samples
clustered separately among each age group except for the 14-
vs. 28-days age groups, and the 42- vs. 56-days age groups,
suggesting that there were only higher similarities between both
groups, respectively. However, the age showed no clear effect
on bacterial composition in samples collected from jejunum
and ileum.

A total of 44 phyla were identified from digesta samples
of all GIT in the five age groups (Figure S2). The majority of
the sequences belong to Firmicutes (47.03%), Bacteroidetes
(22.23%), and Proteobacteria (22.20%). Firmicutes dominated
all microbiota along the length of the GIT apart from in the
rumen and ileum, where Bacteroidetes or Proteobacteria were
predominant, respectively (Figure 3A). In the rumen, the phyla
Firmicutes found in samples taken from the 0-day group was
extremely higher than the other four older age groups (P <

0.001), while there was an opposite trend in the cecum and
colon (P < 0.05). The phylum Bacteroidetes was significantly
lower in ruminal and duodenal samples taken from the 0-day
group compared to other age groups (P < 0.05); however,
Bacteroidetes became the most abundant phylum in samples of
older animals. The proportion of phylum Bacteroidetes in cecal
and colonic samples taken from the 28- and 42-days groups
were significantly higher than that of the 0- and 14-days groups
(P < 0.001). Compared to the 0-day group, Proteobacteria
decreased radically in the 14-, 28-, 42-, and 56-days age groups
(P < 0.001) (Figure 3B). The day-age had no significant effect
on the phylum Firmicutes, Bacteroidetes, and Proteobacteria in
samples taken from the jejunum and ileum. In addition, several
minor phyla emerged in samples, such as Deinococcus-Thermus,
Actinobacteria, Spirochaetae, Chloroflexi, Fibrobacteres, and
Synergistetes, which could be found in all age groups along the
GIT. The phylum Deinococcus-Thermus was more prominent
in newborns in samples of all regions except for the rumen,
where it was hardly found in each age group. The phyla
Spirochaetae, Fibrobacteres, and Synergistetes were more
abundant in older animals in samples collected from the
rumen (Figure 3A).

At the genus level, 940 taxa were found in digesta samples
taken from five age groups throughout the length of the GIT.
The abundant genera (top 100) in each age group through
the GIT sites (rumen, duodenum, jejunum, ileum, cecum,
and colon) are shown in Figure S3. Interestingly, the genera
Bacillus, Terponema, Lactococcus, and Selenomonas were mainly
detected in ruminal samples but were extremely low in the
gut. The genera Hydrotalea and Sharpea were mainly present
in the small intestine while in the large intestine, the genera
Butyricicoccus, Subdoligranulum, Barnesiella, and Blautia were
highly percent. In addition, Thermus was mainly present in the
small and large intestines. While performing Venn diagram
analysis, 279 genera were found to be shared among the
different GIT sites independent of the ages (Figure 4A). In
these genera, 23 predominant genera (those with the average
proportion ≥1% based on all common genera) were selected
to elucidate the shaping process of the bacterial community
with increasing age (Figures 4B,C). In the rumen, the genus
Bacillus was extremely predominant in samples from the
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FIGURE 1 | Alpha diversity of the bacterial community within each age group across the gastrointestinal tract. The richness and diversity were calculated via Chao

(A) and Shannon (B) indexes, respectively. Boxplots indicate significant differences among ages within a given GIT region.

0-day-old group compared to other four older age groups
(P < 0.001), which reached up to 54.99%. In contrast, the
genera Prevotella (P < 0.001), Ruminococcus (P < 0.05), and
unclassified Prevotellaceae (P < 0.05) increased significantly
with increasing age (P < 0.05). Several genera including
Ruminococcaceae_NK4A214_group (P < 0.001), Bacteroides (P
< 0.05), and Bacteroidales_BS11_gut_group (P < 0.01) were
mainly present in samples from the 14- or 28-days groups. In the
duodenal samples, the genera Variovorax, Stenotrophomonas,
and Exiguobacterium in the 0-day-old group were significantly
higher compared to all other groups (P < 0.001), while the
genera Lactobacillus, Christensenellaceae_R-7_group, and
Ruminococcaceae_NK4A214_group were mainly present in
four older groups. With increasing age, the genera Prevotella,
Ruminococcus, and Bacteroidales_S24-7_group increased
significantly (P < 0.05). In addition, the genera Bacteroides,
Bacteroidales_BS11_gut_group_norank, and Alloprevotella in
the 14- or 28-days age group were notably higher than in
other groups (P < 0.05). In the jejunum and ileum, the genus
Lactobacillus increased sharply in the 14-days-old group, and
then decreased in the other three older groups (P < 0.05).
The genera Christensenellaceae_R-7_group and Ruminococcus
increased significantly (P < 0.05) as kids aged. The genera
Bacteroides and Bacteroidales_BS11_gut_group_norank were
mainly found in the 14- or 28-days groups in the jejunum; while
in the ileum, the genus Clostridium_sensu_stricto was mainly
present in these two age groups. In the cecum and colon, the
genera Variovorax and Stenotrophomonas were mainly present
in the 0-day-old group compared to other older groups. The
genera Christensenellaceae_R-7_group, Ruminococcaceae_UCG-
005, and unclassified Lachnospiraceae increased prominently
with increasing age (P < 0.05). The genera Lactobacillus,
Faecalibacterium, and Clostridium_sensu_stricto were highest in
14- or 28-days groups, respectively (Figure 4C, Table S5). These
results suggested that the microbial colonization process showed
a clear temporal change and the bacterial genera along the GIT of
goats can be divided into leading, transitional, and mature taxa.

Bacterial Diversity and Composition

Across Different Goat Gastrointestinal

Tracts
For samples collected from the 14- and 28-days-old kids, the
Chao and Shannon indices differed significantly among GIT (P<

0.05) (Figure S4, Table S6). In the 14-days age group, the Chao
values in the small intestine (duodenum, jejunum, and ileum)
were higher significantly than in the large intestine (cecum and
colon), while the Shannon indexes in rumen and duodenumwere
significantly higher compared to in ileum and large intestine (P
< 0.05). The Chao and Shannon indices in rumen and small
intestine were significantly higher than in large intestine in the
samples from 28-days age group (P < 0.05). However, the GIT
had no significant influence on Chao and Shannon index in 0-
and 56-days groups. In newborn kids, the Chao value in the
large intestine was highest while the Shannon index was highest
in rumen at 56 days. Furthermore, PCoA and ANOSIM were
used to assess the bacterial composition similarity of samples
among various GIT in each age groups (Figure 2C, Table S7).
In the 0-day-old group, the bacterial composition in the rumen
was spatially separated from that of the small intestine and
large intestine, which corroborated the lower degree of similarity
between rumen and intestine. There were three sub-clusters,
consisting of samples in rumen and duodenum, jejunum and
ileum, as well as cecum and colon in 28- and 56-days age groups.
In the 42-days age group, bacterial communities of the rumen,
small intestine and large intestine were spatially separated from
each other. In summary, there was an unambiguous demarcation
on the bacterial structure of samples from the rumen, small
intestine, and large intestine (Figure 2A).

At the phylum level, the bacterial community composition
also varied with different GIT sites in each age group
(Figure S5A). In the 0-day-old group, the phylum Firmicutes
was significantly higher in the rumen than in both the small and
large intestine (P < 0.05). Firmicutes was most predominant in
the large intestine while it was lowest in the rumen of the other
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FIGURE 2 | Principal coordinate analysis (PCoA) profile of microbial diversity using the Bray-Curtis dissimilarity metric. The percentage of variation explained by PC1

and PC2 are indicated on the axis. (A) PCoA of bacterial microbiota across all samples. (B) PCoA of bacterial microbiota according to age group in each GIT region.

(C) PCoA of bacterial community according to gastrointestinal tract (GIT) regions for each age group.

four older groups. With regard to the phylum Bacteroidetes,
in the 0-day-old group, no significant changes were found
among different GIT sites. However, in the 14-days-old group,
the phylum Bacteroidetes decreased significantly along the GIT
(from rumen to colon) (P < 0.05). In 28-, 42-, and 56-days-
old groups, the proportion of Bacteroidetes in the rumen was
highest, while it was lowest in the jejunum and ileum (P <

0.05). The phylumProteobacteria in the rumenwas notably lower
than in the small and large intestine (P < 0.05) in newborn
animals. In the 28-, 42-, and 56-days groups, the phylum
Proteobacteria in the small intestine was significantly higher
than in the rumen and large intestine (P < 0.05). Moreover,
the phylum Deinococcus-Thermus had a high proportion in
small and large intestine in 0-day-old group compared to the
rumen (Figure S5B).

At the genus level, in the 0-day group, the genus Bacillus
in the rumen was extremely higher than in both the small
large and large intestines (P < 0.01). However, the genera
Escherichia-Shigella, Variovorax, and Stenotrophomonas were
mainly found in the small and large intestines (P < 0.05). In the
14- or 28-days-old groups, the genera Christensenellaceae_R-
7_group and Ruminococcaceae_NK4A214_group were more
enriched in the rumen and duodenum (P < 0.05) while the
Clostridium_sensu_stricto and uncultured Ruminococcaceae
were mainly abundant in the large intestine. The genus
Faecalibacterium was more enriched in large intestine
in the 28-days group (P < 0.05). In the 42- and 56-
days groups, the genera Ruminococcaceae_UCG-005 and
unclassified Lachnospiraceae were highest in the large
intestine (P < 0.05). In addition, in the four older groups,
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FIGURE 3 | Microbiota composition at the phylum level. (A) Bacterial community composition changes as kids aged in each gastrointestinal tract (GIT) region.

(B) Comparison of relative abundances of the three main bacterial phyla (Firmicutes, Bacteroidetes, and Proteobacteria) among age groups throughout the GIT region.

Bars with a star symbol above their whiskers are significantly different between age groups in each GIT compartment using one-way ANOVA analysis; *0.01 < P <

0.05; **0.001 < P < 0.01; ***P < 0.001.
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FIGURE 4 | Main common genera across the gastrointestinal tract regions. (A) Venn diagram of bacterial genera shared between rumen, duodenum, jejunum, ileum,

cecum, and colon. (B) Relative proportion of predominant common genera (those with an average proportion ≥1% based on all common genera were selected from

279 shared genera. (C) Changes of 23 common dominant genera as kids aged in each GIT region. The red, green, and blue dots represent genera that belong to the

phyla Firmicutes, Bacteroidetes, and Proteobacteria, respectively. The size of the dot represents the relative abundance of microbiota.

the genera Bacteroidales_BS11_gut_group_norank, unclassified
Prevotellaceae, and Alloprevotella were more enriched in rumen
and duodenum, and the genera Lactobacillus, Variovorax, and
Stenotrophomonas were mainly enriched in the small intestine (P
< 0.05). It was noteworthy that the genus Bacteroidales was more
enriched in the rumen and small intestine in the 14-days-old

group whereas in the 28-, 42-, and 56-days old groups, it
was highest in the large intestine (P < 0.05). Independent
of the age group, the genus Prevotella decreased significantly
whereas Lachnoclostridium increased throughout the GIT. The
abundance of the genus unclassified Peptostreptococcaceae was
highest in the ileum compared to other GIT regions (P < 0.05)
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(Figure 4C, Table S8). The obtained findings suggested that the
microbial community displayed an evident spatial difference and
the property varied with ages of kids.

Predicted Function of Bacteria Based on

16S rRNA Gene Sequencing
This study used PICRUSt as a predictive exploratory tool to
investigate the molecular function of microbial communities.
The average NSTI for 90 samples was 0.117 (Table S9). At the
KEGG level 2, a total of 41 gene families were identified in all
samples (Figure 5A). According to the relative abundances of the
KEGG pathways of bacteria in samples, PCoA showed a clear
distinction between the clustering of rumen, small intestine, and
large intestine samples (Figure 5B). In these 41gene families,
the majority of genes belonged to membrane transport (11.79%
of total genes inferred by PICRUSt), carbohydrate metabolism
(10.44%), amino acid metabolism (9.86%), replication and repair
(8.76%), energy metabolism (5.65%), and translation (5.51%).
Overall, for the six prominent gene families mentioned earlier,
the proportion of the gene families associated with membrane
transport increased enormously throughout the GIT (P < 0.001),
while the relative abundance of genes involved in amino acid
metabolism, replication and repair, and translation in the rumen
were highest compared to those in small intestine and large
intestine (P < 0.05) (Table 1). Moreover, the age played an
important role on these gene families in specific sampling sites.
In the rumen digesta sample, the abundance of genes related
to membrane transport in 0-day-old group was signally higher
than that in 14-, 28-, 42-, and 56-days-old groups (P < 0.05);
however, the proportion of genes involved in replication and
repair, as well as translation and energy metabolism in the 0-
day-old group were lowest (P < 0.01). In the duodenal sample,
the relative abundance of the genes related to the amino acid
metabolism in the 0-day-old group was markedly higher than in
the other four groups (P < 0.05), while the proportion of the
genes linked to replication and repair and translation in the 0-
day-old group were extremely lower compared to other groups
(P < 0.001). The abundance of genes involved in translation in
the 0-day-old group was also lowest compared to other groups in
cecal and colonic digesta (Figure 5C, Table S10).

The KEGG level 3 showed that 251 KEGG ortholog (KO)
pathways were present in all samples. Thirty-six prominent
pathways (relative abundance ≥1%) were selected among
these KO pathways, 63.9% of which belonged to carbohydrate
metabolism (10 KOs), amino acid metabolism (8 KOs), and
energy metabolism (5 KOs) (Table S11). To probe the link
between microorganisms and functional genes, a genus-
function interaction heatmap was constructed by calculating
the Spearman’s correlation coefficient (R > 0.5, P < 0.001)
based on the abundance of 23 genera and 36 KOs. The
genus Lactobacillus exhibited a positive correlation with
the glycolysis/gluconeogenesis pathway (KO 00010) while it
exhibited a negatively correlation with the glycine, serine,
and threonine metabolisms (KO 00260). The genus Bacillus
was positively involved in the propanoate metabolism (KO
00640) and butanoate metabolism (KO 00650) pathways but

was negatively correlated with both galactose metabolism (KO
00052) and methane metabolism (KO 00680). The genera
Christensenellaceae R-7_group, unclassified Lachnospiraceae,
and Ruminococcus were positively involved in phenylalanine,
tyrosine, and tryptophan biosynthesis (KO 00400). The
pantothenate and CoA biosynthesis (KO 00770) was positively
associated with the genera Bacteroides. Moreover, the genus
unclassified Lachnospiraceae also positively participated in starch
and sucrose metabolism (KO 00500), lysine biosynthesis (KO
00300), and valine, leucine, and isoleucine biosyntheses (KO
00290) while the genus Ruminococcus was positively correlated
with cysteine and methionine metabolisms (KO 00270). The
genera Ruminococcaceae_NK4A214_group and Prevotella
were involved in aminoacyl-tRNA biosynthesis (KO 00970) and
ribosome biosynthesis (KO 03010) but were negatively associated
with ABC transporters (KO 00210). However, the genera
unclassified Peptostreptococcaceae, Clostridium_sensu_stricto,
Lachnoclostridium, and Escherichia-Shigella were positively
correlated with the ABC transporter (KO 00210) pathway. In
addition, the pyruvate metabolism (KO 00620) was positively
correlated with the genus unclassified Peptostreptococcaceae but
showed a negative correlation with the genus Alloprevotella.
Intriguingly, the genera Exiguobacterium, Variovorax, and
Stenotrophomonas were positively involved in oxidative
phosphorylation (KO 00190), propanoate metabolism (KO
00640), butanoate metabolism (KO 00650), and the two-
component system (KO 02020) while they were negatively
correlated to a functional-gene cluster of 16 KOs. The latter
mainly belongs to carbohydrate metabolism, amino acid
metabolism, nucleotide metabolism, as well as replication, repair,
and energy metabolisms (Figure 5D).

Comparison of Total Bacterial Microbiota

Among Each Goat GIT
Quantitative real-time PCR showed that the sampling sites and
ages both significantly impacted the total bacterial populations
by calculating the copy numbers of 16S rDNA gene (Table 2).
The total bacterial numbers were highest in the rumen while they
were lowest in the ileum (P < 0.001). The highest bacterial copy
number was found in the 42-days-old group for all GIT sites
(P < 0.001) except the rumen, where no significant difference
was found. The lowest bacterial numbers were found in small
intestinal samples in all age groups.

DISCUSSION

This study investigated the bacterial community dynamics along
the GIT (rumen, duodenum, jejunum, ileum, cecum, and colon)
during the preweaning development of goats. Overall, the
bacterial community richness and diversity, measured by Chao
values and Shannon index, increased as animals aged, which was
consistent with previous reports (Rey et al., 2014; Dill-McFarland
et al., 2017). This indicates that the microbial community in
GIT may shift gradually toward a mature state as kids aged.
However, in samples of rumen or large intestine, both the
richness and diversity underwent a sharply change from 0 to
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FIGURE 5 | Metagenomic functional predictions. (A) Variations in KEGG metabolic pathways of microbiota at different ages throughout the gastrointestinal tract (GIT)

region of kids. (B) PCoA profile of microbial functional KEGG pathways using Bray-Curtis dissimilarity metric according to the abundance of metabolic pathways.

(C) Comparison of the predominant KEGG metabolic pathways in each age group. (D) Interaction heatmap between the predominant common bacterial genera and

potential functional KEGG pathways (at the KEEG level 3); *0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001.

28-days-old, which may be mainly attributed to the animal’s
environment and the change of diet intake. Several studies report
that the maternal vagina, skin and colostrum (or milk) can be
as an early source of microbes to the neonatal GIT (Khodayar-
Pardo et al., 2014; Ruiz et al., 2014; Gonzalez Moreno et al.,
2016). In addition, the significant differences of the bacterial
community richness and diversity among different GIT sections,
which mainly occurred at middle day ages (at 14-, 28-, or

42-days-old), suggests that the microbiota in GIT presented a
particular temporal-spatial specificity.

Generally, the results of PCoA profiling showed that the
microbiota differed distinctly among rumen, small intestine, and
large intestine (Figure 2A). This result is similar to a report on
the bacterial microbiota distribution across the GIT in dairy cattle
(Mao et al., 2015). Moreover, the PCoA and ANOSIM results in
present study suggest that each age group has its characteristic
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TABLE 1 | Comparison of the six dominant KEGG gene pathways among different GIT regions.

Category GIT regions SEM P

Rumen Duodenum Jejunum Ileum Cecum Colon

Membrane transport 9.97a 10.53a 11.73b 12.19bc 13.22d 13.11cd 0.18 0.001

Carbohydrate metabolism 10.35 10.32 10.50 10.17 10.70 10.61 0.06 0.114

Amino acid metabolism 10.20b 10.17b 9.68ab 9.99ab 9.56a 9.54a 0.08 0.042

Replication and repair 9.42b 8.95ab 8.69a 8.37a 8.55a 8.57a 0.09 0.012

Energy metabolism 5.73 5.72 5.52 5.52 5.70 5.68 0.03 0.088

Translation 6.06c 5.68bc 5.46ab 5.17a 5.34ab 5.33ab 0.07 0.001

Mean values with different superscripted lowercase letters within the same row differed significantly (P < 0.05). SEM, standard error of the mean.

TABLE 2 | Total bacterial numbers (log10 gene copies/g of digesta sample) attached to different GIT site from 0 to 56 d.

GIT site Age/d G SEM1 P-value2

0 14 28 42 56 S A G×A

Rumen – 10.22C 9.93C 10.62C 10.70E 10.37D 0.19 <0.001 <0.001 <0.001

Duodenum 6.61aB 7.20bA 8.08cB 7.90cA 8.61dC 7.68B

Jejunum 6.63aB 6.79aA 6.83aA 8.79cB 7.62bB 7.33B

Ileum 5.66aAB 6.40abA 6.67bA 8.70cB 6.49abA 6.78A

Cecum 4.79aA 8.48bB 9.89cdC 10.39dC 9.14bcD 8.54C

Colon 5.54aAB 9.63bC 10.43bC 10.38bC 9.39bD 9.07C

A 5.85a 8.12b 8.64c 9.46d 8.66c

Mean values with different superscripted lowercase letters within the same row differ significantly (P < 0.05) while with different superscripted capital letters within the same column

means differ significantly (P < 0.05).

The blank represents that the DNA sample is not enough to perform the quantitative real-time PCR.
1SEM, standard error of the difference of the means.
2Probability of a significant effect due to GIT sites (G), day-old ages (A), and their interaction (G × A).

microbiota along the GIT with the exception of the jejunum and
ileum (Figure 2B andTable S3). Both the within-group similarity
and the diversity index increased with age, implying that the
bacterial microbiota undergoes a successive development of GIT
colonization that coalesces toward a mature adult composition.
It can be presumed that the bacterial community inhabiting the
GIT of adult goats is more diverse and homogeneous, compared
to that of neonatal kids, which seem to have more heterogeneity
between different animals. Interestingly, similar observations
have been reported for the bacterial microbiota of bovine rumen
and human infants guts (Yatsunenko et al., 2012; Jami et al.,
2013; Yeoman et al., 2018). In addition, these results indicate that
the dynamics of the bacterial community exhibit high temporal
heterogeneity along the different GIT sections (Figure 2B), and
significant spatial difference was found with respect to the
microbiota at each age (Figure 2C). This is consistent with a
report on the bacterial community variation across the GIT in
dairy calves (Dias et al., 2018). Generally, few genera were shared
between the microbiota during the early development period and
mature animals (Rey et al., 2012; Wang et al., 2016b; Lei et al.,
2018). This partially arises from the undeveloped anatomical
structure or incomplete physiological function of GIT (e.g., the
rumen) during the first days of life due to the absence of the
intake of solid feed or plant fibers. However, several of the genera,
such as Lactobacillus, Ruminococcus, Bacteroides, and Prevotella,

were mainly present in adults where they play a crucial role
in fiber, starch, or protein degradation (Gänzle and Follador,
2012; Lengowski et al., 2016; Zeineldin et al., 2018; Wang et al.,
2019). These also emerged in neonatal animals albeit at a minute
percentage. This supports the model where the colonization of
beneficial genera in the GIT occurs very early in life (even before
the acquisition of colostrum) and is pivotal for their potential
function in adult animals. These findings were confirmed by
several previous studies (Jami et al., 2013; Dias et al., 2018;
Lei et al., 2018), indicating that the establishment of functional
genera begins when kids are exclusively fed colostrum.

The data presented in this study indicates that the bacterial
community in different GIT regions is age specific. Age-related
variations between the primary stages of development (0–14
days) and later stages (28–56 days) were most evident. This is
likely due to the transition of diet, in which the solid concentrate
and plant fiber increased gradually in addition to that of milk. In
the rumen, the phylum Firmicutes, which was mainly composed
of the genera Bacillus and Lactococcus, reached up to 54.99% and
13.16% of the total reads, was predominant in newborns, yet
in older animals it was replaced by the phylum Bacteroidetes.
This could be explained by previous studies, which reported
that the delivery mode shapes the acquisition of the infant
microbiome during the first days of life, i.e., the maternal vaginal
microbiota are key for the establishment of bacterial community
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in vaginally born newborns (Yeoman et al., 2018). As the major
components of the indigenous vaginal microbiota, the genera
Bacillus and Lactococcus delivered to infants play a critical role in
generating the organism’s colonial resistance and in modulating
the host’s immunological effects (Shakhov et al., 2015). However,
it has been pointed out that the colonization of maternal
vaginal strains was transient and the genera capable of utilizing
absorbable milk nutrients (e.g., Bacteroides) would replace these,
which is consistent with the results of the present study (Dias
et al., 2017; Ferretti et al., 2018). In several older age groups,
distinct age effects were also observed in the rumen, as reflected
by the fact that the genera Ruminococcaceae_NK4A214_group,
Bacteroides, Bacteroidales_BS11_gut_group, and Alloprevotella
whose dominance at 14 days was shifted to Prevotella,
Treponema, Ruminococcus, and unclassified Prevotellaceae at 28
days, shortly after the availability of the solid concentrate feeds
(Figure 4C, Figure S3, and Table S5). Likewise, an exploration
of the dynamics of bovine rumen microbiota indicated that
the genera (Prevotella, Treponema, and Ruminococcus), which
mainly degrade plant fibers, increased, whereas single sugars,
protein, and fat utilizers (Bacteroides) decreased as the diet
shifted toward more fibers (Jami et al., 2013).

In addition, the ages of animals also significantly influenced
the microbiota in the lower GIT (duodenum, jejunum, ileum,
cecum, and colon) in kids. In the neonatal gut, the fast-
growing facultative anaerobes, the majority of which belong
to Proteobacteria, dominated all taxa due to the availability
of high levels of oxygen (Guaraldi and Salvatori, 2012). In
the present study, a similar observation was made where the
phylum Proteobacteria (mainly including the genera Escherichia-
Shigella, Variovorax, and Stenotrophomonas) dominated the gut
at 0 day. Then, it was replaced by the phyla Firmicutes and
Bacteroidetes, which then became the predominant taxa in older
animals (Figures 3B, 4C). Interestingly, in the large intestine,
the phylum Firmicutes acutely increased at the beginning of the
14 days, while the proportion of Bacteroidetes did not show
a significant increase until 28 days. This may be attributed
to the introduction of solid concentrate feed and plant fiber
in addition to milk as goats aged. Moreover, the phylum
Proteobacteria still remained at a relatively constant level in the
small intestine as kids aged, which is likely because the members
of this phylum can tolerate the adverse combined effects of the
unique circumstances in the small intestine, such as the higher
acidity, higher concentration of oxygen and antimicrobials
(Donaldson et al., 2016; Kong et al., 2016; Espín, 2017). In
contrast, an increase in saccharolytic and amylolytic genera was
observed, which consisted of the genera Christensenellaceae_R_7
(Morotomi et al., 2012) and Ruminococcus (Flint et al., 2012;
Cann et al., 2016) throughout the whole gut, the genera
Prevotella (Chiquette et al., 2008; Ramayo-Caldas et al., 2016)
in the duodenum, and the genera Ruminococcaceae_UCG_005,
unclassified Lachnospiraceae, Barnesiella, and Blautia in the
cecum and colon (Dehority and Orpin, 1997; Chen et al.,
2017; Mancabelli et al., 2017a,b), as kids aged and ingested
more concentrate feed and fibers (Figure 4C, Figure S3). In
preweaning goats, the rumen is either un- or under-developed
and the colostrum or milk, which is the sole dietary source

in kids prior to solid feed intake, often bypass the rumen
and flow directly into the abomasum due to the closure of
the esophageal groove (Dill-McFarland et al., 2017). During
the preweaning stages, it is therefore essential to supply solid
feed for kids to promote the development of GIT; hence, the
colonization of the saccharolytic taxa in the lower gut is pivotal
for efficient post-ruminal starch or fiber utilization. This is
supported by recent studies that reported that the utilization
of starch in the small intestine (62%) was largely attributed
to microbial fermentation rather than to host enzymes, while
this biological process of starch degradation occupied 37%
in the large intestine (Gilbert et al., 2015; Liu et al., 2017).
Accompanied by the increase of amylolytic taxa, the genera
Bacteroides, Lactobacillus, Butyricicoccus, and Faecalibacterium
(large intestine) decreased in older animals. Consistent with
the results of the present study, these transient genera, which
were associated with a primarily milk diet, also decreased in
the GIT of calves since calves consumed more starter solid
feed with age (Dill-McFarland et al., 2017; Dias et al., 2018). In
summary, a reverse relationship between the afore-mentioned
bacteria and the solid feed intake can be inferred. The genera
Lactobacillus, as a representation of the phylum Firmicutes in
the present study, usually utilize simple sugars (e.g., pentoses,
hexoses, and lactose) or starch to produce lactic acid or acetic
acid and ethanol (Whitman, 2009). As butyrate producers, the
genera Butyricicoccus and Faecalibacterium can convert acetic
acid to butyrate and release butyrate close to the epithelium,
which promotes the proliferation and differentiation of the
intestinal epithelium (Foditsch et al., 2014; Geirnaert et al., 2014).
However, the fermenting ability of these bacteria is often limited
by the availability of their preferred substrate, which will be
out-competed by fiber-degraders with increasing plant fibers in
the diet.

In addition to the microbial dynamics of aging kids,
differences in bacterial taxa across the GIT were also observed.
The findings of this study indicate that each GIT region inhibited
its own species although common bacterial taxa were found along
the GIT (Figures 3, 4). A similar observation has been reported
previously (Wang et al., 2016a; Dias et al., 2018; He et al., 2018;
Kim et al., 2019). In neonatal animals, the phylum Firmicutes
was abundant in the rumen whereas the phylum Proteobacteria
dominated all bacterial taxa in the gut. However, in older
animals, the phylum Bacteroidetes became most dominant in
the rumen and the phylum Firmicutes was predominant in the
large intestine. Simultaneously, the abundance of the phylum
Proteobacteria was highest in the small intestine (Figure S5).
Corresponding to the variations of bacteria at the phylum level,
common bacterial genera belonging to the above-mentioned
phyla also varied significantly across different GIT (Table S5).
Moreover, the obtained results suggest the existence of a distinct
bacterial community in each compartment independent of the
kids age, such as the genera Lactococcus, Treponema, and
Selenomonas in the rumen, the genera Hydrotalea and Sharpea
in the small intestine, and Subdoligranulum, Butyricicoccus,
Barnesiella, and Blautia in the large intestine. This different
spatial distribution of microbiota is likely due to the particular
characteristics of each GIT compartment, including the pH,

Frontiers in Microbiology | www.frontiersin.org 12 September 2019 | Volume 10 | Article 2125209

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Li et al. Gut Microbiome of Preweaning Goats

morphological structure, chemical constituents in the gut, the gut
motility, and nutrition supply (Holmes et al., 2012; Dolan and
Chang, 2017; Espín, 2017; Parker et al., 2018).

In this study, at the KEGG level 2, microbial potential function
analysis indicated that the most prominent functional categories
were the gene families associated with the functions of membrane
transport, carbohydrate metabolism, amino acid metabolism,
replication and repair, energy metabolism and translation, which
matches the conventional metabolic function (e.g., carbohydrate,
protein, and amino acid metabolism) that are indispensable for
microbial subsistence (Lamendella et al., 2011). Based on the
PCoA results and the comparison of six dominant gene families,
we can infer that the microbiota may mainly involve in protein
synthesis and metabolism in rumen and duodenum while the
majority of bacterial community participate the absorption and
utilization of nutrients in hindgut, which is agreement with
previous studies on camel and porcine (Zhao et al., 2015; He
et al., 2018); however, a report in adult dairy cattle reported the
opposite results (Mao et al., 2015). This is likely related to the
difference of study object; in this study, the kids underwent a
transition process from pre-ruminant to ruminant animals, in
which the age also played an import role for the microbiota
in each GIT compartment, especially in the rumen. Here, the
functional categories of membrane transport and amino acid
metabolism were replaced by replication and repair, translation,
and energy metabolism as kids aged. In cecum and colon, the
genes related to carbohydrate metabolism, energy metabolism,
and translation increased while the gene families associated to
amino acid metabolism decreased with increasing age. These
results reflect that the bacterial community in GIT undergoes a
functional conversion as kids aged and the change of available
nutrient substrate. And there is a different spatial specificity
among each GIT region (mainly in rumen and large intestine) for
the functional conversion ofmicrobiota. In addition, the bacterial
genus-function interaction heatmap showed that not only several
genera participated jointly in one KEGG pathway, but a genus
could also take part in multiple KEGG pathways, as shown by
the genera Exiguobacterium, Variovorax, and Stenotrophomonas.
The genera Ruminococcus and Bacteroides, well-known for their
characteristic of degrading cellulose or soluble saccharides (Cann
et al., 2016; Wang et al., 2019) may also participate in the amino
acid metabolism and vitamin synthesis metabolism.

In conclusion, the results of this study suggest that the
microbiota and putative metabolic function displayed evident
temporal and spatial specificity along the GIT in preweaning
goats. The colonization process of the microbiota along different
GIT compartments can be divided into three stages: initial,
transit, and relative stable phase. Corresponding to the bacterial
developmental process, the bacterial genera mainly consist of
the leading, transitional, and mature taxa. Each type of bacterial
genera differs in each compart. Compared to the bacterial
community composition in the rumen, the transit stage of the
microbiota in the intestinal tract is slightly longer, where the
microbiota did not have access to a relatively stable stage until
42 days of age. Therefore, this suggests that the microbiota in
the rumen is more sensitive to the introduction of solid feeds
than that of the intestine, which is likely due to the different

physiological-biochemical environments of both regions, such
as pH, oxygen contents, redox potential, host secretions, and
feed particle size. Moreover, the present study supports a more
heterogeneous goat microbiota at birth that then inclines to
develop into a mature community, which is more homogeneous
and specific. This characteristic extends to all GIT regions.
Based on these results, probiotic intervention during the weaning
transition (6–8 weeks) may be more effective to facilitate
permanent microbiota changes and improve kid health, relative
to intervention immediately after birth.
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Enteric fermentation in ruminants is the single largest anthropogenic source of
agricultural methane and has a significant role in global warming. Consequently,
innovative solutions to reduce methane emissions from livestock farming are required
to ensure future sustainable food production. One possible approach is the use of lactic
acid bacteria (LAB), Gram positive bacteria that produce lactic acid as a major end
product of carbohydrate fermentation. LAB are natural inhabitants of the intestinal tract
of mammals and are among the most important groups of microorganisms used in
food fermentations. LAB can be readily isolated from ruminant animals and are currently
used on-farm as direct-fed microbials (DFMs) and as silage inoculants. While it has been
proposed that LAB can be used to reduce methane production in ruminant livestock,
so far research has been limited, and convincing animal data to support the concept
are lacking. This review has critically evaluated the current literature and provided a
comprehensive analysis and summary of the potential use and mechanisms of LAB as
a methane mitigation strategy. It is clear that although there are some promising results,
more research is needed to identify whether the use of LAB can be an effective methane
mitigation option for ruminant livestock.

Keywords: lactic acid bacteria, methane, methanogens, bacteriocins, direct-fed microbials, silage inoculants,
mitigation

INTRODUCTION

While ruminant animals play an important role in sustainable agricultural systems (Eisler et al.,
2014) they are also an important source of greenhouse gas (GHG) emissions (Reisinger and Clark,
2018). Regardless of the ruminant species, the largest source of GHG emissions from ruminant
production is methane (CH4), with more than 90 percent of emissions originating from enteric
fermentation (Opio et al., 2013). Enteric fermentation is a digestive process by which a community
of microbes present in the forestomach of ruminants (the reticulo-rumen) break down plant
material into nutrients that can be used by the animal for the production of high-value proteins
that include milk, meat and leather products. Hydrogen (H2) and methyl-containing compounds
generated as fermentation end products of this process are used by different groups of rumen
methanogenic archaea to form CH4, which is belched and exhaled from the lungs via respiration
from the animal and released to the atmosphere. In the coming decades, livestock farmers will face
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numerous challenges and the development of technologies and
practices which support efficient sustainable food production
while moderating greenhouse gas emissions are urgently
required. More than 100 countries have committed to reducing
agricultural GHG emissions in the 2015 Paris Agreement of
the United Nations Framework Convention on Climate Change,
however, known agricultural practices could deliver just 21–
40% of the needed reduction, even if implemented fully
at scale (Wollenberg et al., 2016). New technical mitigation
options are needed. Reviews of CH4 mitigation strategies
consistently discuss the possibility that lactic acid bacteria
(LAB) could be used to modulate rumen microbial communities
thus providing a practical and effective on-farm approach to
reducing CH4 emissions from ruminant livestock (Hristov et al.,
2013; Takahashi, 2013; Knapp et al., 2014; Jeyanathan et al.,
2014; Varnava et al., 2017). This review examines the possible
contribution of LAB in the development of an on-farm CH4
mitigating strategy.

RESULTS AND DISCUSSION

General Characteristics of Lactic Acid
Bacteria
Lactic acid bacteria are Gram positive, acid tolerant, facultatively
anaerobic bacteria that produce lactic acid as a major end-
product of carbohydrate fermentation (Stilez and Holzapfel,
1997). Biochemically they include homofermenters that produce
primarily lactic acid, and heterofermenters that also give a
variety of other fermentation end-products such as acetic acid,
ethanol and CO2. LAB have long been used as starter cultures
for a wide range of dairy, meat and plant fermentations, and
this history of use in human and animal foods has resulted
in most LAB having Qualified Presumption of Safety (QPS)
status in the European Union or Generally Recognized as Safe
(GRAS) status in the United States. The main LAB genera used
as starter cultures are Lactobacillus, Lactococcus, Leuconostoc,
and Pediococcus (Bintsis, 2018) together with some species of
Enterococcus and Streptococcus.

In addition to their contribution to the development of food
flavor and texture, LAB have an important role in inhibiting
the growth of spoilage organisms through the production of
inhibitory compounds. These compounds include fermentation
products such as organic acids and hydrogen peroxide as well as
ribosomally synthesized peptides known as bacteriocins (Cotter
et al., 2013). In many cases, the physiological role of bacteriocins
is unclear but they are thought to offer the producing organism
a competitive advantage, via their ability to inhibit the growth
of other microorganisms, particularly in complex microbial
communities. Some strains also produce other compounds
such as non-ribosomally synthesized peptides which may have
additional antimicrobial activity (Mangoni and Shai, 2011).

In recent years much interest has been shown in the use of
LAB as probiotic organisms and in their potential contribution
to human health and well-being. LAB have also been advocated as
probiotics to improve food animal production and as alternatives
to antibiotics used as growth promotors (Vieco-Saiz et al., 2019).

LAB and the Rumen
LAB are members of the normal gastrointestinal tract microbiota,
however, in ruminants these organisms are generally only
prevalent in young animals before the rumen has properly
developed (Stewart et al., 1988). LAB are unable to initiate
the metabolism of plant structural polysaccharides and are
not regarded as major contributors to rumen fermentation. In
the Global Rumen Census project (Henderson et al., 2015)
which profiled the microbial community of 684 rumen samples
collected from a range of ruminant species, only members of the
genus Streptococcus were found in a majority of samples (63%
prevalence, 0.5% abundance). Nevertheless, LAB can be readily
isolated from the rumen, with some species such as Lactobacillus
ruminis and Streptococcus equinus (formerly S. bovis) being
regarded as true rumen inhabitants while others (Lactobacillus
plantarum and Lactococcus lactis) are likely to be transient
bacteria that have been introduced with the feed (Stewart, 1992).
Several obligately anaerobic rumen bacteria also produce lactate
as a fermentation end product and two of these are included
in this review. These organisms (Kandleria vitulina and Sharpea
azabuensis) are both members of the family Erysipelotrichaceae
within the phylum Firmicutes, although Kandleria vitulina
was formerly known as Lactobacillus vitulinus (Salvetti et al.,
2011). Sharpea and Kandleria are a significant component of
the rumen microbiome in low CH4 yield animals in which
rapid heterofermentative growth results in lactate production
(Kamke et al., 2016).

Table 1 lists the rumen LAB together with strains of Kandleria
and Sharpea that have been genome sequenced along with
potential antimicrobial biosynthetic clusters predicted from the
genome sequence data. The majority (81%) of genome sequenced
strains from rumen members of the Streptococcaceae encode
antimicrobial biosynthetic clusters, and previous studies have
also reported that rumen streptococci can produce a range of
bacteriocins (Iverson and Mills, 1976; Mantovani et al., 2001;
Whitford et al., 2001). Conversely, antimicrobial biosynthetic
genes have not been identified from the species Kandleria vitulina
and Sharpea azabuensis.

How Are LAB Used in Ruminant
Agriculture?
On-farm, LAB are used as direct-fed microbials (DFMs),
probiotics and as silage inoculants. The terms DFM and probiotic
are used interchangeably in animal nutrition and refer to any
type of live microbe-based feed additive. Although the products
have different purposes, there is considerable overlap in the
bacterial species used.

The efficacy of DFMs containing LAB has been studied
mostly in pre-ruminants where their reported benefits include
a reduction in the incidence of diarrhea, a decrease in fecal
shedding of coliforms, promotion of ruminal development,
improved feed efficiency, increased body weight gain, and
reduction in morbidity (Krehbiel et al., 2003). A meta-analysis of
randomized controlled trials of LAB supplementation in young
calves has shown that LAB can exert a protective effect and reduce
the incidence of diarrhea (Signorini et al., 2012) and can increase
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body weight gain and improve feed efficiency (Frizzo et al., 2011).
The meta-analysis further revealed that LAB can induce further
beneficial effects if administered with whole milk and as a single
strain inoculum. The use of DFM supplementation in young
ruminants is expanding as farmers look to use natural alternatives
to antibiotics to help improve calf health and promote growth.

In the adult ruminant, there is limited research available on
the efficacy of LAB DFMs. Their use is targeted at improving
the health and performance of animals (Table 2). With regard
to health, a meta-analysis of trials evaluating the use of
DFMs (predominantly Lactobacillus) to reduce the prevalence
of Escherichia coli O157 fecal shedding in beef cattle has shown
LAB supplementation to be efficacious (Wisener et al., 2015).
Administration of Lactococcus lactis has been shown to be as
effective as common antibiotics in the treatment of bovine
mastitis (Klostermann et al., 2008). LAB DFMs have also been
shown to minimize the risk of ruminal acidosis in some instances
(Ghorbani et al., 2002; Lettat et al., 2012). A recent review by
Rainard and Foucras (2018) appraised the use of probiotics
for mastitis control. The authors concluded that based on the
lack of scientific data the use of probiotics to prevent or treat
mastitis is not currently recommended. However, use of teat apex
probiotics deserves further research. The results from a small
number of trials using only LAB supplementation treatment
groups to enhance animal performance are mixed (Table 2).
Studies where beneficial effects have been reported include
an increase in milk yield, change in milk fat composition,
improved feed efficiency, and increased daily weight gain but
equally there have been studies where no change has been
reported (see Table 2). Although responses to DFMs have
been positive in some experiments, the basic mechanisms
underlying these beneficial effects are not well defined or
clearly understood.

LAB are the dominant silage inoculant in many parts of
the world. LAB are used not only for their convenience and
safety, but also because they are effective in controlling microbial
events during silage fermentation (Muck et al., 2018). In the
ensiling process, a succession of LAB ferment the available
soluble sugars in cut plant material to produce organic acids,
including lactic acid. As a result, the pH drops, preventing further
microbial degradation of the plant material and preserving it
as silage. The efficacy of adding LAB inoculants in enhancing
the natural silage preservation process is well established. In
addition, silage inoculants containing homofermentative LAB
have not only improved silage quality and reduced fermentation
losses but have also improved animal performance by increasing
milk yield, daily gain and feed efficiency (Kung et al., 1993;
Weinberg and Muck, 1996, 2013; Kung and Muck, 1997;
Muck et al., 2018). The mechanism(s) behind the additional
benefits in animal performance from feeding inoculated silage
are not understood.

LAB DFMs and silage inoculants are microbial based
technologies which are widely accepted and actively used
in modern farming systems today. If LAB can be found
to reduce ruminant CH4 production effectively then both
DFMs and inoculants provide a practical and useful mitigation
option on-farm.
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Methanogens and the Rumen
Rumen methanogenic archaea are much less diverse than
rumen bacteria (Henderson et al., 2015), and members of
two clades of the genus Methanobrevibacter (referred to as
M. gottschalkii and M. ruminantium) make up ∼75% of the
archaeal community (Janssen and Kirs, 2008; Henderson et al.,
2015). Cultivated members of both of these methanogen clades
are hydrogenotrophic and use H2 and CO2 for CH4 formation.
Their cell walls contain pseudomurein and have similarities to
those found in Gram positive bacteria which may be relevant to
their sensitivity to antimicrobial agents (Varnava et al., 2017).
Other significant members of the methanogen community in
the rumen are methylotrophs, producing CH4 from methyl-
containing substrates, particularly methylamines and methanol.
These include strains of the genus Methanosphaera and members
of the family Methanomassiliicoccaceae. The former have
pseudomurein-containing cell walls, while the cell envelope
surrounding the Methanomassiliicoccaceae has not been
characterized. The ability of rumen bacteria to produce the H2 or
methyl-containing substrates required for methanogenesis has
been determined from culture studies, or is able to be inferred
from genome sequences, but it is not yet known which bacteria
are the most important contributors in the rumen.

How could LAB reduce ruminant CH4 production? It is
hypothesized that LAB could influence ruminal methanogenesis
in three possible ways (Figure 1): (1) use of LAB or their
metabolites to shift the rumen fermentation so that there is a
corresponding decrease in CH4 production, (2) use of LAB or
their metabolites to directly inhibit rumen methanogens and (3)
use of LAB or their metabolites to inhibit specific rumen bacteria
that produce H2 or methyl-containing compounds that are the
substrates for methanogenesis.

How Have LAB Been Shown to Affect
Ruminant CH4 Production?
The idea that LAB can be used to reduce CH4 production
in ruminant livestock is not new. Reviews of CH4 mitigation
strategies consistently refer to this possibility (Hristov et al., 2013;
Takahashi, 2013; Jeyanathan et al., 2014; Knapp et al., 2014;
Varnava et al., 2017). However, research on the topic has been
limited and convincing data from animal trials to support this
concept are lacking. Jeyanathan et al. (2016) screened 45 bacteria,
including strains of LAB, bifidobacteria and propionibacteria, in
24h rumen in vitro batch incubations for their ability to reduce
methanogenesis. Three strains were selected for in vivo trials
in sheep (n = 12), and one strain (Lactobacillus pentosus D31)
showed a 13% reduction in CH4 production (g CH4/kg/DMI)
over 4 weeks when dosed at 6 × 1010 cfu/animal/day. The
mechanism of action was not determined in this study, but the
ability of introduced bacterial strains to persist in the rumen
environment was highlighted as an important factor. Subsequent
work by Jeyanathan et al. (2019) using the same strains has
shown no ability to reduce CH4 emissions in dairy cows.
A further two studies which examined LAB supplementation
on CH4 production have had mixed results. Mwenya et al.
(2004) assessed the effect of feeding Leuconostoc mesenteroides

subsp. mesenteroides to sheep (n = 4). Supplementation with this
strain was found to increase CH4 production (g CH4/kg/DMI)
in vivo. The authors did not offer any discussion as to how a
LAB strain could increase CH4 production in vivo. Astuti et al.
(2018) evaluated 14 strains of L. plantarum in rumen in vitro
experiments and identified strain U32 which had the lowest CH4
production value when compared to the other LAB treatment
groups. The authors hypothesized the addition of LAB may
have stimulated the growth of lactic utilizing bacteria leading
to increased production of propionic acid and a subsequent
decrease in the hydrogen availability for methane production
(Astuti et al., 2018).

Research conducted on bacteriocins and their ability to reduce
ruminal CH4 production has been minimal. The few bacteriocins
and preparations from bacteriocin-producing lactic acid bacteria
that have been examined have displayed promising results both
in vitro and in vivo. Callaway et al. (1997) tested the effect of
the Lactococcus lactis bacteriocin nisin on rumen fermentation
in vitro and reported a 36% reduction in CH4 production.
However, later work has shown nisin to be susceptible to rumen
proteases limiting its potential efficacy in vivo (Russell and
Mantovani, 2002). One in vivo trial has, however, reported a
10% decrease in CH4 emissions (g/kg DMI) in sheep (n = 4) fed
this bacteriocin (Santoso et al., 2004). The trial was conducted
for 15 days and the authors surmised that the reduction in
CH4 was due to the inhibition of growth of the methanogenic
microbes. Nollet et al. (1998) examined the addition of the
cell-free supernatant of Lactobacillus plantarum 80 (LP80) to
ruminal samples in vitro and noted an 18% decrease in CH4
production and a 30.6% reduction in CH4 when the supernatant
was combined with an acetogenic culture, Peptostreptococcus
productus ATCC 35244. The effect of the LP80 supernatant in
combination with P. productus was also studied in vivo using
two rams and it was concluded that inhibition of methanogenesis
(80% decrease; mmol/6 h) occurred during the first 3 days
but the effect did not persist. Compounds (PRA1) produced
by L. plantarum TUA1490L were tested in vitro and found to
decrease methanogenesis by 90% (Asa et al., 2010). Further work
with PRA1 confirmed its ability to maintain an antimicrobial
effect even after incubation with proteases but the hypothesis that
the inhibition mechanism of PRA1 may relate to the production
of hydrogen peroxide has not been proven (Takahashi, 2013).
Bovicin HC5, a bacteriocin produced by Streptococcus equinus
HC5, inhibited CH4 production by 53% in vitro (Lee et al.,
2002), while more recently the bacteriocin pediocin produced by
Pediococcus pentosaceus 34 was shown to reduce CH4 production
in vitro by 49% (Renuka et al., 2013). The possibility of using
bacteriocins from rumen streptococci for CH4 mitigation has
recently been reviewed (Garsa et al., 2019). Currently, it is not
clear whether the bacteriocins affect the methanogens themselves,
or whether they affect the other rumen microbes that produce
substrates necessary for methanogenesis. The only evidence
that bacteriocins affect methanogens directly is a single article
(Hammes et al., 1979) in which nisin was shown to inhibit
a non-rumen methanogen, Methanobacterium, using an agar
diffusion assay to determine the inhibitory effect. Recently, Shen
et al. (2017) used in vitro assays and 16S rRNA gene analysis
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FIGURE 1 | Potential pathways that could be modulated by LAB to decrease CH4 production [Adapted from FAO (2019). Image is being used with the permission of
the copyright holder, New Zealand Agricultural Greenhouse Gas Research Centre (www.nzagrc.org.nz)].

to assess the effect nisin has on rumen microbial communities
and fermentation characteristics. Results demonstrate that nisin
treatments can reduce populations of total bacteria, fungi and
methanogens resulting in a decrease in the ratio of acetate
to propionate concentrations. A similar class of compounds
(antimicrobial peptides such as human catelicidin) have also been
shown to be strongly inhibitory to a range of methanogens (Bang
et al., 2012, 2017). There is no standardized approach to screening
methanogen cultures for their susceptibility to bacteriocins,
however, the method developed to facilitate screening of small
molecule inhibitors (Weimar et al., 2017) should be useful.
This employs the rumen methanogen strain AbM4 (a strain of
Methanobrevibacter boviskoreani) which grows without H2 in the
presence of ethanol and methanol (Leahy et al., 2013).

Many LAB silage inoculants possess antibacterial and/or
antifungal activity and in some cases this activity is imparted
into the inoculated silage (Gollop et al., 2005). The inhibitory
activity has been shown to inhibit detrimental micro-organisms
in silage (Flythe and Russell, 2004; Marciňáková et al., 2008;
Amado et al., 2012) and has been postulated to do the same
in the rumen, but the role of specific silage inoculants in CH4
mitigation has received little attention. Thus far, research has
demonstrated that LAB included in freeze-dried silage inoculants
can survive in rumen fluid (Weinberg et al., 2003) and that
LAB survive passage from silage into rumen fluid in vitro
(Weinberg et al., 2004). Several studies have demonstrated that
in vitro rumen fermentation can be altered by some LAB
strains. Muck et al. (2007) made silages using a range of
inoculants and showed in vitro that some of the inoculated
silages had reduced gas production compared with the untreated

silage suggesting a shift in fermentation had occurred. Cao
et al. (2010a) investigated the effect of L. plantarum Chikuso-
1 on an ensiled total mixed ration (TMR) and showed CH4
production decreased by 8.6% and propionic acid increased by
4.8% compared with untreated TMR silage. Cao et al. (2011)
found similar results with the same inoculant strain in vegetable
residue silage with the inoculated silage having higher in vitro dry
matter digestibility and lower CH4 production (46.6% reduction).
Further work with this LAB strain in vivo showed that the
inoculated TMR silage increased digestibility and decreased
ruminal CH4 (kg DMI) emissions (24.7%) in sheep (n = 4)
compared with a non-inoculated control (Cao et al., 2010b).
Although more research is required in this area, the results
suggest that some LAB strains are capable of altering ruminal
fermentation leading to downstream effects such as reduced
CH4 production.

CONCLUSION AND FUTURE
PERSPECTIVES

Literature on the use of LAB to reduce CH4 production in
ruminants is limited. In the small number of studies available,
in vitro, LAB can reduce CH4 production effectively. The effect
is clearly strain dependent and it is not understood whether
the LAB or their metabolites affect the methanogens themselves,
or whether they affect the other rumen microbes that produce
substrates necessary for methanogenesis. In vivo, the lack of
robust animal trials (appropriate animal numbers, relevant
treatment groups, trial period, and strain efficacy) investigating
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LAB supplementation and CH4 mitigation make it impossible
at this time to make a comprehensive conclusion. Much more
research is needed to understand the mechanisms behind the
use of LAB as rumen modifiers. However, if appropriate LAB
cultures can be identified, and proven to be effective in vivo
then a range of delivery options that are already accepted in
the global farming system such as DFMs and silage inoculants
are available. This represents an alternative approach to CH4
mitigation research and one that can be used in combination
with other mitigation options such as vaccines (Wedlock et al.,
2013) and CH4 inhibitors (Dijkstra et al., 2018) which are
currently under development. Ruminant production systems
with low productivity lose more energy per unit of animal
product than those with high productivity. In systems where farm
management practices result in an increase in performance per
animal (e.g., kg milk solids per cow, kg lamb slaughtered per ewe,
kg beef slaughtered per cow), and combined with a reduction
in stocking rates, then absolute CH4 emissions can be reduced.
LAB supplementation and use of silage inoculants can contribute
to these on-farm management options that reduce agricultural
GHG emissions through increases in animal productivity and
improved health. LAB supplementation could offer a practical,
effective and natural approach to reducing CH4 emissions from
ruminant livestock and contribute to the on-farm management
practices that can be used to reduce CH4 emissions.
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Several studies have evaluated the effects of complete or partial ruminal protozoa (RP)
inhibition; however, to this date, no practical suppressant has been identified and used
in large scale. This meta-analysis quantitatively evaluates the effectiveness of multiple
strategies on inhibiting RP numbers and their influence on ruminal fermentation and
animal performance. This study compared 66 peer-reviewed articles (16 manuscripts
for complete and 50 manuscripts for partial RP inhibition that used supplemental
phytochemicals and lipids, published from 2000 to 2018, to inhibit RP in vivo. Data were
structured to allow a meta-analytical evaluation of differences in response to different
treatments (complete RP inhibition, phytochemicals, and lipids). Data were analyzed
using mixed models with the random effect of experiment and weighted by the inverse
of pooled standard error of the mean (SEM) squared. Supplemental phytochemicals
and LCFA had no effects on inhibiting RP numbers; however, supplemental MCFA had a
potent antiprotozoal effect. Both complete and partial RP (supplemental phytochemicals
and lipids) inhibition decreased methane production, total tract digestibility of OM and
NDF, and ruminal NH3-N concentration and increased propionate molar proportion.
Methane production, molar proportions of acetate and propionate, total tract NDF
digestibility were affected by the interaction of treatment (supplemental phytochemicals
and lipids) and RP numbers. Supplemental phytochemicals and lipids can be effective in
reducing methane production when RP numbers is below 7 Log10 cells/mL, especially
by supplemental saponins, tannins, and MCFA. In terms of animal performance,
supplemental tannins could be recommended to control methane emissions without
affecting animal performance. However, their negative effects on total tract digestibility
could be a drawback when feeding tannins to ruminants. The negative effects of
supplemental lipids on milk fat composition should be considered when feeding lipids to
ruminants. In conclusion, ruminal protozoa play important roles on methanogenesis,
fiber digestion, and ruminal NH3-N concentration, regardless of experimental diets
and conditions; supplemental phytochemicals and lipids can be effective on reducing
methane production when RP numbers is below 7 Log10 cells/mL. Among these
partial RP inhibition strategies, supplemental tannins could be recommended to control
methane production.

Keywords: fiber digestion, lipid, methane production, plant secondary metabolites, ruminal fermentation
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INTRODUCTION

Ruminal protozoa (RP) were first described by Gruby and
Delafond (1843) and contribute to ruminal fermentation, having
both positive and negative impacts on animal performance.
Several studies have evaluated the effects of complete or partial
RP inhibition; however, to this date, no practical suppressant has
been identified and used in large scale. Ruminal protozoa make
up less than 0.01% of the microbial cells in the rumen (Williams
and Coleman, 1992). Though few in numbers, ruminal protozoa
are relatively large compared to bacteria (5–250 µm long),
consisting of 5–50% of the microbial mass in the rumen (Williams
and Coleman, 1992; Sylvester et al., 2005). Ruminal protozoa
are responsible for substantial microbial protein turnover due
to predation of ruminal bacteria (Williams and Coleman, 1992).
Complete inhibition of RP has been done to study the roles
of RP and complete RP inhibition was suggested to increase
microbial protein supply by 30% and reduce methane production
by up to 11% (Newbold et al., 2015). However, reduction in feed
digestibility has been reported to be likely the main drawback of
complete RP inhibition. Because it is not practical, complete RP
inhibition is not recommended under farm conditions (Hristov
et al., 2013). Partial RP inhibition methods, such as supplemental
phytochemicals (essential oils, saponins, and tannins) and lipids
[medium-chain fatty acids (MCFA) and long-chain fatty acids
(LCFA)], have been recommended as alternative strategies of
complete RP inhibition. Because inhibiting RP by supplemental
phytochemicals and lipids are practical and could be potentially
beneficial to animal production (Williams and Coleman, 1992;
Patra and Saxena, 2010).

Thirty-one percent of 76 in vivo experiments have
demonstrated a concomitant reduction in RP numbers and
methane production, and nearly all of these experiments tested
lipids as methane mitigation strategies (Guyader et al., 2014). It
also has been suggested that saponins mitigate methanogenesis
mainly by reducing RP numbers, and condensed tannins
act by reducing RP numbers and by direct negative effects
on methanogens, whereas essential oils could have a direct
negative effect on methanogens (Cieslak et al., 2013). It also
has been shown that changes in RP numbers have a linear
relationship with changes in methane production associated
with supplemental saponins (r = 0.69), tannins (r = 0.55), and
essential oils (r = 0.45, Patra, 2010). Lipids and phytochemicals
are thus currently the most common additives used to control
RP numbers and methane production in ruminants.

Recently, many reviews have been published on plant extract
or plant secondary, e.g., saponins, tannins, and essential oils
as rumen modifier, but they have been primarily focused on
the changes on ruminal fermentation (Wallace et al., 2002;
Calsamiglia et al., 2007; Hart et al., 2008; Kamra et al.,
2008), ruminal microbial population (Patra and Saxena, 2009),
and also their relationship with methanogenesis (Patra, 2010).
Supplemental lipids were also reviewed regarding their effects
on methane emission, digestibility, ruminal fermentation and
lactation performance in cattle (Patra, 2013) and compared
between cattle and sheep (Patra, 2014). However, very few have
evaluated multiple strategies concomitantly and evaluated the

relationship of the change in RP numbers with changes on
methane production, ruminal fermentation, nutrient utilization,
and animal performance when phytochemicals and lipids were
fed to ruminants. Moreover, evaluation of partial or complete
RP inhibition and their effects on methane production, ruminal
fermentation, nutrient utilization, and animal performance have
not been carefully evaluated. Meanwhile, the effectiveness of
partial RP inhibition strategies (lipids and phytochemicals) have
not been vastly studied.

This meta-analysis quantitatively evaluated the effectiveness
of multiple strategies to either completely or partially suppress
RP numbers. Therefore, the focus was not only on RP roles,
but also on the effectiveness of different strategies to reduce
RP numbers. The objectives of this meta-analysis were to: (1)
evaluate the effectiveness of different partial RP inhibition
strategies (lipids and phytochemicals); (2) evaluate the effects
of complete and partial RP inhibition strategies on ruminal
microbial fermentation, nutrient utilization, and performance;
and (3) evaluate changes on ruminal microbial fermentation,
nutrient utilization, and animal performance in partial RP
inhibition related to the treatments (phytochemicals and
lipids), or RP numbers or their interaction. Our hypotheses
were: (1) both complete and partial inhibition of RP
numbers would reduce methane production; (2) complete RP
inhibition would not be recommended because the negative
effects would outweigh the benefits of it; and (3) effectiveness
of partial RP inhibition strategies would differ, and partial RP
inhibition could potentially improve ruminal fermentation and
animal performance; however, these would differ between RP
inhibition strategies.

MATERIALS AND METHODS

Data Collection
The database searched included publications from 2000 to
2018, reporting in vivo data from experiments published in the
English language, in which RP count numbers were measured
to systematically review different strategies on controlling RP
numbers in the past 20 years. To access publications, the editorial
platforms of the US National Library of Medicine National
Institutes of Health through PubMed1 and the ISI Web of
Science2 were searched with the following keywords: ruminant,
defaunation; ruminant, lauric acid, protozoa; ruminant, myristic
acid, protozoa; ruminant, coconut oil, protozoa; ruminant, long-
chain fatty acid, protozoa; ruminant, oilseed, protozoa; ruminant,
tannins, protozoa; ruminant, saponins, protozoa; ruminant,
essential oil, protozoa. The search aimed to identify publications
with experiments that were suitable for further exploration.
Response of interest included RP numbers, ruminal bacterial
count number, methane production, ruminal fermentation (total
volatile fatty acids, molar proportion of acetate, propionate,
butyrate, and ammonia nitrogen concentration), total tract
digestibility [dry matter (DM); organic matter (OM); crude

1http://www.ncbi.nlm.nih.gov/pubmed
2http://apps.webofknowledge.com
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protein (CP) and neutral detergent fiber (NDF); dry matter
intake (DMI), milk yield and milk composition (CP, fat, lactose];
and body weight gain (BWG) and responses of interests were
collected together with pooled standard error of the mean (SEM).

Inclusion Criteria
The initial criteria for inclusion of the experiment were that
treatment interventions included complete and partial inhibition
of RP and RP numbers was reported as cells/mL. The method
used to control the RP numbers had to be described for each
selected publication.

Searched works in the literature were screened for duplicates
and then suitability for inclusion initially by reading the
abstract to check that the experiment was conducted regarding
controlling RP numbers and the controlling methods were
described. Then the materials and methods portion of the
publication was read to exclude experiments in which treatments
were not implemented as previously described.

Experiments Included
Figure 1 depicts a Prisma diagram (Moher et al., 2009) of the flow
of data collection for the meta-analysis. After the initial search
and screening, 81 publications including multiple experiments
were assessed for eligibility. From those, 15 publications were
excluded because of the following reasons: publications using
18S rRNA sequencing to determine protozoa concentration;
publications in which one treatment that combined more than
one RP inhibition strategy; publications in which there were no
control group. Even though both microscopy and 18S rRNA
sequencing allowed identification of dominant members of the
ciliate communities and classification of the RP community,
however, microscopy is a highly accurate method for evaluation
of total numbers or relative abundance of different RP genera in
a sample (Kittelmann et al., 2015). The current meta-analysis was
interested in RP numbers and thus 18S rRNA sequencing data
were removed from the dataset.

The final database contained 66 publications with 87
experiments and a total of 232 treatment means depending on
the response variable were included in the meta-analysis. The list
of published papers used is presented in Supplementary Table 1.

Among these publications, experiments belonged to complete
inhibition (16 publications, 21 experiments, 45 treatments)
consisted of experiments testing effects of completely inhibit
RP numbers. The strategies used to completely inhibit RP
numbers included: isolated immediately after birth; washed
rumen technique; dosing chemical reagent in the rumen (sodium
1- (2-sulfonatooxyethoxy) dodecane; sodium lauryl sulfate).
Experiment belonged to phytochemicals (29 publications,
37 experiments, 103 treatments) consisted of experiment
testing effects of phytochemicals (tannins, saponins, and
essential oil) as protozoa inhibition strategies, in which
essential oil included essential oil, garlic oil, peppermint,
cinnamaldehyde, eugenol, anise oil, capsicum oil, diallyl
disulfide, plant; tannins included plant (e.g., Kobe lespedeza,
lupiness seeds, Vaccinium Vitis ideaea L.), condensed tannin,
Acacia meamsii extract, grape marc, black currant; and saponins
included alfalfa extract, plant powder, sarsaponin, Maca

hyocotyls, Sapindus saponaria, Quillaja saponaria extract,
Yucca schidigera extract, tea saponin. Experiment belonged
to lipids (24 manuscripts, Nexp = 29, Ntrt = 84) consisted
of experiments testing effects of lipids (LCFA and MCFA)
as protozoa inhibition strategies, in which LCFA included
linseed, rapeseed, sunflower seed, whole cottonseed, Linola
(C18:2), Nulin (C18:3), whole soybeans, algal meal, soybean
oil; and MCFA included coconut oil, lauric acid, myristic acid,
and sodium laurate.

The data structure and the percentage of experiments that
reported specific responses of interest in the selected experiments
used for the meta-analysis included: large ruminants (dairy
cattle, beef cattle; 65%) and small ruminants (sheep; 35%);
methane production (53%); ruminal bacteria (23%); ruminal
VFA concentration (total VFA: 96%, acetate: 95%, propionate:
95%, butyrate: 95%); ammonia N (NH3-N) concentration
(79%); total tract digestibility (DM: 41%, OM: 56%, CP:
42%, and NDF: 57%); Milk yield: 34%; Milk composition
(protein: 31%; fat: 31%; lactose: 31%); body weight gain
(BWG; 27%). Descriptive statistics of the data included
in the meta-analysis was presented in Table 1 based on
the strategies on controlling RP numbers. Milk yield and
compositions in the present meta-analysis were only from
dairy cattle. Descriptive statistic of data included in the meta-
analysis based on different animal categories presented in
Supplementary Table 2.

For the meta-analysis, protozoal and bacterial number
(cells/mL) were expressed as Log10 cells/mL. The total VFA
and NH3-N concentrations were expressed as mM. The molar
proportion of acetate, propionate, and butyrate was expressed
as percentage of total VFA concentration. Dry matter intake
and milk yield were expressed as kg/d, milk compositions were
expressed as percentage of total milk yield. Methane production
was expressed as g/kg DMI to allow interpretation of data from
animals with different levels of DM intake.

Statistical Analysis
Data were analyzed by mixed models with the MIXED
procedure of SAS (SAS ver. 9.4, SAS Institute Inc., Cary,
NC, United States). Firstly, data were separately analyzed
for the difference between RP inhibition strategies [complete
and partial inhibition (lipids and phytochemicals)] with the
untreated control on ruminal fermentation, nutrient utilization,
and animal performance. Then data were analyzed for the
difference among different types of phytochemicals (tannins,
saponin, and essential oils) and lipids (LCFA and MCFA)
within partial RP inhibition groups with the untreated control
on ruminal fermentation, nutrient utilization, and animal
performance. For experiments with complete RP inhibition, the
effects of treatment were compared with untreated control. For
experiments with phytochemicals, the effects of inclusion of
phytochemicals and type of phytochemical were compared with
untreated control. For experiments with lipids, the effects of
inclusion of lipids and the type of lipids were compared with
untreated control.

Within the partial RP inhibition data, responses of interest
were further analyzed by adding treatment, RP numbers and
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FIGURE 1 | PRISMA flow diagram of the systematic review from initial search and screening to final selection of publications to be included in the meta-analysis. The
66 selected articles for inclusion in the meta-analysis contained multiple experiments; therefore, 87 experiments were used.

interaction of treatment and RP numbers as fixed effects and
experiment identification as random effects to evaluate the
changes of response variables that were contributing to the
treatments (phytochemicals and lipids), or RP numbers or
their interaction; however, it was not intended to generate
prediction models. When there was an interaction effect on the
response of interest, it was only evaluated how the response
variables of interest varied with the interaction; when there
was no interaction effect, the interaction was removed from
the model and treatment and RP numbers were evaluated
together on their effects on the response variables of interest,
then RP numbers was removed from the model to evaluate
if the coefficient factors and/or statistical significance (only
considered if P < 0.05) of treatment were changed before
and after adding RP numbers or not. The treatments that
used phytochemical, and lipids as RP inhibition strategies

were considered as “treatment” and the untreated ones were
considered as the control.

All mixed models included the random effect of experiment
identification, and responses were weighted using the WEIGHT
statement in SAS with the inverse of pooled SEM squared
(1/SEM2) that was centered for each response analyzed as
suggested by Wang and Bushman (1999). The slopes and
intercepts by experimental identification were included as
random effects, and an unstructured variance-covariance matrix
(type = un) was performed at the random part of the model
(St-Pierre, 2001). When treatment had significant effects on the
response of interest, the treatment by experimental identification
was also included as random effects. If random covariance
of slopes, intercept and treatment were not converged by
unstructured variance, a variance component (type = vc) of
variance-covariance structure was performed (St-Pierre, 2001).
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TABLE 1 | Statistical description of the diet and animal characteristics in the data set used for the meta-analysis.

Defaunation Phytochemicals Lipids

Item N Mean SD N Mean SD N Mean SD

Diet composition, %

DM 17 69.5 26.7 58 68.4 19.1 39 67.1 19.0

OM 22 90.9 3.02 76 91.4 4.30 57 92.9 1.93

NDF 33 38.5 11.6 93 35.5 11.4 73 32.4 8.92

CP 29 15.4 3.13 91 17.1 4.00 75 16.6 2.67

Rumen microorganisms, log cells/mL

Protozoa 18 3.02 2.82 103 5.94 1.19 84 5.84 0.71

Bacteria 7 10.7 5.62 40 10.0 2.19 10 11.7 3.95

Methane production, g/kg DMI 16 32.4 13.1 39 24.9 5.40 41 21.8 9.03

Ruminal fermentation

pH 28 9.15 14.6 102 7.10 7.66 67 7.50 9.45

Total VFA concentration, mM 44 88.9 29.1 99 108.8 23.3 83 102 23.7

Molar proportion, %

Acetate 42 68.6 6.45 99 64.9 6.21 83 62.8 6.69

Propionate 42 21.1 12.3 99 21.9 8.40 83 22.9 8.97

Butyrate 42 11.0 13.7 99 12.2 8.76 83 12.2 9.55

NH3-N, mM 34 12.1 13.7 96 9.36 8.62 57 8.17 10.3

Total tract digestibility, %

DM 11 58.7 10.56 45 64.2 5.29 44 63.4 7.56

OM 17 66.9 7.62 66 67.4 6.45 56 66.8 4.89

CP 17 67.8 13.14 58 65.0 10.55 36 65.4 7.72

NDF 15 51.4 6.97 67 53.5 8.64 52 47.3 10.42

Animal performance

Milk yield, kg/d – – – 36 29.41 6.19 44 30.16 5.95

Milk composition, %

Protein – – – 36 4.28 4.61 38 3.85 4.53

Fat – – – 36 4.21 4.63 38 4.34 4.48

Lactose – – – 36 5.38 4.25 36 5.44 4.24

DMI, kg/d

Sheep 10 0.92 0.39 23 0.99 0.23 13 0.81 0.12

Dairy – – – 32 19.5 4.52 52 20.3 4.37

Beef 4 3.45 2.26 30 7.25 1.91 12 6.59 1.73

BWG, kg 14 6.27 8.91 22 4.94 8.84 29 2.87 7.04

For each analysis, when Cook’s distance was higher than 1, the
study was removed from the database in each specific analysis.
Outliers were removed when studentized residuals were greater
than 2 or less than -2. Statistical significance was considered at
P ≤ 0.05, with tendencies identified if 0.05 < P ≤ 0.10.

RESULTS

Effects on Ruminal Bacteria and
Methane Production
Complete RP inhibition increased (P = 0.01) ruminal bacteria
concentration (Log10 cells/mL) by 6% while decreased (P = 0.01)
methane production by 18% (Table 2).

Overall, supplementary phytochemicals had no effects on
ruminal bacteria concentration while decreased (P < 0.01)
methane production by 20% (Table 3). Among these different

phytochemicals, compared to control, essential oils had no effects
on ruminal bacteria concentration and methane production;
however, supplemental saponins and tannins both decreased
(P < 0.01) ruminal bacteria concentration by about 11%
and decreased (P < 0.01) methane production by 15% and
20%, respectively (Table 4). Supplemental lipids had no effects
on ruminal bacteria whereas decreased (P = 0.05) methane
production by 15% (Table 5). Among the lipids sources, methane
production was decreased by 20% by MCFA whereas only by 9%
by LCFA (Table 6).

Effectiveness of Supplemental
Phytochemicals and Lipids on RP
Numbers Inhibition
Based on the current analysis, supplemental phytochemicals
(essential oils, saponins, and tannins) had no effects RP numbers
(Log10 cells/mL; Tables 3, 4). Supplemental lipids tended to
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TABLE 2 | Effects of complete ruminal protozoa (RP) inhibition on ruminal
microorganisms, methane production, total tract digestibility, ruminal fermentation,
and animal performance.

Item Control Complete RP
inhibition

SEM P-value

Rumen microorganisms, Log10 cells/mL

Protozoa – – – –

Bacteria 8.33 8.83 0.94 0.01

Methane
production, g/kg
DMI

33.1 27.2 3.70 0.01

Ruminal fermentation

pH 6.41 6.43 0.11 0.74

Total VFA
concentration, mM

88.8 84.5 5.96 0.09

Molar proportion, %

Acetate 67.0 69.0 1.06 0.01

Propionate 18.8 19.7 0.79 0.03

Butyrate 9.75 7.70 0.58 <0.01

NH3-N, mM 11.8 7.88 1.68 <0.01

Total tract digestibility,%

DM 60.8 60.1 3.96 0.43

OM 69.2 66.4 2.51 <0.01

CP 74.2 72.2 3.43 0.38

NDF 53.2 48.7 2.12 <0.01

Animal performance

DMI, kg/d

Sheep 0.78 0.77 0.03 0.79

Dairy – – – –

Beef 2.27 1.58 0.53 0.67

BWG, kg 0.23 0.23 0.16 0.99

decrease (P = 0.07) RP numbers compared to the control
(Table 5), where supplemental MCFA decreased RP numbers by
6.5% while LCFA had no effects on RP numbers when compared
to the control (Table 6).

Effects on Total Tract Digestibility
Complete RP inhibition had no effects on total tract digestibility
of DM and CP but decreased (P < 0.01) both total tract
digestibility of OM and NDF (Table 2).

Supplemental phytochemicals decreased (P < 0.01) total tract
digestibility of NDF and tended to decrease (P = 0.07) total
tract digestibility of OM, however, it had no effects on total tract
digestibility of DM and CP (Table 3). Among phytochemicals,
supplemental tannins decreased total tract digestibility of DM,
OM, CP, and NDF; however, no differences were observed in
total tract digestibility of DM, CP, and NDF by supplemental
essential oils and saponins when compared to control (Table 4).
Supplemental saponins decreased total tract digestibility of OM
compared to control (Table 4). Supplemental lipids decreased
(P = 0.01) total tract digestibility of OM and tended to decrease
total digestibility of DM (P = 0.08) and NDF (P = 0.06) but had
no effect on total tract digestibility of CP (Table 5). Among lipids,
supplemental LCFA decreased total tract digestibility of OM and

TABLE 3 | Effects of phytochemicals on ruminal microorganisms, methane
production, total tract digestibility, ruminal fermentation, and animal performance.

Item Control Phytochemicals SEM P-value

Rumen microorganisms, Log10 cells/mL

Protozoa 5.87 5.83 0.19 0.22

Bacteria 9.55 9.46 0.35 0.78

Methane production, g/kg DMI 26.1 20.9 0.22 <0.01

Ruminal fermentation

pH 6.35 6.33 0.06 0.15

Total VFA concentration, mM 109 108 3.45 0.91

Molar proportion, %

Acetate 67.2 64.5 1.04 <0.01

Propionate 20.5 21.7 0.61 <0.01

Butyrate 9.89 11.5 0.46 <0.01

NH3-N, mM 8.61 8.31 0.72 0.07

Total tract digestibility, %

DM 65.4 65.2 0.75 0.59

OM 67.3 66.6 1.34 0.07

CP 66.2 65.4 2.00 0.12

NDF 54.0 52.9 1.82 <0.01

Animal performance

Milk yield, kg/d 29.3 29.2 1.54 0.83

Milk composition, %

Protein 3.54 3.45 0.12 <0.01

Fat 3.44 3.45 0.12 0.74

Lactose 4.69 4.69 0.05 0.90

DMI, kg/d

Sheep 0.89 1.07 0.07 0.09

Dairy 20.4 19.9 0.76 <0.01

Beef 7.33 7.49 0.64 0.13

BWG, kg 0.24 0.38 0.06 0.14

no effect was observed by supplemental MCFA when compared
to control (Table 6).

Effects on Ruminal Fermentation and
Ammonia Concentration
Complete RP inhibition tended to decrease (P = 0.09) total
VFA concentration, increased the molar proportion of acetate
(P = 0.01) and propionate (P = 0.03) whereas decreased the molar
proportion of butyrate (P < 0.01) and NH3-N concentration
(P < 0.01). However, there was no effect of complete RP
inhibition on ruminal pH.

Supplemental phytochemicals had no effects on total VFA
concentration and ruminal pH; however, it decreased (P < 0.01)
the molar proportion of acetate whereas increased the molar
proportion of propionate (P < 0.01) and butyrate (P < 0.01;
Table 3). The concentration of NH3-N tended to reduce
(P = 0.07) by supplemental of phytochemicals. Among these
phytochemicals, supplemental tannins increased total VFA
concentration compared to control (Table 4). Supplemental
essential oils, saponins, and tannins decreased the molar
proportion of acetate whereas increased the molar proportion
of propionate (Table 4). The molar proportion of butyrate
was increased by supplemental essential oils and tannins.
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TABLE 4 | Effects of different phytochemicals on ruminal microorganisms, methane production, total tract digestibility, ruminal fermentation, and animal performance.

Items1 Control Essential oils Saponins Tannins SEM P-value

Rumen microorganisms, Log10 cells/mL

Protozoa 5.87 5.85 5.76 5.84 0.19 0.37

Bacteria 9.96a 9.85a 8.85b 8.82b 0.35 <0.01

Methane production, g/kg DMI 26.1a 25.3ab 22.2b 20.9b 1.46 <0.01

Ruminal fermentation

pH 6.35 6.34 6.31 6.32 0.05 0.40

Total VFA concentration, mM 107b 107b 110ab 112a 3.55 <0.01

Molar proportion, %

Acetate 71.6a 63.6c 65.4b,c 69.0b 1.21 <0.01

Propionate 20.6b 21.9a 21.6a 21.6a 0.65 <0.01

Butyrate 9.98b 11.5a 10.8ab 11.6a 0.67 <0.01

NH3-N, mM 8.70 8.48 8.14 7.89 0.74 0.18

Total tract digestibility, %

DM 65.3a 65.6a 65.3a 63.7b 0.72 <0.01

OM 67.4a 67.4a 65.6b 65.5b 1.30 <0.01

CP 66.2a 66.4a 64.9a 61.3b 1.97 <0.01

NDF 53.8a 54.0a 52.0b 52.6b 1.82 <0.01

Animal performance

Milk yield, kg/d 29.4 29.4 27.9 29.4 1.56 0.55

Milk composition, %

Protein 3.53a 3.42b 3.51ab 3.46ab 0.12 <0.01

Fat 3.44 3.48 3.41 3.40 0.12 0.75

Lactose 4.69 4.72 4.64 4.68 0.05 0.29

DMI, kg/d

Sheep 0.87b 1.01ab 0.96ab 1.20a 0.12 0.04

Dairy 20.5 20.2 19.6 20.9 0.91 0.09

Beef 7.32 7.50 7.52 7.48 0.65 0.46

BWG, kg 0.24 0.38 1.84 1.08 1.27 0.47

a–cLeast squares means within the same row with different superscripts differ (P < 0.05).

Supplemental lipids decreased (P < 0.01) total VFA and NH3-
N concentration (Table 5). Supplemental lipids decreased the
molar proportion of acetate (P < 0.01) and butyrate (P = 0.05)
whereas increased (P < 0.01) the molar proportion of propionate
(Table 5). Among different lipids, supplemental MCFA decreased
total VFA concentration compared to the control, and it also
decreased the molar proportion of acetate whereas increased
the molar proportion of propionate, but no differences were
observed between the control and supplemental LCFA (Table 6).
However, both supplemental LCFA and MCFA decreased NH3-N
concentration (Table 6).

Effects on DMI, Body Weight Gain, Milk
Yields, and Milk Compositions
Complete RP inhibition had no effect on BWG and DMI
(Table 2). As milk yield and composition data of complete RP
inhibition were not abundant in the current analysis, the effects
of complete RP inhibition on milk yield and milk composition
were not evaluated.

Supplemental phytochemicals had no effects on BWG, milk
yield, milk fat and lactose, but it decreased DMI in dairy
(P < 0.01) and milk protein (P < 0.01; Table 3). Among
these phytochemicals, supplemental essential oils decreased milk

protein and supplemental tannins increased DMI in sheep
compared to the control (Table 4). Supplemental lipids had no
effects on BWG but tended to decrease milk yield (P = 0.09)
and milk lactose (P = 0.06). Supplemental lipids decreased DMI
(P = 0.02) in dairy cows, milk protein (P = 0.03), and milk fat
(P < 0.01; Table 5). Among these lipids, supplemental MCFA
decreased DMI in dairy cows but both supplemental LCFA and
MCFA decreased milk fat (Table 6).

Effects of Treatment, RP Numbers, and
Their Interaction on Ruminal Microbe,
Ruminal Fermentation, and Animal
Performance
Methane production, molar proportions of acetate and
propionate, total tract digestibility of NDF, and DMI in sheep
were affected by the interaction of treatment (phytochemicals
and lipids) and RP numbers (Log10 cells/mL; Table 7). Methane
production decreased as RP numbers increased in both control
and treatment group, and when the RP numbers (Log10 cells/mL)
was lower than 7, the treatment decreased methane production;
however, treatment had greater methane production compared
to the control when RP numbers was greater than 7 (Figure 2A).
The molar proportion of acetate decreased as RP numbers
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TABLE 5 | Effects of lipids on ruminal microorganisms, methane production, total
tract digestibility, ruminal fermentation, and animal performance.

Item Control Lipids SEM P-value

Rumen microorganisms, Log10 cells/mL

Protozoa 5.91 5.76 0.14 0.07

Bacteria 10.4 10.3 0.18 0.11

Methane production, g/kg DMI 23.2 19.7 2.10 0.05

Ruminal fermentation

pH 6.33 6.36 0.05 0.18

Total VFA concentration, mM 102 99.3 2.46 0.01

Molar proportion,%

Acetate 63.5 62.1 1.09 <0.01

Propionate 21.1 22.2 0.66 <0.01

Butyrate 11.6 10.9 0.45 0.05

NH3-N, mM 7.17 6.25 0.68 <0.01

Total tract digestibility, %

DM 64.9 63.4 1.58 0.08

OM 68.4 66.7 0.97 0.01

CP 66.6 66.7 1.93 0.80

NDF 48.3 45.6 2.46 0.06

Animal performance

Milk yield, kg/d 30.4 29.6 1.64 0.09

Milk composition, %

Protein 3.13 3.08 0.05 0.03

Fat 3.85 3.55 0.16 <0.01

Lactose 4.77 4.71 0.04 0.06

DMI, kg/d

Sheep 0.79 0.80 0.05 0.51

Dairy 20.4 19.4 1.13 0.02

Beef 7.28 6.63 0.72 0.13

BWG, kg 0.60 0.60 0.15 0.99

increased when RP numbers was lower than 5, molar proportion
of acetate was greater in the treatment group. However, when
RP numbers was greater than 5, the molar proportion of acetate
in the treatment was lower than the control, and there was a
greater difference between the control and the treatment as
RP numbers increased (Figure 2B). The molar proportion of
propionate increased as RP numbers increased in both the
control and treatment group, and also the difference between
the control and the treatment were increased as RP numbers
increased (Figure 2C). Total tract digestibility of NDF in the
treatment group was decreased as RP numbers increased;
however, it was increased as RP numbers increased in the control
group (Figure 2D). Dry matter intake in sheep of the control
was increased as RP numbers increased whereas the treatment
group decreased as RP numbers increased (Figure 2E), and their
difference increased as RP numbers increased when RP numbers
was greater than 6.

Ruminal bacteria numbers, pH, milk yield, and milk fat
were only affected RP numbers, and the presence of RP had
no interference on the impacts of treatment on the three
response variables, as coefficient factors and statistical difference
of treatment were not altered before and after adding RP numbers
in the models (Table 7). Ruminal bacteria, milk yield, and milk fat

had a positive relationship with RP numbers whereas pH had a
negative relationship with RP numbers. Total VFA concentration
was also only positively affected by RP numbers; however, the
coefficient factor of treatment on total VFA concentration was
shifted from negative (-0.39) to positive (0.44) when RP numbers
was added into the model, indicating an interference of RP
numbers on the impact of treatment on total VFA concentration
(Table 7). Total tract digestibility of OM was negatively affected
by treatment (P < 0.01); however, the effect of treatment was
absent (P = 0.50) when RP numbers was added into the model.
Instead, total tract digestibility of OM only had a positive
relationship with RP numbers (P < 0.01) when both treatment
and RP numbers as the predictors for total tract digestibility
of OM. Milk protein was only negatively affected by treatment
(P < 0.01). The concentration of NH3-N and DMI in dairy were
affected by both treatment and RP numbers, and the effect of
treatments on the two response variables was independent of
RP numbers, as the coefficient factors and statistical significances
were not altered by adding RP numbers in the model (Table 7).
Both of NH3-N concentration and DMI in dairy had negative
relationships with treatment while had positive relationships with
RP numbers. The molar proportion of butyrate was also affected
by both treatment and RP numbers, and the degree of the effects
of treatment was decreased by adding RP numbers in the model,
where the coefficient factor of treatment on molar proportion of
butyrate was decreased from 1.54 to 0.27, observing a positive
relationship with treatment whilst a negative relationship with RP
numbers (Table 7). Total tract digestibility of DM and CP, milk
lactose and DMI in beef animals and BWG were not affected by
treatment and RP numbers.

DISCUSSION

Overall, based on the current study, supplemental
phytochemicals had no effects on inhibiting RP numbers
and supplemental lipids only had a tendency to inhibit RP
numbers, which was a result of supplemental MCFA, e.g.,
lauric acid, coconut oil, and myristic acid, but not because of
supplemental LCFA as it was not different from the control
group. Phytochemicals are considered as ruminal modifiers
that could improve the efficiency of ruminal fermentation
such as enhancing protein metabolism, decreasing methane
production, reducing nutritional stress such as bloat, and thus
improving animal health and productivity (McIntosh et al., 2003;
Patra et al., 2006a; Benchaar et al., 2007). Based on the current
study, supplemental phytochemicals had minor impacts on RP
numbers, and therefore, supplemental phytochemicals are not
recommended as RP suppressing agents.

It has been reported that the effects of tannins on RP numbers
are conflicting. Newbold et al. (1997) found that tannins from
S. sesban foliage did not have anti-protozoa activity. However,
Makkar et al. (1995) reported that quebracho tannins reduced
the number of total RP, entodiniomorphs, and holotrichs, and
the effects were greater on holotrichs. However, anti-protozoa
effects of quebracho tannins were not evident in dairy cows
(Benchaar et al., 2008). Few studies even reported an increase in
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TABLE 6 | Effects of different lipids on ruminal microorganisms, methane production, total tract digestibility, ruminal fermentation, and animal performance.

Items1 Control LCFA MCFA SEM P-value

Rumen microorganisms, log cells/mL

Protozoa 5.97a 5.94a 5.58b 0.14 <0.01

Bacteria 10.2 10.9 10.1 0.28 0.14

Methane production, g/kg DMI 23.1 21.1 18.3 2.16 0.10

Ruminal fermentation

pH 6.33 6.37 6.36 0.06 0.40

Total VFA concentration, mM 103a 100a 98.5b 2.45 0.03

Molar proportion, %

Acetate 63.5a 62.5ab 61.8b 1.12 0.01

Propionate 21.0b 21.9ab 22.5a 0.74 0.01

Butyrate 11.6 11.1 10.7 0.48 0.09

NH3-N, mM 7.36a 6.52b 5.98b 0.70 <0.01

Total tract digestibility, %

DM 64.9 62.4 63.8 1.56 0.18

OM 68.4a 64.9b 67.4a 0.98 <0.01

CP 66.6 65.9 66.8 1.98 0.83

NDF 48.3 46.7 45.3 2.53 0.13

Animal performance

Milk yield, kg/d 30.5 29.9 29.4 1.71 0.17

Milk composition, %

Protein 3.13 3.09 3.07 0.06 0.06

Fat 3.86a 3.54b 3.55b 0.16 0.02

Lactose 4.77 4.75 4.69 0.04 0.11

DMI, kg/d

Sheep 0.79 0.82 0.79 0.05 0.22

Dairy 20.5a 20.2a 18.6b 1.21 <0.01

Beef 7.00 6.25 6.94 0.72 0.75

BWG, kg 0.60 0.56 0.62 0.15 0.87

a,bLeast squares means within the same row with different superscripts differ (P < 0.05); LCFA, long chain fatty acids; MCFA, medium chain fatty acids.

RP numbers. Salem et al. (1997) observed a linear increase in RP
numbers in rumen fluid of sheep fed an alfalfa-hay based diet
by the addition of Acacia cyanophylla Lindl. foliage. Therefore,
based on the current analysis, tannins have no effect on RP
numbers. Compared to RP, other microorganisms may be more
sensitive to tannins. Tavendale et al. (2005) found the polymeric
fraction of extractable tannins could completely inhibit ruminal
methanogens. Tannins also exert inhibitory effects on bacteria
(proteolytic and cellulolytic bacteria) and fungi (Tagari et al.,
1965; Min et al., 2005; Patra and Saxena, 2009). This was also
observed when ruminal bacteria (Log10 cells/mL) was decreased
by supplemental tannins in the current analysis. The inhibitory
activity of tannins against bacteria has been implicated due to
the ability of tannins to form complexes with the cell wall and
membrane of bacteria causing morphological changes of the cell
wall and the extracellular enzymes secreted (Jones et al., 2004;
Smith et al., 2005).

Effects of essential oils on RP numbers also have conflicting
results in the literature. A blend of essential oils had no effect
on RP numbers when fed to dairy cows (Benchaar et al., 2007).
Supplementation of diets with cinnamaldehyde to dairy cows
(Benchaar et al., 2008) had also no effects on RP numbers. In
contrast, steers fed peppermint (Mentha piperita L.; containing
essential oils) had lower RP numbers, and Entodinum, Isotricha,

and Diplodinium (Ando et al., 2003). It has also been observed
that essential oils from S. aromaticum decreased the number of
RP, small entodiniomorphs and holotrichs, but did not affect
large entodiniomorphs (Patra et al., 2006b). Therefore, effects of
essential oils on inhibiting RP numbers varied with the sources
of essential oils, species of RP, as well as species of animals,
and thus no effects of essential oil were observed on inhibiting
RP numbers in the current analysis. However, essential oils
were reported to have direct negative effects on methanogens
(Cieslak et al., 2013) and certain ruminal microorganism (Hart
et al., 2008). Even though ruminal bacteria concentration was
not affected by supplemental essential oils in the current analysis,
which may be due to essential oils mainly affecting some specific
microorganism, but not all of them (Hart et al., 2008), and the
data reported here was overall ruminal bacterial counts, and not
specific species.

Therefore, based on the conflicting results of the effects of
tannins and essential oils on RP numbers as well as limited
effects of essential oils and tannins on RP numbers from
the current analysis, we conclude that in general, essential
oils and tannins have no effect on reducing RP numbers.
Essential oils and tannins, as ruminal modifier, may be affecting
other ruminal microorganisms, e.g., ruminal bacteria and
methanogens. Meanwhile, different species of RP responded
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TABLE 7 | Effects of treatment (phytochemicals and lipid), ruminal protozoa (RP) and their interaction as predictors on the ruminal microorganisms, methane production,
total tract digestibility, ruminal fermentation, and animal performance.

Items1 Num Intercept P-value Treatment2 P-value RP3 P-value Treatment × RP4,5 P-value

Rumen Bacteria, Log10 cells/mL 48 6.71 <0.01 −0.11 0.67 0.52 <0.01 NS NS

48 9.68 <0.01 −0.11 0.67 − − − −

Methane production, g/kg DMI 76 53.6 <0.01 −22.8 0.01 −5.18 <0.01 3.35 0.05

Ruminal fermentation

pH 167 6.99 <0.01 −0.02 0.13 −0.11 <0.01 NS NS

167 6.34 <0.01 −0.003 0.80 − − − −

Total VFA concentration, mM 180 70.5 <0.01 0.44 0.31 5.89 <0.01 NS NS

180 105 <0.01 −0.39 0.27 − − − −

Molar proportion, %

Acetate 180 72.8 <0.01 16.4 0.02 −1.23 0.24 −3.23 <0.01

Propionate 180 −0.21 0.95 −8.12 <0.01 3.53 <0.01 1.80 <0.01

Butyrate 180 26.7 <0.01 0.27 0.03 −2.77 <0.01 NS NS

180 9.92 <0.01 1.54 <0.01 − − − −

NH3-N, mM 151 3.95 0.04 −0.43 <0.01 0.62 0.05 NS NS

151 4.47 <0.01 −0.44 <0.01

Total tract digestibility, %

DM 83 58.8 <0.01 −0.42 0.26 1.06 0.26 NS NS

83 65.0 <0.01 −0.62 0.08 − − − −

OM 116 44.1 <0.01 −0.21 0.45 4.06 <0.01 NS NS

116 67.8 <0.01 −0.89 <0.01 − − − −

CP 88 63.9 <0.01 −0.53 0.11 0.43 0.67 NS NS

88 66.5 <0.01 −0.59 0.17 − − − −

NDF 117 36.0 <0.01 5.44 0.05 2.70 0.12 −1.22 0.03

Milk yield, kg/d 78 18.0 <0.01 −0.06 0.73 2.04 0.01 NS NS

78 29.7 <0.01 −0.19 0.34 − − − −

Milk composition, %

Protein 72 3.41 <0.01 −0.07 <0.01 −0.01 0.52 NS NS

72 3.34 <0.01 −0.07 <0.01 − − − −

Fat 72 2.31 <0.01 0.01 0.70 0.21 0.03 NS NS

72 3.56 <0.01 −0.01 0.77 − − − −

Lactose 72 4.33 <0.01 −0.003 0.86 0.06 0.08 NS NS

DMI, kg/d

Sheep 36 −0.85 0.15 2.16 <0.01 0.31 <0.01 −0.37 <0.01

Dairy 80 10.8 <0.01 −0.64 <0.01 1.63 <0.01 NS NS

80 20.3 <0.01 −0.72 <0.01 − − − −

Beef 39 4.51 0.01 0.15 0.16 0.41 0.08 NS NS

39 7.18 <0.01 0.06 0.51 − − − −

BWG, kg 48 0.47 0.65 0.10 0.08 0.02 0.92 NS NS

48 0.57 <0.01 0.10 0.06 − − − −

1VFA, voile fatty acids; DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fiber; BWG, body weight gain. 2Estimate of treatment
(phytochemicals and lipids). 3Estimate of ruminal protozoa (RP). 4Estimate of interaction of treatment and RP. 5NS, no significant; –, did not include in the model.

differently to essential oils and tannins. Therefore, future studies
should focus on studying the effects of essential oils and tannins
on individual species of RP instead of total numbers of RP. This
will provide a more accurate evaluation of the effects of essential
oils and tannins on RP numbers, and allow better understanding
of the mechanism of actions of essential oils and tannins act as
ruminal modifiers.

The majority of the research on saponins has been conducted
to evaluate it as RP inhibition agents, with the goal of
to improve the efficiency of microbial protein synthesis by
reducing microbial protein turnover, enhancing protein flow

to the duodenum. The anti-protozoal activity of saponins is
the most consistent effects among phytochemicals (Patra and
Saxena, 2009), which has been reported across different species
of ruminants (Lu and Jorgensen, 1987; Newbold et al., 1997;
Hristov et al., 1999). However, supplemental saponins had
only a numerically reduction (2%) in the current analysis.
The inconsistencies of the effects of saponins on RP numbers
may be due to different saponins concentrations. This may
also result from the large variety of dietary composition,
e.g., dietary NDF ranged from 15 to 47% and dietary CP
ranged from 12 to 28% in the current meta-analysis. The large
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FIGURE 2 | Response of interest that significantly affected by interaction of treatment (phytochemicals and lipids) and ruminal protozoa. (A) methane production; (B)
molar proportion of acetate; (C) molar proportion of propionate; (D) total tract digestibility of NDF; (E) DMI in sheep.

variations of diet may affect the effects of saponins on RP. Patra
and Saxena (2009) also reported that the composition of the
diets and saponins concentration would affect the impacts of
saponins on RP numbers.

Lipids can reduce the metabolic activity and numbers of
RP (Beauchemin et al., 2009). Medium-chain fatty acids (lauric
acid, myristic acid, and related products) were reported to have
a potent antiprotozoal effect (Faciola et al., 2013; Faciola and
Broderick, 2014). Long-chain fatty acids, including several oils,
linseed oil, soybean oil, and fish oil were also inhibitory to
RP growth (Machmüller, 2006; Patra and Yu, 2014). However,
the effects of lipids on RP numbers varied with the type of
fatty acids. Lauric acid was reported to strongly decreased
RP numbers compared to myristic and steric acids (Hristov
et al., 2012). Patra (2013) also suggested that the type of fatty
acids would have different effects on RP numbers. Meanwhile,
Entodinium and Epidinium were more sensitive to linseed oil
than Isotricha (Ueda et al., 2003; Benchaar et al., 2012). Moreover,
when oleic acid or saturated FA were added to the culture
medium, Methanobrevibacter ruminantium, the most abundant
species of methanogens in the rumen, was inhibited (Henderson,
1973), indicating that supplemental LCFA may be more sensitive
to methanogens than RP. Therefore, these factors as stated
before could explain why supplemental MCFA decreased RP
numbers (6.5%) while supplemental LCFA had no effects on
RP numbers in the current analysis. The effects of lipids on RP
numbers are also dependent on the diets provided to ruminants,
as well as the delivery method. It was suggested that high
concentrate diets were favorable for reducing the effects of
linseed oils on RP numbers (Ueda et al., 2003; Yang et al., 2009;

Benchaar et al., 2012). Faciola et al. (2013) observed a strong
antiprotozoal activity (∼90%) when lauric acid was given through
the ruminal cannula within 2 d of treatment but it only reduced
RP numbers by 25% when fed in the TMR, indicating a mode
of delivery effect on suppression of RP numbers by lauric acid.
Therefore, based on the current analysis, in general, MCFA were
more toxic to RP than LCFA. Also, there were more variables
that play roles when LCFA are fed to ruminants aiming to
inhibit RP numbers.

Ruminal protozoa are not essential to the animal and complete
RP inhibition has been used to study the role of RP in
the rumen without other dietary interventions (Williams and
Coleman, 1992). The current study was intended to evaluate the
overall difference between complete and partial RP inhibition
strategies (e.g., supplemental phytochemicals and lipids) on
methane production, ruminal fermentation, nutrient utilization,
and animal performance. For example, our goal was to evaluate
if compared to control, a particular method or additive affected
the response variables of interest (Supplementary Table 3).
We were not intended to evaluate which additive or method
was better to control methane production, or increase milk
yield, etc. The multiple comparisons were only done within
the same category, e.g., within supplemental phytochemicals
or within supplemental lipids. At the same time, we were
also interested in the differences between partial and complete
RP inhibition on methane production, ruminal microbial
fermentation, nutrient utilization, and animal performance
caused by different treatments (supplemental phytochemicals
and lipids) or the effects of RP on these and their interactions
between treatments and RP.
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Complete RP inhibition reduced methane production (18%),
indicating the important role of PR on methanogenesis, as RP
could transfer hydrogen to methanogens (Williams and Coleman,
1992), and inhibiting RP decreased methane production.
Newbold et al. (2015) also found that complete RP inhibition
reduced methane production by up to 11%. Interestingly, we
found that partially inhibition of RP or even numerically
reduction in RP, were associated with significant reductions in
the methane production by supplemental phytochemicals (20%)
and lipids (15%), indicating that except for RP, supplemental
phytochemicals and lipids themselves also played important roles
on methane production. Morgavi et al. (2010) reported that
RP could only explain approximately 47% of the variability in
methane production, even though a significant linear relationship
between methane emission and protozoa concentration were
found in another meta-analysis (r = 0.96, Guyader et al., 2014).

Based on the current study, we found that there was a
treatment (supplemental phytochemicals and lipids) and RP
numbers interaction on methane production, indicating that
methanogenesis was affected by both treatment and RP. Effects of
supplemental phytochemicals and lipids on methane production
were dependent on RP numbers. When RP numbers (Log10
cells/mL) was lower than 7, supplemental phytochemicals and
lipids reduced methane production; however, the difference of
methane production between the treatment and the control
decreased as RP numbers increased. When RP numbers
was higher than 7, methane production in supplemental
phytochemicals and lipids groups were greater than the control.
These suggested that high RP numbers may compromise the
effects of the phytochemicals and lipid on reducing methane
production. Because besides RP, other ruminal microorganisms
(ruminal bacteria and methanogens) seemed to be more sensitive
to supplemental phytochemicals and lipids as stated before,
and high RP numbers may interact with the ruminal microbial
ecosystem, for example, decrease ruminal bacteria due to their
predation of ruminal bacteria (Williams and Coleman, 1992),
and thus compromise the effects of treatments on methane
production. However, according to the current analysis, the
average RP numbers (Log10 cells/mL) was 5.64, and only
two experiments had RP numbers greater than 7. Therefore,
the concentration of RP (Log10 cells/mL) in most ruminants
would be expected to be lower than 7, and thus supplemental
phytochemicals and lipids could be applied as effective methane
reducing agents across different experimental conditions, diets,
and species of ruminants, especially by feeding saponins,
tannins, and MCFA.

The reduction in methane production usually increases the
concentration of hydrogen, which could be available to other
hydrogen sinks such as propionate, resulting in increased
propionate concentration (McAllister and Newbold, 2008; Patra
and Saxena, 2010). These could explain why both complete
and partial RP inhibition increased the molar proportion of
propionate in the current analysis. Meanwhile, a previous
meta-analysis (Nozière et al., 2011) has reported that NDF
digestibility positively correlates with acetate molar proportion
(r = 0.95) but negatively with propionate (r = −0.94). Both
complete and partial RP inhibition decreased total tract NDF

digestibility in the current study. Therefore, the decrease
in NDF digestibility could partially explain the increase of
propionate molar proportion by both complete and partial
RP inhibition. Increase of propionate molar proportion by
complete RP inhibition indicates the role of RP on ruminal
propionate concentration, which may affect methanogenesis and
fiber digestion. Meanwhile, there was an interaction of treatment
(supplemental phytochemicals and lipids) and RP on the molar
proportion of propionate, suggesting that propionate molar
proportion was also driven by supplemental phytochemicals
and lipids. Increasing RP numbers increased propionate molar
proportion, and the difference between the treatment and the
control increased with increased RP numbers. This also suggested
that an enhanced effect of RP on increasing propionate molar
proportion when fed phytochemicals and lipids to ruminants and
the reduction of methane production may be the main driving
factor to increase propionate molar proportion, as increasing RP
decreased methane production.

Conversely, the production of acetate in the rumen results in
large quantities of hydrogen and depends on the availability of
reducing equivalents such as NAD + (Patra and Saxena, 2010).
The high pressure of hydrogen and the high NADH/NAD+ ratio
in the rumen due to the inhibition of methanogenesis may result
in a reduction in acetate production (Miller, 1995). Moreover,
NDF digestibility positively correlates with acetate molar
proportion (r = 0.95; Nozière et al., 2011), and both supplemental
phytochemicals and lipids decreased total tract digestibility of
NDF. Therefore, both supplemental phytochemicals and lipids
decreased the molar proportion of acetate. However, complete
RP inhibition increased acetate (+3%), which was similar to
Newbold et al. (2015)’s study, that complete RP inhibition
slightly increased acetate (+3%). There was also an interaction
of treatment (supplemental phytochemicals and lipids). The
increase of acetate by complete RP inhibition may not be
directly driven by the decrease of methane production and fiber
digestion, which may be driven by ruminal bacteria. Complete RP
inhibition may be favorable for the growth of acetate-producing
bacteria in the rumen.

Complete RP inhibition significantly decreased total tract
NDF digestibility, which was also found by Newbold et al.
(2015). Reduction of total tract NDF digestibility by complete
RP inhibition could be due to the reduction in ruminal NDF
digestibility, which reduced by −20% in Newbold et al. (2015)’s
study. It has been reported that protozoa play an important
role in fiber digestion (Williams and Coleman, 1992), and
thus a reduction in total tract fiber digestion was generally
found with complete RP inhibition. Therefore, reducing RP
numbers is expected to decrease NDF digestibility. This was
true when phytochemicals and lipids were not fed to the
ruminants. However, it was not the case when treatments
were fed to ruminants. Ruminal bacteria and fungi are
important for fiber digestion in the rumen (Russell, 2002).
However, supplemental phytochemicals and lipids had strong
inhibitory effects on bacteria and fungi and increasing RP
numbers cannot compensate for the loss of ruminal bacterial
and fungal activity toward fiber digestion. The reduction of
total tract NDF digestibility by supplemental phytochemicals
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and lipids also contributed to the decrease of acetate molar
proportion and methane production, as less substrate would
be available for ruminal microorganism to synthesize acetate
and produce hydrogen used for methanogenesis as stated
before. Meanwhile, increasing RP numbers decreased methane
production, acetate molar proportion and total tract NDF
digestibility, and increased propionate molar proportion. This
suggested that molar proportion of acetate and propionate,
RP numbers, and total tract NDF digestibility were entwined
with methane production, which requires further studies to
figure out the relationship among them, and thus to assist at
migrating methane production by feeding different additives
to ruminants. However, when evaluating the relationship, we
should also take the effects of treatment into account, as there
was an interaction of treatment (supplemental phytochemicals
and lipids) and RP numbers on the molar proportion of
acetate and propionate, total tract NDF digestibility and
methane production. The effects of treatment may bring
the confuting effects on the relationship between methane
production with acetate, propionate, RP numbers and total
tract digestibility.

Both complete and partial RP inhibition decreased ruminal
NH3-N concentration. Complete RP inhibition reduced ruminal
NH3-N concentration, which is considered probably the most
consistent of the observed effects of complete RP inhibition
(Newbold et al., 2015) and appears to be due to the decrease
microbial protein breakdown and feed protein degradability in
the absence of RP (Williams and Coleman, 1992), suggesting
the importance of RP on ruminal NH3-N concentration. One
of the main effects of RP is the substantial turnover of
microbial protein due to predation (Williams and Coleman,
1992), and thus complete RP inhibition renders less turnover of
microbial protein and resulting in less accumulation of ruminal
NH3-N concentration. Less ruminal NH3-N concentration
means less metabolic energy required for ruminants to
inhibit the excess of urea; therefore, more energy could be
potentially directed to animal production, especially for diets
that are low in nitrogen (Broderick, 2018). Therefore, both
complete and partial RP inhibition will be beneficial to the
environment and animals in terms of production utilization.
Based on the current analysis, ruminal NH3-N concentration
was affected by both treatment and RP numbers; however, their
effects on ruminal NH3-N concentration were independent of
each other. Supplemental tannins and LCFA had no effects
on RP numbers; therefore, the decrease on ruminal NH3-
N concentration by supplemental tannins and LCFA were
mainly attributed to animals fed tannins and LCFA. However,
supplemental MCFA decreased RP numbers, and thus the
decrease of ruminal NH3-N concentration was a result of both
MCFA and RP numbers.

Among ruminants, dairy cattle were the most sensitive to
supplemental saponins, which was found to reduce DMI and
consequently in milk yield. Supplemental tannins and essential
oils did not affect animal performance (DMI and milk yield).
Supplemental tannins would be thus suggested to control
methane emissions without affecting animal performance (DMI,
milk yield and milk compositions). However, their negative

effects on total tract digestibility would be the drawback when
fed tannins to ruminants. Even though a reduction of DMI was
found in dairy cattle by supplemental MCFA, milk yield was
not affected by MCFA. However, both supplemental LCFA and
MCFA reduced milk fat content, which may cause economic
losses to producers, as currently milk price is based on milk
solid components.

Future Perspectives About Inhibition of
Ruminal Protozoa
Currently, there is a gap in knowledge regarding the relationship
of the less abundant RP and animal performance. Instead,
the focus has been on the relationship between the total
number of RP, not individual taxa, in relationship to animal
performance. Milk fat yields and total RP numbers were greater
from Holstein cows supplemented with palm oil than those
without supplementation (Kirovski et al., 2015), but the specific
protozoa involved were not identified. It was reported that
Polyplastron, Entodinium, Isotricha, and Dasytricha persisted in
non-lactating dairy cows before and after they were inoculated
under subacute ruminal acidosis, but the roles RP play in
acidosis has not been fully investigated (Hook et al., 2011).
It was also suggested that not all RP species were equally
influenced by supplemental phytochemicals (Patra and Saxena,
2009). Meanwhile, RP have complex interactions with ruminal
bacteria, methanogens, and fungi. These interactions varied with
different species among RP, methanogens, and fungi. Studies on
the relationships of individual RP taxa and animal performance
would help us to find more effective solutions to mitigate
protozoa without interfering on other ruminal microorganisms’
functions. This may be accomplished by culture-independent
techniques, as RP cannot grow without bacteria in the culture
medium and it is difficult to identify particular RP functions
by using culture-dependent techniques (Levy and Jami, 2018;
Park and Yu, 2018).

Even though partial RP inhibition strategies affect ruminal
fermentation and animal performance as discussed before,
studies have provided evidence that the ruminal microbial
population is able to adapt to these feed additives over time,
especially phytochemicals, which could present a challenge for
practical application of these feed additives. Therefore, future
studies should focus on identifying the types and doses of these
feed additives and the types of diets that would confer positive
effects on ruminal microbial populations and fermentation, and
thus improve ruminant production.

CONCLUSION

Supplemental phytochemicals and LCFA had no effects on
inhibiting RP numbers; however, supplemental MCFA had
a potent antiprotozoal effect. Both complete and partial RP
inhibition decreased methane production, total tract digestibility
of OM and NDF and ruminal NH3-N concentration and
increased propionate molar proportion. Methane production,
molar proportion of acetate and propionate, total tract NDF
digestibility were affected by the interaction of treatment
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(supplemental phytochemicals and lipids) and RP numbers.
Therefore, reductions in methane production, total tract NDF
digestibility, and acetate molar proportion, as well as the increase
of propionate proportion by supplemental phytochemicals and
lipid depend on RP numbers. Supplemental phytochemicals and
lipids can be effective in reducing methane production when RP
numbers was below 7 Log10 cells/mL, especially by supplemental
saponins, tannins, and MCFA. In terms of animal performance,
supplemental tannins could be recommended to control methane
emissions without affecting animal performance. However,
their negative effects on total tract digestibility could be a
drawback when fed tannins to ruminants. Meanwhile, the
negative effects of supplemental lipids on milk fat composition
should be considered when feeding lipids to ruminants. The
relationship between RP numbers, molar proportions of acetate
and propionate and total tract NDF digestibility with methane
production require further study; however, treatment effects
should be taken into account when evaluating their relationship.
Studying the relationships of individual RP taxa, ruminal
fermentation, and animal performance is required to allow the
development of more effective methods to control RP and
methane production in the future. Meanwhile, the adaptation of
the microbial population to feed additives could be a challenge
for the application of either complete or partial RP inhibition.
Therefore, future studies should focus on identifying the types
and doses of these feed additives and their dietary interactions to
be more effective as feed additives.
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Defaunation studies have shown that rumen protozoa are one of the main causes of low
nitrogen utilization efficiency due to their bacterivory and subsequent intraruminal cycling
of microbial protein in ruminants. In genomic and transcriptomic studies, we found that
rumen protozoa expressed lysozymes and peptidases at high levels. We hypothesized
that specific inhibition of lysozyme and peptidases could reduce the activity and
growth of rumen protozoa, which can decrease their predation of microbes and
proteolysis and subsequent ammoniagenesis by rumen microbiota. To test the above
hypothesis, we evaluated three specific inhibitors: imidazole (IMI), a lysozyme inhibitor;
phenylmethylsulphonyl fluoride (PMSF), a serine protease inhibitor; and iodoacetamide
(IOD), a cysteine protease inhibitor; both individually and in combinations, with sodium
dodecyl sulfate (SDS) as a positive control. Rumen fluid was collected from two Jersey
dairy cows fed either a concentrate-based dairy ration or only alfalfa hay. Each protozoa-
enriched rumen fluid was incubated for 24 h with or without the aforementioned
inhibitors and fed a mixture of ground wheat grain, alfalfa, and grass hays to support
microbial growth. Live protozoa cells were morphologically identified and counted
simultaneously at 3, 6, 12, and 24 h of incubation. Fermentation characteristics and
prokaryotic composition were determined and compared at the end of the incubation.
Except for IOD, all the inhibitors reduced all the nine protozoal genera identified, but to
different extents, in a time-dependent manner. IOD was the least inhibitory to protozoa,
but it lowered ammoniagenesis the most while not decreasing feed digestibility or
concentration of volatile fatty acids (VFA). ANCOM analysis identified loss of Fibrobacter
and overgrowth of Treponema, Streptococcus, and Succinivibrio in several inhibitor
treatments. Functional prediction (from 16S rRNA gene amplicon sequences) using
the CowPI database showed that the inhibitors decreased the relative abundance of
the genes encoding amino acid metabolism, especially peptidases, and lysosome in
the rumen microbiota. Overall, inhibition of protozoa resulted in alteration of prokaryotic
microbiota and in vitro fermentation, and peptidases, especially cysteine-peptidase, may
be targeted to improve nitrogen utilization in ruminants.

Keywords: rumen protozoa, nitrogen utilization efficiency, lysozyme, peptidases, inhibitors
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INTRODUCTION

Ruminants depend on the diverse rumen microbial assembly,
comprising bacteria, archaea, protozoa, and fungi, for their
survival and growth and the production of animal products
(beef, lamb, milk, and wool). Collectively, the rumen
microbial digestive and fermentative processes convert
dietary carbohydrates, primarily starch and cellulose, and
dietary nitrogen, primarily plant protein nitrogen, into the
carbon and nitrogen sources that ruminants can utilize. The
utilization efficiency of dietary nitrogen in ruminants is low,
only about 25% (Kohn et al., 2005; Huhtanen and Hristov,
2009). Such a low nitrogen utilization efficiency not only
increases the production cost but also creates environmental
pollution with nitrogen. Indeed, of all the ammonia and
nitrous oxide released into the environment by anthropogenic
activities, about 70 and 30%, respectively, were estimated
to stem from livestock husbandry (Aardenne et al., 2001).
Approximately 70% of the dietary nitrogen (primarily as
protein) is hydrolyzed in the rumen to oligopeptides and free
amino acids, both of which are fermented to short-chain fatty
acid (SCFA) and ammonia. Some of the ammonia nitrogen
(NH3-N) is used as the nitrogen sources for ruminal microbes,
primarily bacteria, to synthesize cellular proteins, which
are the major direct nitrogen source for the host animals
(Storm et al., 1983; Leng and Nolan, 1984; Hackmann and
Firkins, 2015), but a large portion of the microbial cells
(about 24% of the total ruminal bacteria daily) are engulfed
by ruminal protozoa (Hespell et al., 1997), and approximately
50% of the engulfed bacterial proteins is hydrolyzed by
protozoa to form oligopeptides and free amino acids (Jouany,
1996), which can be fermented back to SCFA and ammonia.
Although varying in ability and rate (Belanche et al., 2012), all
protozoa engulf microbial cells, even the small protozoa, and
subsequently degrade the microbial proteins to oligopeptides
and free amino acids (Williams and Coleman, 1992). Thus,
ruminal protozoa mediate intraruminal recycling of microbial
protein and consequently decrease the ruminal outflow of
microbial proteins.

Ruminal protozoa have been considered as a non-vital
group of microbes for the host animals even though they
contribute to feed digestion and homeostasis of the rumen
environment (Newbold et al., 2015). Indeed, elimination of
rumen protozoa (i.e., defaunation) was shown to have little
effect on feed digestion or fermentation but increase dietary
nitrogen utilization efficiency (Belanche et al., 2011) and decrease
methane emission (Newbold et al., 2015). However, defaunation
is infeasible at the farm level and can be inimical to animals,
such as decreased feed intake and digestion (Eugène et al.,
2004; Newbold et al., 2015). Therefore, numerous studies have
attempted to control ruminal protozoa using plant extracts
or lipids (Wang et al., 2000; Hu et al., 2005; Patra and
Yu, 2012, 2015; Patra et al., 2012), but none of them could
achieve consistent inhibition of rumen protozoa. Protozoa
depend on both lysozyme and peptidases to lyse and digest
the engulfed microbial cells (Bonhomme, 1990; Morgavi et al.,
1996). Indeed, the macronuclear genome (the transcriptionally

active genome) of Entodinium caudatum carried multiple
genes encoding both lysozymes and different families of
peptidases (Park et al., 2018). These genes are also highly
expressed in actively growing monocultures of E. caudatum
(unpublished data).

We hypothesized that specific inhibition of lysozyme and
peptidases could reduce the activity and growth of rumen
protozoa, which would decrease their predation on microbial
cells and proteolysis and subsequent ammoniagenesis by rumen
microbiota, with little or no adverse collateral effect on feed
digestion or fermentation. The above hypothesis has been
tested using a monoculture of E. caudatum that had been
maintained in laboratory (Park et al., 2019). The objective
of this study was to test the above hypothesis using fresh
rumen fluid that contains all the rumen protozoa and other
microbes typically found in the rumen. We evaluated three
specific inhibitors in vitro: imidazole (IMI, a specific lysozyme
inhibitor), phenylmethylsulphonyl fluoride (PMSF, a specific
serine protease inhibitor), and iodoacetamide (IOD, a specific
cysteine protease inhibitor), both individually and in two- or
three-way combinations, with sodium dodecyl sulfate (SDS)
serving as a positive control for defaunation. We also used
rumen fluid from both lactating cows fed a typical dairy ration
and non-lactating cows fed only alfalfa hay to representing the
two stages of dairy production. The effects of the inhibitors
on feed digestion, rumen fermentation, and the prokaryotic
microbiota were also examined to determine the potential
adverse effects.

MATERIALS AND METHODS

Inhibitor Selection
In a recent study, known specific inhibitors of lysozyme,
cysteine peptidases, serine peptidases, and metallopeptidases
were screened using a monoculture of E. caudatum, and
IMI (inhibiting lysozyme) at 100 mmol/L, PMSF (inhibiting
serine peptidases) at 3 mmol/L, and IOD (inhibiting cysteine
peptidases) at 0.5 mmol/L were found effective in inhibiting
E. caudatum and lowering ammonia concentration without
decreasing feed digestion or fermentation (Park et al., 2019).
In the present study, those three inhibitors at the above
concentrations were further evaluated with rumen fluid
containing all the diverse protozoal and other microbial
species typically found in the rumen of dairy cows. SDS,
which was effective in achieving in vitro defaunation of rumen
microbiota (Qin et al., 2012), was included at 1.44 mmol/L
as a positive control for defaunation. A stock solution of
each inhibitor was prepared aseptically in water, except for
PMSF, which is insoluble in water, that was dissolved in
absolute ethanol. One control containing none of the inhibitors
but water (referred to as water control) was included. One
control containing the same amount of ethanol (referred
to as ethanol control) as the PMSF treatment was also
included. This ethanol control was excluded from further
analysis because it did not significantly alter protozoa counts,
feed digestion, fermentation, ammonia concentration, or
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microbiota composition as compared to the water control
(data not shown).

Preparation of Protozoa-Enriched
Rumen Fluid and in vitro Experimental
Procedures
Fresh rumen fluid was collected from two rumen-cannulated
Jersey cows, with one being fed a concentrate-based dairy ration
typical for lactating cows and the other being fed alfalfa hay
only. Rumen fluid was collected 2 h after morning feeding and
kept warm in tightly closed bottles during transfer (less than
15 min) to laboratory. The rumen fluid samples were left still in
sealed bottles and kept at 39◦C for 1 h in a water bath to allow
protozoa to settle and concentrate. Then, the supernatant was
carefully removed without disturbing the middle or the bottom
phases. A continuous CO2 stream flushed the headspace of
each bottle to prevent exposure of the protozoa-enriched rumen
fluid to the air.

The setup of the in vitro cultures was the same as that reported
previously (Park et al., 2019). Briefly, 10 ml of protozoa-enriched
rumen fluid were each inoculated into one 120-ml serum bottle
containing 20 ml of artificial medium (Goering and Van Soest,
1970) and 0.3 g of the protozoa feed (0.1 g each of ground wheat,
alfalfa, and grass), and the inhibitor at the pre-set concentrations.
Each inhibitor was evaluated using four in vitro cultures (four
replicates) inoculated with the protozoa-enriched inoculum from
the two donor cows. Blanks without substrates and control
without inhibitors were included to aid determination of dry
matter (DM) and neutral detergent fiber (NDF) present in the
rumen fluid inoculum along with the protozoal counts at the
beginning of the experiment. All the cultivation procedures were
done under anaerobic conditions maintained using continuous
O2-free CO2 flushing. Each in vitro culture was subsampled
(0.5 ml) at 3, 6, 12, and 24 h of incubation for enumeration and
differentiation of protozoa using microscopy as done previously
(Park et al., 2017). Briefly, each subsample was fixed with a
fixative containing 16.67% formalin, 10% glycerol, and brilliant
green dye to preserve and stain the protozoal cells. Cells of each
morphologically identified protozoan genus were counted using
a counting chamber (Hausser Scientific, catalog #3800) under a
microscope at 100×magnification (Dehority, 1998).

After 24 h incubation, 2 ml of cultures were collected
into a 2-ml microtube and centrifuged at 16,000 × g at
4◦C for 10 min. The resulting pellets representing the total
microbiota were preserved in −80◦C until DNA extraction.
The supernatants were divided into two aliquots, with one
being stored at −20◦C for analysis of ammonia concentration,
while the other being mixed with one volume of 33%
metaphosphoric acid and filtered for analysis of volatile
fatty acids (VFA). The rest of the cultures (approximately
26 ml) were each filtered through an Ankom fiber filter
bag (50 µm pore size) and dried at 55◦C for 48 h to
determine DM digestibility (DMD) followed by subsequent
determination of NDF digestibility (NDFD) (Van Soest et al.,
1991). The concentrations of ammonia were determined using
a colorimetric method (Chaney and Marbach, 1962), and VFA

concentrations were determined using gas chromatography
(Pantoja et al., 1994).

DNA Extraction and Microbiome Analysis
Metagenomic DNA from each in vitro culture pellet was
extracted using the RBB + C method (Yu and Morrison,
2004). Only three of the four replicates were used in the
DNA extraction due to the loss of one replicate in one of
the treatments. The quality and quantity of the extracted
DNA were assessed based on 260/280 and 260/230 ratios
determined using a NanoDrop ND-2000 Spectrophotometer
(Thermo Scientific, NanoDrop Technologies, Wilmington, DE,
United States) followed by agarose gel (1%, w/v) electrophoresis.
The prokaryotic microbiota of each sample was analyzed using
16S rRNA gene amplicon sequencing as done previously (Park
et al., 2019). Briefly, one amplicon library was prepared using
PCR amplification of the V4 hypervariable region of 16S rRNA
genes using the primer set 515F and 806R (Caporaso et al.,
2010) with each amplicon library having a unique barcode for
multiplexing. The amplicon libraries were pooled at an equal
ratio and sequenced using the 2 × 300 paired-end protocol on
the Illumina MiSeq platform. 16S amplicon sequences have been
deposited in the NCBI Sequence Read Archive (SRA) under
BioProject PRJNA523838.

The amplicon sequences were first analyzed using the built-
in commands and plugins within QIIME2 (Bolyen et al., 2018).
Briefly, after adapter sequence removal using Cutadapt (Martin,
2011), the demultiplexed paired-end reads were quality-filtered
(Q > 25), denoised, merged, and potential chimeric sequences
were filtered out using the DADA2 plugin (Callahan et al.,
2016). Amplicon sequencing variants (ASVs) were clustered at
99% similarity using the Greengenes 16S reference database
(13_8 version) (McDonald et al., 2012), which was manually
trained based on the targeted V4 hypervariable region using the
Naïve Bayes classifier (Bokulich et al., 2018). Major phyla and
genera each representing >0.5% of total sequences on average
across all the samples were discussed in this study. Alpha-
diversity measurements including species richness, evenness,
Faith’s phylogenetic diversity, and Shannon’s diversity index
were calculated based on the rarefied ASV tables using 16,614
sequences per sample (Supplementary Table S1). Richness was
calculated at the genus level. Principal coordinates analysis
(PCoA) based on weighted UniFrac distances was used to
compare the overall dissimilarity of microbiota shaped by
the inhibitors. Metabolic functions were predicted using the
CowPI database, a rumen microbiome-focused version of the
PICRUSt (Wilkinson et al., 2018) from the OTUs picked
using the closed-reference approach against the Greengenes
13_8 97% OTUs reference database. The overall dissimilarity
of the functional features among the in vitro cultures was
analyzed using principal component analysis (PCA) based on
Bray-Curtis dissimilarity. Co-occurrence and mutual exclusion
networks were generated based on the Pearson correlation
coefficients between the major genera (each having a relative
abundance ≥ 0.5% in both treatments) and visualized using
Gephi (Bastian et al., 2009). Only significant relationships
with a P-value adjusted with Benjamini-Hochberg correction
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(Benjamini and Hochberg, 1995) below 0.05 were shown
in the networks.

Quantitative Real-Time PCR
The absolute abundance of total bacteria and archaea in each
sample was quantified as 16S rRNA gene copies per ml sample
using quantitative real-time PCR with each domain-specific
primer set (340f/806r for bacteria, and Met86f/Met915r for
archaea) (Nadkarni et al., 2002; Wright and Pimm, 2003;
Watanabe et al., 2004) as done in our previous studies (Stiverson
et al., 2011; Park and Yu, 2018b). The relative abundance of
total archaea was calculated as a percent of total prokaryotic 16S
rRNA gene copies.

Statistical Analysis
The two experimental runs using the rumen fluid samples
collected from the cows fed the two different diets were combined
for the statistical analysis. Rumen protozoal counts of identified
genera were log10-transformed followed by analysis using the
GLIMMIX procedure of SAS 9.4 (SAS Institute Inc., Cary, NC,
United States). To account for the repeated measurements over
time of incubation, we added “Time” in the repeated-measures
statement within an in vitro culture with unstructured variance-
covariance structure. The statistical model included the fixed
effects of treatments (inhibitors), diets (dairy ration or hay), and
incubation times. Interaction between treatment and diet was
also included in the model for all the tested variables. Orthogonal
contrasts were used to analyze the effects of the incubation times
within each inhibitor on the protozoal growth. The treatment
effects on the fermentation characteristics (DMD, NDFD,
ammonia concentration, pH, and VFA profiles), the absolute
abundance of total bacteria and archaea, and alpha diversity
measurements were also analyzed using SAS 9.4. Differences were
assessed using Tukey’s honest significance test, and significance
was declared at P ≤ 0.05 and tendency at 0.05 < P ≤ 0.10.
Permutational multivariate analysis of variance (PERMANOVA)
was used to assess the PCoA and PCA plots using the PAST3
software with 9,999 random permutations (Hammer et al., 2001).
Differentially predominant taxa between the control and each
treatment were identified using the ANCOM test (Mandal et al.,
2015) implemented in QIIME2 with BIOM tables (collapsed
at phylum and genus levels) as the input. Pearson correlation
coefficients among protozoal counts, relative abundance of major
phyla and genera of prokaryotes and fermentation characteristics,
predicted functions related to protein metabolism were calculated
using PROC CORR procedure of SAS 9.4 and visualized using R
package corrplot (v. 3.5.0).

RESULTS

The Protozoa Present in the Rumen of
the Two Cows
The initial protozoal counts reached 1.60 × 105 and 4.67 × 104

cells per ml of in vitro cultures of the dairy ration-fed and the
hay-fed donors, respectively. In total eight genera of protozoa

were found in the rumen of both cows. Entodinium was the
most dominant genus, accounting for >86% of total protozoa in
the rumen of both cows, followed with other genera, including
Dasytricha and Isotricha, at much lower relative abundance.

Effects of Lysozyme and Peptidase
Inhibitors on the Counts of Rumen
Protozoa
Total protozoa counts were significantly decreased by all the
inhibitors except IOD in a time-dependent manner (Table 1).
However, different genera appeared to be inhibited to different
extents, with Entodinium being less inhibited than the other
genera. Among the three inhibitors, the lysozyme inhibitor IMI
inhibited the identified rumen protozoa the most, while the
cysteine peptidase inhibitor IOD led to the least inhibition.
Overall, the combinations, both two- and three-way, inhibited
all the identified genera of protozoa to a greater extent than the
inhibitors individually. All the protozoal genera were completely
inhibited by SDS by 12 h of incubation.

Effect of the Lysozyme and Peptidase
Inhibitors on the Prokaryotic Microbiota
The prokaryotic microbiota was examined and compared among
the treatments in both alpha and beta diversity measurements.
At least 16,614 sequences were obtained from each of the
samples (Supplementary Table S1), allowing for a Good’s
coverage > 99.3% for all the samples (data not shown). All
the inhibitor treatments significantly decreased the number of
observed genera and Faith’s phylogenetic diversity (Table 2).
The evenness was decreased in all the treatments except PMSF
and IOD. The IMI treatment significantly lowered all diversity
measurements except Chao1 estimate. All the two- and three-
way combinations decreased the richness (both observed and
Chao1 estimate), evenness, Faith’s phylogenetic diversity, and
Shannon diversity index. The SDS treatment decreased all
alpha diversity measurements significantly. The PCoA based
on weighted UniFrac distances showed that all the inhibitors
except IOD significantly shift the overall microbiota composition
compared to the control (Figure 1). The SDS treatment affected
the prokaryotic microbiota the most.

Statistical analysis using ANCOM identified major bacterial
phyla and genera that were affected by the inhibitor treatments
when compared to the control (Table 3). Spirochetes was
increased by PMSF, IOD, and their combination but decreased
by IMI-IOD and SDS. The genus Fibrobacter almost disappeared
in the IMI-containing treatments and the SDS treatment
(Table 3), but its relative abundance was increased by 2.60-
fold by IOD (Supplementary Figure S1). Streptococcus was
increased by IMI, IMI-IOD, and SDS. A sharp increase of
Succinivibrio was observed in the IMI-PMSF, PMSF-IOD, and
3Mix treatments. Acidaminococcus was found in all the IMI-
containing treatments and SDS treatment but not in the control,
and the relative abundance of Ruminobacter was increased by
all the treatments up to 35.43% (Supplementary Figure S1).
Treponema, the representative genus of Spirochetes, which had a
relative abundance at 0.53% in the control, expanded its relative
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TABLE 1 | Inhibition of the identified protozoal genera (log-transformed counts) by the inhibitors (at 3, 6, 12, and 24 h of incubation).

Protozoa genera Treatments1 SEM Effects (P-values)

Time Control IMI PMSF IOD IMI-PMSF IMI-IOD PMSF-IOD 3Mix2 SDS Trt3 Time Diet

Total protozoa

3 h 5.12A 5.04A 5.06A 5.05A 4.79B 4.99A 5.02A 4.73B 1.50C 0.15 <0.0001 0.0334 0.0329

6 h 5.14A 4.94A 5.02A 5.04A 4.35BC 4.84AB 4.78AB 4.11C 0.31D 0.18

12 h 5.16A 4.59AB 4.94AB 5.01AB 3.37C 4.45B 4.50B 3.12C 0D 0.20

24 h 5.13A 2.97C 4.36AB 4.80A 0D 2.83C 3.69BC 0D 0D 0.25

Contrast (time)∗ – L,Q L – L,Q L L L L,Q,C

Entodinium

3 h 5.01A 4.94A 4.94A 4.93A 4.77A 4.89A 4.90A 4.67A 1.06B 0.16 <0.0001 0.0320 0.0107

6 h 5.04A 4.89AB 4.90AB 4.94AB 4.35D 4.80BC 4.67C 4.10E 0D 0.19

12 h 5.06A 4.57AB 4.86AB 4.88AB 3.37C 4.44AB 4.42B 3.12C 0D 0.19

24 h 5.06A 2.97C 4.32AB 4.69A 0D 2.83C 3.69BC 0D 0D 0.25

Contrast (time)∗ – L,Q L – L,Q L,Q L L,Q L,Q,C

Diplodinium

3 h 3.16A 2.72A 3.22A 3.14A 1.64B 2.62A 3.07A 2.31AB 0C 0.16 <0.0001 0.0036 <0.0001

6 h 3.05A 1.99A 2.69A 2.68A 0.62BC 2.23A 1.86AB 0.31C 0C 0.18

12 h 3.19A 0.69BC 2.61A 2.78A 0C 0.96BC 1.47B 0C 0C 0.18

24 h 2.97A 0C 1.20B 2.59A 0C 0C 0C 0C 0C 0.15

Contrast (time)∗ – L L – L,Q L L L,Q,Qt L,Q,C,Qt

Isotricha

3 h 3.61A 3.42A 3.51A 3.53A 2.50B 3.34A 3.57A 1.47C 0D 0.16 <0.0001 <0.0001 0.6990

6 h 3.58A 3.04A 3.49A 3.49A 0.96B 2.65A 3.43A 0.31BC 0C 0.18

12 h 3.52A 0.64BC 3.35A 3.45A 0C 1.01B 3.14A 0C 0C 0.20

24 h 3.53A 0C 2.31B 3.16A 0C 0C 0.31CD 0C 0C 0.18

Contrast (time)∗ C L,Q,C L L L,Q L,C L,Q L,Q,C L,Q,C,Qt

Dasytricha

3 h 3.66A 2.37B 3.63A 3.49A 0.64C 2.60AB 3.52A 0.64C 0C 0.20 <0.0001 0.1786 0.0039

6 h 3.58A 1.73B 3.56A 3.62A 0C 1.85B 3.25A 0C 0C 0.20

12 h 3.69A 0C 3.37A 3.71A 0C 0C 2.27B 0C 0C 0.21

24 h 3.60A 0D 2.06B 3.68A 0D 0D 0.98C 0D 0D 0.19

Contrast (time)∗ – L,Q L – L,Q,C L,Q L L,Q,C L,Q,C,Qt

Epidinium

3 h 2.07AB 1.87AB 3.11A 2.60A 1.86AB 2.15AB 2.34A 2.50A 0.62B 0.17 <0.0001 0.0538 0.0246

6 h 2.95A 2.89A 3.17A 2.86A 0.65B 2.09A 2.32A 0.65B 0B 0.17

12 h 3.03A 0.61BC 2.94A 2.52A 0C 0.55BC 1.30B 0C 0C 0.17

24 h 2.39A 0B 0.31B 2.01A 0B 0B 0B 0B 0B 0.13

Contrast (time)∗ – L,Qt L,Q – L,Q L L L,Q,Qt L,Q,C

Diploplastron

3 h 3.13A 3.12A 2.96A 3.18A 2.64A 3.11A 3.01A 2.98A 1.04B 0.10 <0.0001 0.0003 0.0020

6 h 3.13A 2.88A 2.98A 2.77A 1.44B 2.90A 2.84A 0.71BC 0.31C 0.15

12 h 3.21A 1.94BC 2.85AB 3.17A 0D 1.62C 1.75C 0D 0D 0.17

24 h 3.10A 0B 0.65B 2.92A 0B 0B 0B 0B 0B 0.15

Contrast (time)∗ Q L,Q L,Q – L,Q L,C L L,Q,Qt L,Q,C

Ophryoscolex

3 h 3.08A 2.74A 2.64A 2.64A 1.94A 2.61A 2.95A 2.22A 0B 0.16 <0.0001 0.0002 <0.0001

6 h 3.04A 2.57AB 3.09A 2.92A 0D 2.27ABC 1.74BC 1.24C 0D 0.17

12 h 2.94A 1.69ABC 2.15AB 2.78A 0D 1.37BCD 0.31CD 0D 0D 0.17

24 h 2.99A 0B 0.30B 0.66B 0B 0B 0B 0B 0B 0.12

Contrast (time)∗ – L L L,Q L,Q,Qt L L,Q,C L,Q L,Q,C,Qt

(Continued)
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TABLE 1 | Continued

Protozoa genera Treatments1 SEM Effects (P-values)

Time Control IMI PMSF IOD IMI-PMSF IMI-IOD PMSF-IOD 3Mix2 SDS Trt3 Time Diet

Polyplastron

3 h 2.81A 1.57ABC 2.35AB 2.43A 0.62C 1.24ABC 1.09ABC 0.66BC 0C 0.16 <0.0001 0.0909 0.6485

6 h 2.70A 0.91BC 1.94AB 2.39AB 0C 0.95BC 1.28ABC 0C 0C 0.16

12 h 1.99A 0B 0.99AB 2.08A 0B 0.55B 0.68AB 0B 0B 0.14

24 h 2.52A 0C 0C 1.24B 0C 0C 0C 0C 0C 0.11

Contrast (time)∗ C L,Q L L L,Q,C L L L,Q,C L,Q,C,Qt

1 IMI, imidazole at 100 mmol/L; PMSF, phenylmethylsulphonyl fluoride at 3 mmol/L; IOD, iodoacetamide at 0.5 mmol/L; SDS, sodium dodecyl sulfate at 1.44 mmol/L;
23Mix, combination of IMI, PMSF, and IOD at the above concentrations; 3Treatment. Means (n = 8) followed by different superscripts in a row differ significantly (P < 0.05).
∗Contrast: P-value < 0.05 was considered as significant. L, linear; Q, quadratic; C, cubic; and Qt, quartic effect of time. Interaction between Trt and Diet was significant
(P < 0.05) except for total protozoa and Ophryoscolex (P > 0.1).

abundance, reaching about 12% in the PMSF and PMSF-IOD
treatments (Supplementary Figure S1 and Table 3).

Co-occurrence and mutual-exclusion network analyses
showed altered relationships between major genera in response
to each single inhibitor treatment (Supplementary Figure S2).
Individual inhibitor treatments lowered prokaryotic microbial
co-occurrence complexity compared to that of control based on
the number of nodes, edges, contribution to the total community.

Effects of Lysozyme and Peptidase
Inhibitors on Fermentation
Characteristics
Compared to the control, the lysozyme inhibitor IMI, its
combinatorial treatments, and SDS lowered DMD and NDFD
(Table 4). PMSF and IOD treatments maintained DMD and
NDFD but their combination lowered NDFD. IOD, IMI-PMSF,
PMSF-IOD, and 3Mix reduced ammonia concentration. Additive

TABLE 2 | Alpha-diversity measurements of the microbiota (at 24 h of incubation).

Treatments1 Observed Chao1 Evenness PD2 Shannon’s
genera (Genera) index

Control 88A 90A 0.80A 42.99A 7.71A

IMI 79B 80AB 0.62E 31.67B 5.41D

PMSF 75B 77B 0.80AB 33.75B 7.29AB

IOD 63C 63C 0.79AB 28.61BC 6.92B

IMI-PMSF 73B 74B 0.62DE 28.57BC 5.31D

IMI-IOD 76B 76B 0.72BC 30.10BC 6.18C

PMSF-IOD 58CD 59C 0.70CD 25.92C 5.83CD

3Mix3 74B 75B 0.60E 28.99BC 5.14D

SDS 52D 52C 0.51F 15.51D 3.62E

SEM 1.67 1.79 0.02 1.09 0.18

Trt4 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Diet 0.0006 0.0048 0.0032 0.0241 <0.0001

T × D <0.0001 0.0002 <0.0001 <0.0001 <0.0001

1 IMI, imidazole at 100 mmol/L; PMSF, phenylmethylsulphonyl fluoride at 3 mmol/L;
IOD, iodoacetamide at 0.5 mmol/L; SDS, sodium dodecyl sulfate at 1.44 mmol/L;
2Faith’s phylogenetic diversity; 33Mix, combination of IMI, PMSF, and IOD at the
above concentrations; 4Treatment. Means (n = 6) followed by different superscripts
in a column differ significantly (P < 0.05).

inhibition to ammonia concentration was not noted. The IMI-
containing treatments increased the pH significantly, while only
PMSF lowered the pH. Total bacteria was not differed by the
inhibitor treatments except IOD and IMI-IOD, but SDS reduced
both the absolute and relative abundances of methanogens.

The VFA profiles were affected by all the inhibitors,
differently (Table 4). Total VFA concentration was decreased
by all the treatments except PMSF and IOD. Except for IMI
and IMI-PMSF, other treatments decreased the acetate molar
proportion significantly. All the treatments increased the molar
proportion of propionate, which corresponded to significantly
decreased A:P ratio in all inhibitor treatments. All the inhibitor
treatments decreased the molar proportion of butyrate except
IOD that increased butyrate molar proportion significantly. IOD
increased valerate molar proportion while IMI-PMSF decreased
it. The molar proportion of branch-chain VFA (BCVFA) was
significantly decreased by IOD, IMI-PMSF, and PMSF-IOD.

Effect of the Lysozyme and Peptidase
Inhibitors on the Predicted Functions of
the Microbiota
All the IMI-containing treatments and SDS tended to affect
the overall predicted functional features as assessed by
PERMANOVA analysis (Figure 2). Correspondingly, the
inhibitor treatments affected the KEGG ortholog (KO)
groups involved in protein metabolism (Table 5). Amino
acid metabolism was inhibited by all the inhibitor treatments.
Lysosomal features were inhibited by IMI and its two- and
three-way combinations. The PMSF-IOD combination and SDS
also decreased lysosomal functional features. The ubiquitin
system was not affected by any of the inhibitor treatments
but significantly increased in relative abundance by SDS by
nearly 2.44-fold. The relative abundance of peptidase features
was decreased by all the inhibitor treatments except IOD. The
inhibitor combinations led to a greater decrease of peptidase
features, except for PMSF-IOD, compared to the individual
inhibitors. The relative abundance of nitrogen-related metabolic
functions was lowered significantly by SDS and IMI-containing
treatments except for IMI-IOD, while other inhibitor treatments
showing no effect. Overall, SDS showed the most inhibition,
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FIGURE 1 | Principal coordinates analysis based on the weighted UniFrac distance matrices of the prokaryotic microbiota in the in vitro cultures. PERMANOVA
results of the pairwise comparison of the overall microbiota structures between control and each of inhibitor treatment was included.

whereas IOD exhibited the least inhibition to the features
involved in protein metabolism.

Strong correlations (Pearson correlation coefficient, | r| > 0.8,
P < 0.05) were detected between some microbial taxa and the
predicted functions related to protein metabolism (Figure 3).
Total protozoal counts and the counts of three protozoal genera
showed a positive correlation with amino acid metabolism.
Among the enumerated protozoal genera, Entodinium was
positively correlated with lysosomal and peptidase features while
Dasytricha showed a positive correlation with lysosomal features.
Positive correlation with amino acid metabolism and lysosomal
features was found for Prevotella, CF231 (a candidate genus
in Paraprevotellaceae), and YRC22 (another candidate genus in
Paraprevotellaceae). Succinivibrio was negatively correlated with
amino acid metabolism and peptidase features.

DISCUSSION

Rumen protozoa depend on live bacteria for nutrients essential
for their survival and growth (Park et al., 2017), and their
digestive enzymes including lysozyme and peptidases are
required to digest the engulf bacteria (Bonhomme, 1990;
Morgavi et al., 1996). However, their bacterivory causes
intraruminal nitrogen recycling, resulting in lowered nitrogen
utilization efficiency in ruminant animals (Kayouli et al., 1986;

Belanche et al., 2011). Rumen protozoa also contribute to
deaminase activity (Wallace et al., 1997). Thus, specific inhibition
of the activities of lysozyme and peptidases of rumen protozoa
is conceptually a sound approach to inhibit their growth and
thereby decreasing nitrogen recycling in the rumen microbiome.
The results of the present study demonstrated the promising
potential of this new approach.

We collected rumen fluids from two cows fed different diets
(high concentrate vs. hay only) because different diets can result
in different protozoal composition. As expected, the rumen
of both cows was dominated by Entodinium followed with
other genera at low relative abundance. Thus, the protozoal
composition in both cows was representative of that in dairy
cows. The in vitro cultures were fed the same protozoal feed,
which allows robust growth of both starch-preferring and
cellulolytic rumen protozoa in in vitro monocultures (Park
and Yu, 2018a). High numbers of live protozoa cells were
achieved in control that contained no inhibitors. The absolute
abundance of total bacteria and archaea was similar between
the controls and all the inhibitor treatments, indicating the lack
of overall inhibition to the prokaryotic populations. Therefore,
the difference in protozoal counts between the control and the
inhibitor treatments can be solely attributed to the impact of
inhibitor treatments. It should be noted that the inhibition of
rumen protozoa did not correspond to a significant increase in
the abundance of total bacteria at 24 h incubation. One plausible
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TABLE 3 | Major differentially abundant bacterial phyla and genera (each
representing >0.5% of total sequences in at least one of the treatments) defined
by ANCOM between the controls and each inhibitor treatment.

Taxa Treatments1 Relative abundance, % Mean difference

(Control vs. Trt2) (log)

Phylum

Fibrobacteres IMI (1.894 vs. 0.004) −6.680

Spirochetes PMSF (0.844 vs. 11.942) 2.195

Fibrobacteres IOD (1.894 vs. 4.931) 0.422

Spirochetes IOD (0.844 vs. 2.377) 0.612

Fibrobacteres IMI-PMSF (1.894 vs. 0) −6.979

Fibrobacteres IMI-IOD (1.894 vs. 0) −6.979

Spirochetes IMI-IOD (0.844 vs. 0.090) −2.833

Spirochetes PMSF-IOD (0.844 vs. 11.919) 1.710

Fibrobacteres 3Mix3 (1.894 vs. 0) −6.796

Fibrobacteres SDS (1.894 vs. 0) −6.979

Spirochetes SDS (0.844 vs. 0) −5.779

Proteobacteria SDS (17.547 vs. 67.556) 1.566

Genera

Fibrobacter IMI (1.894 vs. 0.004) −6.680

Streptococcus IMI (0.003 vs. 0.977) 5.661

Treponema PMSF (0.525 vs. 11.896) 2.667

Pseudobutyrivibrio IOD (0.114 vs. 0.635) 1.247

Treponema IOD (0.525 vs. 2.133) 0.989

Fibrobacter IMI-PMSF (1.894 vs. 0) −6.979

Succinivibrio IMI-PMSF (0.396 vs. 37.405) 4.630

Fibrobacter IMI-IOD (1.894 vs. 0) −6.979

Streptococcus IMI-IOD (0.003 vs. 4.001) 6.275

Succinivibrio PMSF-IOD (0.396 vs. 19.505) 3.807

Shuttleworthia PMSF-IOD (0.058 vs. 0.868) 2.226

Fibrobacter 3Mix (1.894 vs. 0) −6.796

Succinivibrio 3Mix (0.396 vs. 43.083) 4.822

Fibrobacter SDS (1.894 vs. 0) −6.979

Streptococcus SDS (0.003 vs. 1.732) 5.721

1 IMI, imidazole at 100 mmol/L; PMSF, phenylmethylsulphonyl fluoride at
3 mmol/L; IOD, iodoacetamide at 0.5 mmol/L; SDS, sodium dodecyl sulfate at
1.44 mmol/L; 2Treatment; 33Mix, combination of IMI, PMSF, and IOD at the
above concentrations.

explanation is that the growth of total bacteria might have been
limited in the batch cultures that had limited nutrients and
accumulated metabolites.

Different inhibitors inhibited different protozoal genera to a
different extent. Among the inhibitors tested in this study, IMI
was the most effective inhibitor regardless of the rumen protozoal
genera. In a previous study, 1,2-dimethyl-5-nitroimidazole, a
derivative of IMI was shown to be inhibitory against both
holotrichs and entodiniomorphs (Clarke and Reid, 1969). These
results corroborate the essentiality of lysozyme for rumen
protozoa. The cysteine peptidase inhibitor, IOD, mainly inhibited
large entodiniomorphs, but IMI and PMSF inhibited most of
the identified rumen protozoa. Except IOD, all the inhibitor
treatments also reduced all the eight detected protozoal genera in
a time-dependent manner, suggesting that the inhibitors probably
have caused starvation rather than direct toxicity. The varying
potencies of the inhibitors reflect different susceptibilities of TA
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FIGURE 2 | Principal components analysis (PCA) of the predicted functional
features (based on KEGG orthologs and the CowPI database). PERMANOVA
results of the pairwise comparison of the overall functional structures between
control and each of inhibitor treatment was included.

the protozoal genera toward the inhibitors, but the mechanisms
remain to be elucidated. All the three inhibitors nearly eliminated
E. caudatum in the laboratory monoculture of E. caudatum (Park
et al., 2019), but in the present study, much less inhibition,
including inhibition to the genus Entodinium, was achieved,
especially by individual inhibitors. The in vitro cultures of the
present study differed from the E. caudatum monoculture in
prokaryotic microbiota (complex vs. relatively simple), initial
protozoal density (appx. fivefold higher in the in vitro cultures
of the present study), and diversity (one vs. eight genera). One
or both of these differences may explain the decreased inhibition
observed in the present study.

Among the two-way combinations of lysozyme and peptidase
inhibitors, IMI-IOD showed the least synergistic effect on the
rumen protozoa, with no additive inhibition being observed
to any of the protozoal genera. The other two two-way
combinations (i.e., IMI-PMSF and PMSF-IOD) mostly had
synergistic inhibition. However, these two latter combinations
had no additive inhibition toward Polyplastron. Nonetheless, the
inhibitors in combinations were more inhibitory than individual
inhibitors, and they may be further evaluated together in vivo.

A significant decrease in ruminal ammonia concentration
corresponded to defaunation (Newbold et al., 2015). In
the present study, however, IMI and SDS resulted in the
greatest inhibition to total protozoa, but they did not decrease
ammoniagenesis. On the other hand, the cysteine peptidase
inhibitor (IOD) decreased total protozoa the least, but it reduced
the ammonia concentration the greatest, and the serine peptidase
inhibitor (PMSF) only decreased ammoniagenesis when used

in two- and three-way combinations. These results suggest
several possibilities. First, increased bacterial proteolysis in
batch cultures (due to autolysis resulted from lack of continuous
replenishment of nutrients and removal of metabolites) might
have compensated the decreased ammoniagenesis by protozoa.
Second, cysteine peptidases probably play a larger role than
serine peptidases in ammoniagenesis by rumen protozoa. This
postulation is corroborated by a previous study (Forsberg
et al., 1984) and cysteine peptidases being the major type
of bacterial peptidases in the rumen (Kopecny and Wallace,
1982; McSweeney and Mackie, 2012). The large increase in
relative abundance of Acidaminococcus, a genus of potential
hyper-ammonia producing bacteria (HAB) (Cook et al., 1994)
which was undetectable in the control but detectable in the
IMI-containing inhibitor treatments and SDS treatments,
corroborates the above premise. Thirds, the peptidase inhibitors
probably had also inhibited bacterial peptidases as suggested
previously (Forsberg et al., 1984). In the control culture,
Ruminobacter had a >15% relative abundance. In addition
to its strong proteolytic activity (Akkada and Blackburn,
1963; Goodfellow et al., 2005), Ruminobacter amylophilus, the
representative species of this genus, has cell-associated serine
peptidase as the major peptidase (Wallace and Brammall,
1985). The lower predominance of this genus in the inhibitor
treatments containing PMSF, though not detected by ANCOM
as a differentially abundant taxon, supports the efficacy of PMSF
on its target and the decreased ammonia concentration in those
PMSF-containing combinatorial inhibitor treatments. Future
research using protozoa-free and protozoa-containing rumen
microbiota can help determine if and to what extent peptidase
inhibitors can inhibit bacteria ammoniagenesis. Nonetheless,
peptidase inhibitors are probably more effective than lysozyme
inhibitors in lowering ammoniagenesis, and inhibition of
both lysozyme and peptidases, particularly inhibition of
cysteine peptidases, is probably more effective in reducing
ammoniagenesis in the rumen.

Both DMD and NDFD were decreased by IMI and the
IMI-containing inhibitor treatments in the in vitro cultures.
In the previous study using E. caudatum monoculture, DMD
and NDFD were also decreased by IMI-containing inhibitor
treatments at least numerically (Park et al., 2019). The IMI
and IMI-containing treatments inhibited protozoa to a greater
magnitude than the other inhibitors. The decrease in feed
digestion in defaunated animals (Newbold et al., 2015) seems
consistent with the larger DMD and NDFD decrease in the
IMI and the IMI-containing treatments, but it remains to be
determined if IMI can directly inhibit feed digestion. Fibrobacter
was greatly decreased by the treatments that significantly lowered
NDFD. A positive correlation between Fibrobacter and holotrichs
was reported in a recent global rumen microbiome survey
(Henderson et al., 2015), and a decrease in Fibrobacter abundance
was also noticed after defaunation (Ozutsumi et al., 2006).
The moderate protozoal inhibition by PMSF and IOD did
not correspond to a significant decrease in DMD or NDFD,
which is consistent with the previous study using E. caudatum
monoculture (Park et al., 2019). Future research can help
determine if the inhibitors, especially IMI, directly inhibit
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TABLE 5 | Relative abundance (% of total) of CowPI predicted functional features related to protein metabolism at 24 h of incubation.

Categories Treatments1 SEM Effects (P-values)

Control IMI PMSF IOD IMI-PMSF IMI-IOD PMSF-IOD 3Mix2 SDS Trt3 Diet T × D

Level 2

Amino acid metabolism 10.51A 9.67D 10.23B 10.31B 9.40E 9.84CD 9.98C 9.34E 9.03F 0.071 <0.0001 <0.0001 <0.0001

Level 3

Lysosome 0.038A 0.018DE 0.034AB 0.036AB 0.024CDE 0.024CD 0.027BC 0.015E 0.006F 0.002 <0.0001 0.0106 0.0008

Ubiquitin system, ×10−5 6.687B 5.227B 0.975B 0.274B 8.243AB 4.912B 2.905B 9.039AB 16.342A 1.156 0.0001 0.0027 <0.0001

Peptidases 2.32A 2.27BC 2.24CD 2.29AB 2.14E 2.23D 2.23D 2.09F 2.04G 0.013 <0.0001 0.0590 <0.0001

Nitrogen metabolism 0.64AB 0.58C 0.66A 0.62B 0.57C 0.64AB 0.63AB 0.55C 0.56C 0.007 <0.0001 <0.0001 <0.0001

1 IMI, imidazole at 100 mmol/L; PMSF, phenylmethylsulphonyl fluoride at 3 mmol/L; IOD, iodoacetamide at 0.5 mmol/L; SDS, sodium dodecyl sulfate at 1.44 mmol/L.
23Mix, combination of three inhibitors at the above concentrations. 3Treatment. Means (n = 6) followed by different superscripts in a row differ significantly (P < 0.05).

FIGURE 3 | Correlations between microbial taxa [log-transformed counts of protozoal genera (labeled in red) and relative abundances of bacteria (labeled in blue)
were used] and relative frequency of CowPI-predicted functional features related to protein metabolisms in the in vitro cultures. Only the strong correlations (Pearson
correlation coefficient, |r| > 0.8; P < 0.05) were shown. The size and intensity of the color of each circle indicate the degree of the correlation coefficient based on
the color key on the right side.

Fibrobacter and other known fibrolytic bacteria such as species
of Ruminococcus.

Rumen protozoa can affect the VFA profiles both directly
and indirectly. Decreased butyrate in the inhibitor treatments
except IOD is consistent with the finding in defaunated animals
(Eugène et al., 2004) and in vitro rumen cultures when rumen
protozoa were inhibited by saponin (Patra and Saxena, 2009;
Jayanegara et al., 2014; Ramos-Morales et al., 2017). Protozoa
itself produce butyrate in the rumen (Coleman, 1975; Jouany,
1991). Because the abundance of major butyrate producers
including Butyrivibrio and Pseudobutyrivibrio did not change
with the exception of increase of the latter genus by IOD,
protozoa inhibition was probably the major reason for the
decreased butyrate proportion in the inhibitor treatments.
Opposite trends of acetate and propionate molar proportion
resulted in decreased A:P ratio in most of the inhibitor
treatments, which is consistent with decreased A:P ratio observed
in defaunated sheep fed high-concentrate diet (Mendoza et al.,
1993). A similar VFA profile shift was also reported in a recent
meta-analysis of the defaunation effect on rumen fermentation
(Li et al., 2018). The bacterial population shifts in the inhibitor
treatments could also contribute to the shifted VFA profile.
The decrease of rumen protozoa in the inhibitor treatments
corresponded with increase of amylolytic and saccharolytic
bacteria, such as Treponema, Streptococcus, and Succinivibrio,

all of which are known sugar-fermenting bacteria in the rumen
(Stanton and Canale-Parola, 1980; Patterson and Hespell, 1985;
O’Herrin and Kenealy, 1993; Nagaraja, 2016). The negative
correlation between rumen protozoa and amylolytic bacteria
has been previously noted (Arakaki et al., 1994; Bełżecki and
Michałowski, 2005), and the increase of these bacteria could be
attributed to the decreased predation and the lack of competition
for starch from rumen protozoa (Eadie and Mann, 1970;
Kurihara et al., 1978).

The overall microbiota was shifted differently by the different
inhibitor treatments. The compositional alterations might
have stemmed from direct and/or indirect effects. Rumen
protozoa have multiple interactions with prokaryotes, such as
predation, symbiosis (both endosymbiosis and ectosymbiosis),
and commensalism (e.g., cross-feeding between protozoa
and methanogens and amino-acid fermenters) (Williams and
Coleman, 1992; Lloyd et al., 1996; Park and Yu, 2018b). The
different inhibitor treatments might have caused different
alterations of the prokaryotic microbiota indirectly by inhibiting
the different protozoa to different extents. However, the
inhibitors might also have directly shifted some of the
prokaryotic populations. Future research can help evaluate
likely direct effects of the inhibitors tested in the present study
on the rumen prokaryotic microbiota by including protozoa-free
in vitro cultures.
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It is interesting to note that the inhibitors affected most of
the alpha diversity measurements of the prokaryotic microbiota
to a greater magnitude in the in vitro cultures of the dairy
ration-fed cow than in the in vitro cultures of the hay-fed
cow. Given the difference in the prokaryotic microbiota of the
inocula between the dairy ration-fed and the hay-fed rumen
(e.g., lower species richness and Faith’s phylogenetic diversity
in the inoculum of the hay-fed rumen, data not shown), the
“background” prokaryotic microbiota of rumen fluid inoculum
seem to be a factor that can affect the effect of the inhibitors.
Moreover, recent studies revealed a negative association between
rumen microbiota diversity and feed efficiency in ruminants
(Shabat et al., 2016; Li and Guan, 2017). A meta-analysis also
revealed that defaunation lowered dry matter intake, heat-
production, and ammonia concentrations but increased average
daily gain, duodenal nitrogen flow, energy efficiency for fattening
in addition to methane reduction (Newbold et al., 2015). It is
speculative, but inhibition of rumen protozoa can potentially
enhance the overall feed efficiency in addition to the expected
improvement of nitrogen efficiency and decrease in methane
emission from ruminants.

Comparison of the co-occurrence and mutual-exclusion
networks of major prokaryotic taxa showed clear differences
in co-occurrence patterns among the control and the inhibitor
treatments. The alteration of co-occurrence and mutual-
exclusion is consistent with the shifts of the prokaryotic
microbiota and its lowered alpha-diversity measurements. The
inhibitors might have altered the interactions not only between
protozoa and prokaryotes but also among different prokaryotes.
Such alterations may be attributed to changes in predation
pressure from decreased protozoa and or subsequent alteration
of ecological interactions among some of the microbes. However,
the data of the present study do not allow distinguishability of
these two possibilities.

Strong positive correlations were detected between
Entodinium counts and lysosome and peptidase functions. This
is consistent with Entodinium being considered as the principal
culprit of microbial nitrogen recycling due to its abundance and
high bacterivory activity (Coleman and Sandford, 1979; De La
Fuente et al., 2011; Belanche et al., 2012). Previous research
also observed the greater defaunation effect when animals
were fed a mixed diet (Belanche et al., 2011) and when starch-
preferring Entodinium accounted for nearly all the protozoa.
Given the greater effect being observed in the in vitro cultures
of the dairy ration-fed cow, protozoa inhibition can probably
result in more improvement in animals fed mixed diets, which
typically have a much greater total protozoal population than in
animals fed forage.

Taken together, the lysozyme inhibitor at the tested
concentration achieved the greatest inhibition of rumen

protozoa, and it also decreased feed digestibility. However,
inhibition of rumen protozoa by the peptidase inhibitors
did not adversely decrease feed digestion or fermentation
although it shifted some of the prokaryotic populations and
fermentation profiles. The peptidase inhibitors might inhibit
peptidases of both protozoa and bacterial origin. Cysteine
peptidase inhibitors may be more effective than serine peptidase
inhibitors in inhibiting ammoniagenesis by rumen microbiome.
Future research is needed to determine if these inhibitors also
directly inhibit some of the rumen prokaryotes, particularly
cellulolytic bacteria, amylolytic bacteria, and proteolytic bacteria.
In vivo studies are also needed to verify if these inhibitors
can be effective when fed to animals. Of course, the tested
inhibitors are chemical inhibitors, and their toxicity to host
animals needs to be determined first. Natural compounds
can be screened and explored for animal applications.
Overall, specific inhibition of lysozyme and peptidases may
represent a new approach to effectively improve feed efficiency,
particularly nitrogen utilization efficiency, and decrease methane
emission from ruminants.
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The success of nutritional strategies for the prevention of subacute ruminal acidosis
(SARA) and the related microbial dysbiosis still remains unpredictable due to the
complexity of the rumen ecosystem. The rumen epimural community, due to proximity,
has the greatest opportunity to influence host gene expression. The aim of this study
was to determine the effect of two separate feed additives on the rumen epimural
community and host epithelial gene expression. Eight rumen cannulated Holstein
cows were randomly assigned to one of three feeding groups: autolyzed yeast (AY),
phytogenics (PHY) and control (CON) using a 3 × 3 Latin square design. Cows
were fed an intermittent SARA model that started with 100% forage diet (Baseline)
followed by two 65% concentrate-diet induced SARA challenges (SARAI, SARAII),
separated by 1 week of forage only feeding. Rumen papillae samples were collected
via the cannula during the Baseline, SARAI and SARAII periods. Microbial DNA was
extracted and sequenced targeting the 16S rRNA gene and host RNA was analyzed
using RT-qPCR. Analysis of the taxonomic composition at the genera level showed
a tendency to increase in the relative abundances of Pseudobutyrivibrio (P = 0.06),
Selenomonas (P = 0.07) and significantly increase in SHD-231 (P = 0.01) in PHY
treated animals, whereas Succiniclasticum tended to decrease in both PHY and AY
treated animals compared to the control. Linear discriminant analysis effect size testing
was performed and based on treatment × feeding phase interaction, a number of
biomarker genera were identified including the previously identified Succiniclasticum.
Supplementation with AY correlated positively with CD14 and DRA expression and
negatively to CLDN1, MyD88, and MCT4 expression. Supplementation with PHY
showed a negative correlation to CLDN4 gene expression. Anaerovibrio showed the
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highest positive Pearson correlations to biogenic amines tested in the rumen fluid
including putrescine (r = 0.67), cadaverine (r = 0.84), and tyramine (r = 0.83). These
results show that supplementing feed additives to high grain diets can have a positive
influence on the stability of the epimural populations, and that changes in the epimural
community are correlated with changes in host epithelial gene expression.

Keywords: feed additives, phytogenics, autolyzed yeast, rumen epithelial microbiome, gene expression

INTRODUCTION

The rumen is a complex microbial ecosystem in the foregut
of ruminants, which is evolutionarily adapted to a fiber-rich
diet, allowing them to utilize complex carbohydrate sources
not suitable for human-nutrition. Yet, the modern production
practice of feeding large amounts of concentrate for increased
physiological energy requirements can disrupt this ecosystem
resulting in microbial dysbiosis. This dysbiosis is commonly
described as subacute ruminal acidosis (SARA), defined as
extended periods of time (>5 h/day) where ruminal pH
is below physiological range (5.8; Zebeli et al., 2008). This
results in changes in ruminal microbial populations including
decreased diversity (Petri et al., 2013), altered fermentation
patterns (Kleen et al., 2003), as well as increased free endotoxin
release (Plaizier et al., 2012), altered epithelial uptake and
metabolism (Steele et al., 2011, 2012), and affect animal
health (Zebeli and Metzler-Zebeli, 2012). Previously, ionophores
(monensin, lasalocid) and other rumen stabilizing antibiotics
were used to prevent this ecological dysbiosis (Duffield and
Bagg, 2000). However, as antibiotics are being phased out of
livestock production, alternative strategies must be developed
and tested to evaluate possible methods of modulating rumen
microbial fermentation during high-concentrate feeding. The
use of bioactive phytochemicals as natural feed additives
has recently gained interest as an antibiotic alternative for
modifying rumen fermentation favorably, such as by minimizing
rumen methanogenesis and improving rumen fermentation
(Flachowsky and Lebzien, 2012). Similarly, prebiotics such as
autolyzed yeast have also been used to increase fiber and
starch digestion (Harrison et al., 1988; Mao et al., 2013),
to prevent rumen acidosis (Nocek et al., 2011; Ganner and
Schatzmayr, 2012), and to accelerate rumen microbial biofilm
development (Chaucheyras-Durand and Fonty, 2002). However,
the effectiveness of these nutritional interventions is highly
variable depending upon the interactions among the chemical
structure of the supplement, the diet, and the adaptability of the
rumen microbiota.

We have previously reported the effects of phytogenic and
yeast products on the rumen fermentation (Kröger et al., 2017),
as well as changes in digesta and liquid associated populations
under intermittent high-grain feeding programs (Neubauer et al.,
2018). We noted that the feeding of these feed additives
reduced rumen and fecal associated toxins including biogenic
amines and lipopolysaccharide (Humer et al., 2018). However,
previous research has also shown that despite the changes of the
digesta associated microbiota, the epithelial-associated microbe
population can remain stable (Petri et al., 2013), and have also

been shown to be correlated to rumen papillae gene expression
associated with short-chain fatty acids (SCFA) absorption and
pH regulation (Petri et al., 2019). However, the impact of feed
additives on epithelial microbiota, host physiology, and the
associations between the host and microbes to rumen endotoxin
levels under SARA conditions remains largely unknown. Thus,
understanding the interactions between the gut microbiota, diet,
and host response are key to develop new strategies for reducing
dysbiosis, and rumen epithelial function, thereby improving
rumen health and efficiency.

The aim of this study was to determine the effect of
supplementation of PHY or AY feed additives under repeated
bouts of diet induced SARA on rumen epithelial (i.e., epimural)
microbial populations, and host papillae gene expression, as well
as their interaction with regards to barrier function, and pro-
inflammatory signaling. Our hypothesis was that PHY and AY
will reduce dysbiosis in the rumen by supporting the epithelial
associated bacterial community, increasing barrier function gene
expression, and reducing TLR4-signaling, especially during the
first high grain feeding, since the duration of low pH was longer
during this phase (Kröger et al., 2017). We also hypothesized that
the supplementation of feed additives would reduce the amount
of rumen toxins positively correlated with epithelial microbiota
growth and host barrier function gene expression.

MATERIALS AND METHODS

All procedures involving animal handling and treatment were
approved by the institutional ethics committee of the University
of Veterinary Medicine Vienna and the national authority
according to section 26 of the Law for Animal Experiments (GZ:
BMWFW-68.205/0023-WF/V/3b/2015).

Experimental Design and Sample
Collection
Detailed information about animals, feeding, and experimental
setup is given in Kröger et al. (2017). In brief, eight non-
lactating rumen-fistulated Holstein-Friesian cows (863 ± 65 kg
BW ± SD) were used in an incomplete 3 × 4 Latin square
design balanced for carry-over effects. Cows were randomly
assigned to one of the three feeding groups: CON (Control,
no feed additive), PHY (Digestarom R© Dairy BIOMIN Holding
GmbH, Inzersdorf-Getzersdorf, Austria; 3 g per cow per day) and
AY (Levabon R© Rumen E, BIOMIN Holding GmbH, Inzersdorf-
Getzersdorf, Austria; 15 g per cow per day). The PHY consisted of
a blend of spices, herbs, and essential oils, whereas AY contained
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autolyzed spray-dried yeast (Saccharomyces cerevisiae). Each of
the four periods included 1 week forage feeding (100% hay
diet, RD; Baseline), 6 days of gradual concentrate adaptation,
1 week high-concentrate challenge (65% concentrates, in DM
basis, SARAI), then 1 week of roughage only (recovery phase),
followed by a second 65% concentrate challenge lasting 2 weeks
(SARAII) based on previously established SARA models (Qumar
et al., 2017). Feed additives were provided in the concentrate mix
except during the recovery phase when no concentrate was fed,
then daily doses of PHY and AY were provided via the rumen
cannula. No supplements were fed in the Baseline period. Each
experimental period was followed by a 3 week long washout
phase with roughage only to avoid carry-over effects of high-grain
feeding and feed additives.

The forage diet consisted of a 50:50 ratio (DM basis) of grass
silage and hay, and the concentrate mixture contained barley
grain (33%), wheat (30%), rapeseed meal (16%), corn (15%),
beet pulp (3.2%), a mineral-vitamin premix (1%; containing
13.5% Ca; 9% Mg; 5% P; 1.5% Na; 2,100,000 IU vitamin
A/kg; 300,000 IU vitamin D/kg; 7,500 mg vitamin E/kg), beet
molasses (1%), calcium carbonate (0.5%), and NaCl (0.3%) on
DM basis (Kröger et al., 2017). The TMR diet fed through the
SARA challenges consisted of 29.2% NDF and 32.3% starch,
on a DM basis. Diets were fed ad libitum with a 10% orts
refusal and offered via individual feeding troughs equipped
with computer-controlled electronic scales. Access was regulated
electronically with transponder access gates (Insentec B.V.,
Marknesse, Netherlands). Samples of rumen fluid were collected
on d 6 (Baseline), 19 (SARAI), and 39 (SARAII) 8 h after morning
feeding and analyzed for biogenic amines as described in Humer
et al. (2018). The method to collect particle-associated rumen
liquid for determination of biogenic amines and LPS has been
previously described (Humer et al., 2018). Briefly, approximately
500 g of rumen digesta was taken from the middle of the
rumen mat and squeezed through 4 layers of cheesecloth to
obtain 250 mL of rumen liquid, which was stored at −20◦C
before analysis.

Rumen Papilla Biopsies
Rumen papillae biopsies for sequencing and gene expression
approaches were taken on day 7 (Baseline), 20 (SARAI), and 40
(SARAII) 2 h (1000 h) after the morning feeding. The technique
was previously described by Wetzels et al. (2017). Briefly, the
withdrawn rumen content was kept in a bucket in a 39◦C water
bath in order to avoid cooling and put back in after the sampling
procedure. The rumen was partly evacuated so that the wall of
ventral rumen sac could be lifted through the rumen cannula.
Biospies were taken from 40 to 50 cm below the bottom edge
of the rumen cannula located in the left fossa paralumbalis
(Wetzels et al., 2017). The epithelium was thoroughly rinsed
with sterile phosphate-buffered saline (PBS) solution until no
digesta particles were left and epithelial tissue was sampled
using disinfected scissors and tweezers. Each of the biopsies was
quickly rinsed with sterile PBS to remove contaminants, shock
frozen in liquid nitrogen, transferred into cryotubes (Sarstedt
AG, Wiener Neudorf, Austria), and stored at −80◦C for DNA
and RNA extraction.

DNA-Extraction and Sequencing
Rumen papillae biopsies were partially thawed on ice and
genomic DNA was extracted from 0.25 g rumen papillae,
using a sample preparation protocol and the PowerSoil R©

DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA,
United States) as previously described by Neubauer et al. (2019).
After DNA extraction, samples were stored at −20◦C. Total
DNA quantity after isolation was measured for all samples using
Qubit Fluorometer 2.0 (Qubit dsDNA HS Assay Kit, Thermo
Fisher Scientific, Vienna, Austria) according to manufacturer’s
instructions. Amplicon sequencing was performed using
Illumina MiSeq paired-ends sequencing technology (Microsynth
AG, Balgach, Switzerland). The hypervariable region V3–V5 of
bacterial 16S rRNA genes was amplified by bridge amplification
using the primer set 357F (5′-CCTACGGGAGGCAGCAG-
3′), and 926R (5′-CCGTCAATTCMTTTRAGT-3′; Peterson
et al., 2009), to generate an approximate amplicon size of
570 bp. Multiplexed libraries were constructed by ligating
sequencing adapters and indexes onto purified PCR products
using the Nextera XT Sample Preparation Kit (Illumina,
Balgach, Switzerland). Primers were trimmed and corresponding
overlapping paired-end reads were stitched by Microsynth
(Microsynth AG, Balgach, Switzerland; Bokulich et al., 2013).
Sequence data were analyzed with the open source bioinformatics
pipeline QIIME (version 1.9.1.)1, based on the recommended
workflow of QIIME tutorials2 (last access January, 2017;
Caporaso et al., 2010) and Navas-Molina et al. (2013). Briefly,
sequences of low quality were trimmed with a quality score of
20. The chimeric sequences were identified using the gold.fa
reference database (Edgar, 2010), and subsequently filtered.

A total of 817,138 sequences passed the quality control and
chimera check. Sequences were then clustered into operational
taxonomic units (OTUs) with a 97% 16S rRNA gene similarity
cut-off by performing open reference OTU picking. The database
of SILVA3 (version 123; Quast et al., 2012) was used for taxonomic
classification. A total of 1150 OTUs were found, with an average
of 9,948 sequences per sample. The percent relative abundances
of all OTUs were calculated and OTUs were ranked according
to their abundance. Measures of alpha diversity were also
determined using QIIME, specifically non-parametric species
richness estimator Chao1, Shannon, and Simpson Indices, as well
as number of observed OTUs per sample. The rarefaction depth
was equalized for all samples to 344 sequences per sample based
on the minimum sequence number achieved. Goods coverage
rarefaction curves for the sampling depth during the feeding
phases, as well as for the feed additive groups is shown in
Supplementary Figure 1. Sequencing results were analyzed at
phyla and genus level as a percent of relative abundance. For
interpreting changes of the highly dominant taxa, the most
abundant 100 OTU with their taxonomic assignment of ≥ 97%
sequence similarity to SILVA or NCBI were chosen. The linear
discriminant analysis effect size (LEfSe) (Segata et al., 2011)
analysis was used to identify specific OTUs that differed between

1http://qiime.org/
2http://qiime.org/tutorials/index.html
3https://www.arb-silva.de
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treatments (CON, PHY, and AY) and feeding phase (Baseline,
SARAI, and SARAII). LEfSe uses a non-parametric factorial
Kruskal–Wallis sum-rank test followed by a linear discriminate
analysis to identify both statistically significant and biological
relevant features. The OTU relative abundances were used as
an input for LEfSe4 (last accessed October, 2018) following
the methodology of Segata et al. (2011). Bray Curtis distance
matrixes, non-metric multidimensional scaling analysis, and
canonical correspondence analysis (CCA) were done using the
package Vegan in R (Oksanen et al., 2018).

The sequencing data were deposited into the European
Nucleotide Archive (ENA) and can be accessed via accession
numbers PRJEB33839 and PRJEB29866 for CON samples.

RNA Isolation and Reverse Transcription
qPCR
For RNA isolation, the method previously described by Petri
et al. (2019) was used. Briefly, 20 mg of papillae from each
animal were combined with Lysis buffer (RNease Mini QIAcube
kit, Qiagen, Hilden, Germany) and autoclaved ceramic beads
(0.6 g; 1.4 mm; VWR), and homogenized 6.5 ms-1 for 30 s
in a FastPrep-24 instrument (MP Biomedicals, Santa Ana, CA,
United States). Then samples were placed in the QIAcube
robotic workstation (Qiagen, Hilden, Germany) to complete
RNA extraction according to the manufacturer. Genomic DNA
was then digested (Turbo DNA kit, Life Technologies Limited,
Vienna, Austria) and RNA concentration was measured (Qubit
HS RNA Assay kit, Qubit 2.0 Fluorometer, Life Technologies),
and quality tested (Agilent RNA 6000 Nano Assay Kit, Agilent
Bioanalyzer 2100, Agilent Technologies, Waghäusel-Wiesental,
Germany). The mean RNA integrity (RIN) value for all samples
was 7.9 ± 0.67, with two samples having RIN values below
7.0 (5.6 and 6.2), and the other samples ranging between 7.0
and 9.2. Complementary DNA (cDNA) was synthesized (High
Capacity cDNA RT kit, Life Technologies Limited, Vienna,
Austria) from 2 µg RNA in duplicate using a 2-step PCR program
(Mastercycler nexus, Eppendorf, Hamburg, Germany) according
to the previously published method (Petri et al., 2019), using
an incubation at 25◦C for 10 min, reverse transcription at 37◦C
for 120 min, and a final heating step at 85◦ for 5 min. Reverse
transcription controls (1 µl × 1 µl) were included as a control
for residual DNA contamination. Each sample was analyzed in
duplicate, reverse transcription controls and negative controls
were included in duplicates as well.

For gene expression analysis, qPCR reactions were conducted
using the following thermal program: at 95◦C for 5 min, and
40 cycles of 95◦C for 10s melting, 60◦C for 30 s annealing,
and 72◦C for 30 s final elongation (Mx3000P thermocycler,
Agilent Technologies). Melting curve analysis was completed
to determine primer specificity (Petri et al., 2019). The primers
used for the RT-qPCR are listed in the Table 1, including
their sequences and efficiencies. As targets in the rumen
papilla epithelium, genes involved in the pro-inflammatory
response [Toll-like receptor 4 (TLR4); Cluster differential 14
molecule (CD14); Myeloid differentiation factor 88 (MyD88);

4http://huttenhower.sph.harvard.edu/galaxy/

Nuclear factor kappa-B (NF-κB); Interleukin 1-beta (IL-1β),
6 (IL-6), and 10 (IL-10); Interferon-gamma (IFNγ); Tumor
necrosis factor-alpha (TNFα)], barrier function complex
[Claudin 1, 2, 4, and 7 (CLDN11, CLDN2, CLDN4, CLDN7);
Corneodesmosin (CDSN); Desmoglein 1 (DSG1); Occludins
(OCLN); Zona occludens 1 (ZO1)], cellular nutrient transport
[Monocarboxylate transporter, isoforms 1, 2, and 4 (MCT1,
MCT2, MCT4)], cellular pH regulation [Anion exchange protein
2 (AE2); ATPase sodium/potassium transporting subunit alpha
1 (ATP1A1); Sodium/hydrogen exchanger isoform 1, 2, and 3
(NHE1, NHE2, NHE3); Down-regulated in adenoma (DRA), and
cellular metabolism [3-hydroxybutyrate dehydrogenase 1 and 2
(BDH1, BDH2)]; 3-hydroxy-3-methylglutaryl CoA synthase 1
and 2 (HMGCS1, HMGCS2]) were chosen. As reference genes
beta actin (ACTB), glyceraldehyde−3−phosphate dehydrogenase
(GAPDH), hypoxanthine phosphoribosyltransferase 1 (HPRT1),
ornithine decarboxylase antizyme 1 (OAZ1), and tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation
protein zeta (YWHAZ) were considered. The amplicons of all
primers were verified with PrimerBLAST5, dissociation curves
were used to test for efficiency and specificity (Neubauer et al.,
2019; Petri et al., 2019) and an additional dissociation stage was
performed to verify the presence of a single PCR product. All
reactions were run in duplicate and repeated when the cycle
difference was more than 0.5 cycles between duplicates.

NormFinder (Andersen et al., 2004) and BestKeeper (Pfaffl
et al., 2004) were used to select the three best fitting genes from
the five analyzed reference genes based on stable expression
throughout the samples. HPRT1, OAZ1, and YWHAZ were found
to be the most stable reference genes and their geometric mean
was used to calculate the relative quantities of the target genes.
The mRNA concentration of the target genes relative to the
concentration of the reference genes was obtained by calculating
the difference of the quantification cycle (Cq) between the target
genes and the geometric mean of the three best fit reference genes
for each sample. The average of the resulting delta cycle threshold
1Cq from the baseline feeding was used as reference value to
calculate the 11Cq (Schmittgen and Livak, 2008). To calculate
the relative expression for the target genes, the following formula
was used: relative expression = 2−11Cq (Petri et al., 2018).

Statistical Analyses
Statistical analyses for taxonomy and gene expression were
performed using SAS (version 9.2, SAS, Inst. Inc., Cary, NC,
United States). Overall, the treatments and blocking variables
did not interact, as assumed for the Latin square design. Data
were checked for normality and variance homogeneity prior to
further statistical analysis. All statistical models were performed
with the feeding phase (Baseline, SARAI, SARAII) and treatment
(CON, PHY, AY) considered as fixed effects. Interactions between
feeding phase and treatment were also tested. Cow nested
within square and the experimental period were considered as a
random effect. If no effects of interaction were found, baseline
samples were removed and treatment effects were tested using
the Dunnett-Hsu adjusted P-value for PHY and AY compared to

5https://www.ncbi.nlm.nih.gov/tools/primer-blast/

Frontiers in Microbiology | www.frontiersin.org 4 February 2020 | Volume 11 | Article 119259

http://huttenhower.sph.harvard.edu/galaxy/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00119 February 19, 2020 Time: 13:17 # 5

Petri et al. Feed Additives Impact Epimural Ecosystem

TABLE 1 | Gene symbols, common names, primer sequences, and PCR efficiency for Bos taurus genes used in this manuscript for RT-qPCR.

Official gene symbol Common gene name1 Forward (F) and Reverse (R) Primer Sequence
(5′–3′)

Correlation R2 PCR efficiency References

BDH1 F GACTGCCACCACTCCCTACAC 0.999 98.84 Oba et al.,2015

R TCCGCAGCCACCAGTAGTAGT

CD14 F ATCCACAGTCCAGCCGACAA 0.998 90.07 Neubauer et al., 2019

R CAGCAGCAGCAGCAGGTAGG

CLDN1 F CACAGCATGGTATGGCAATAGAA 0.998 99.02 Petri et al., 2018

R CAGCAGCCCAGCCAATGA

CLDN4 F GTGTTTGGCGTGCTGTTGTC 0.999 98.7 Petri et al., 2018

R GGCCTTGGAGCTCTCATCAT

SLC26A3 DRA F TGCACAAAGGGCCAAGAAA 0.999 99.013 Oba et al., 2015

R GCTGGCAACCAAGATGCTATG

DSG1 F AGACAGAGAGCAATATGGCCAGT 0.998 92.48 Steele et al., 2012

R TTCACACTCTGCTGACATACCATCT

HMGCS1 F GCTCCGAGAGGATACTCATCAC 0.999 98.74 Neubauer et al., 2019

R CGCCGAGCGTAAGTTCTTCT

IL-10 F TTAAGGGTTACCTGGGTTGC 0.987 87.3 This manuscript

R GCCTGTGGCATCACCTCTTC

IL-1β F CATGTGTGCTGAAGGCTCTC 0.989 108.3 This manuscript

R GATACCCAAGGCCACAGGAA

IL-6 F CCAATCTGGGTTCAATCAGG 0.979 82 This manuscript

R CAGGATCTGGATCAGTGTTCTG

IFN-γ F GCAGCTCTGAGAAACTGGAGGA 0.982 83.1 This manuscript

R ATGGCTTTGCGCTGGATCT

TNFα F CAAGTAACAAGCCGGTAGCC 0.998 77.2 This manuscript

R AGATGAGGTAAAGCCCGTCA

MyD88 F CGACGACGTGCTGATGGA 0.998 105.3 Neubauer et al., 2019

R CCTGCTGCTGCTTCAGAATATAC

NF-κB F ATACGTCGGCCGTGTCTAT 0.994 104 Jin et al., 2016

R GGAACTGTGATCCGTGTAG

SLC16A1 MCT1 F CATCATGTTGGCTGTCATGTATGG 0.998 90.47 Metzler-Zebeli et al., 2013

R TCCTGCACAGTGTTACAGAAGGA

SLC16A3 MCT4 F CTCACCACAGGGGTCCTTAC 0.998 103.35 Metzler-Zebeli et al., 2013

R AAGTAGCGGTTGAGCATGATGA

SLC26A3 DRA F TGCACAAAGGGCCAAGAAA 0.999 99.01 Oba et al., 2015

R GCTGGCAACCAAGATGCTATG

SLC9A1 NHE1 F GAAAGACAAGCTCAACCGGTTT 0.998 92.1 Oba et al., 2015

R GGAGCGCTCACCGGCTAT

TJP1 ZO1 F AGCTCGGTGAACACGACAGA 0.997 95.73 Neubauer et al., 2019

R TAGTACTCCTCATCCTCCTCGG

TLR4 F GGTTTCCACAAAAGCCGTAA 0.984 92.6 Petri et al., 2018

R AGGACGATGAAGATGATGCC

ACTB2 F CGTGAGAAGATGACCCAGATCA 0.999 90.17 Steele et al., 2012

R TCACCGGAGTCCATCACGAT

GAPDH2 F TGGAAAGGCCATCACCATCT 0.999 90.95 Steele et al., 2012

R CCCACTTGATGTTGGCAG

HPRT12 F TTGTATACCCAATCATTATGCTGAG 0.999 95.52 Petri et al., 2018

R ACCCATCTCCTTCATCACATCT

OAZ12 F CACAAGAACCGTGATGATCGA 0.998 108.16 Petri et al., 2018

R TCTCACAATCTCAAAGCCCAAA

YWHAZ2 F TGAAAGGAGACTACTACCGCTACTTG 0.997 93.77 Petri et al., 2018

R GCTGTGACTGGTCCACAATCC

The annealing temperature of 60◦C was used for all primers. 1Given if the common gene name is differing from the official gene symbol. 2Considered as reference genes
in this manuscript.
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CON, these effects are only given for feeding phases SARAI and
SARAII because feed additives were only administered during
those phases. Comparisons among the least square means were
performed with pdiff option and considered as significant with
P < 0.05 and as a trend with 0.05≤ P≤ 0.10. Correlation analysis
was performed using the ProcCorr procedure of SAS. According
to Hinkle et al. (2003), the r was interpreted as follows: 0.00 to
0.30 as negligible; 0.30 to 0.50 as low; 0.50 to 0.70 as moderate;
0.70 to 0.90 as high, and 0.90 to 1.00 as substantial.

RESULTS

As part of a larger study, we have previously reported the
effects of phytogenics and autolyzed yeast products on the rumen
fermentation, ruminal pH and rumination activity (Kröger
et al., 2017), rumen digesta- and liquid-associated microbes
and fermentation products (Neubauer et al., 2018), and the
role of feed additives on ruminal biogenic amines, LPS, and
blood metabolome (Humer et al., 2018) under intermittent high
grain feeding. Results of biogenic amines and LPS were used
in this study to establish correlations with rumen microbiota
community and host gene expression.

Diversity of the Epithelial Microbiota
Non-parametric measures of alpha diversity were calculated
for animals fed SARA diets and are shown in Supplementary
Figure 2. For the diversity and richness indices of Shannon,
Simpson, Chao1 and the total number of observed OTUs, no
significant difference was found based on the supplementation of
either AY or PHY in comparison to the CON. However, epithelial
microbial diversity between feeding phases showed an increase
in the Shannon index in SARA diets (4.46 and 4.50 in SARAI
and SARAII, respectively) from an average of 4.26 in the Baseline
(P = 0.04). Shannon index also tended to show an interaction
between treatment and feeding regime (P = 0.09). In the AY
treatment group Shannon index diversity was highest in SARAI
(4.54), whereas in the CON and PHY groups, the highest index
was found in SARAII (4.57 and 4.60, respectively).

Microbial Composition
A total of 1150 OTUs were identified from 817,138 sequences
in 72 samples with an average of 9,948 sequences per sample.
This translated into 15 phyla representing 58 genera based
on the SILVA database (v128). The relative abundance for
all epithelial samples was dominated by Actinobacteria (5.9–
9.3%), Firmicutes (43.3–46.1%), and Proteobacteria (41.5–46.7%).
At the phylum level only Chloroflexi (P = 0.02), and GN02
(P = 0.02) were increased by the addition of PHY (Table 2).
Analysis of the treatment × feeding phase interaction showed
no significant effects at the phyla level. When treatment means
were compared to CON, the supplementation of PHY increased
the relative abundance of Chloroflexi by 1.67-fold (Dunnett-Hsu
adjusted P = 0.01) and GN02 by 12.5-fold (Dunnett-Hsu adjusted
P = 0.03).

Coverage of the rumen ecosystem at the genera level was
on average 49% of the total sequences found, resulting in

TABLE 2 | Relative abundance of epithelial microbiota during SARAI and SARAII
identified to 97% at the phyla level of taxonomic classification using the RDP
SILVA database (v128).

Treatment1 P-value

Phyla CON PHY AY SEM Additive

Actinobacteria 11.3 10.0 7.1 1.24 0.62

Bacteroidetes 1.73 1.95 0.80 0.353 0.12

Chloroflexi 0.006a 0.049b 0.021a 0.0127 0.02

Elusimicrobia 0.040 0.032 0.022 0.0051 0.65

Euryarchaeota 0.167 0.232 0.145 0.0259 0.38

Firmicutes 50.1 45.1 50.2 1.66 0.39

GN02 0.002a 0.031b 0.005a 0.0090 0.02

Planctomycetes 0.014 0.034 0.008 0.0078 0.08

Proteobacteria 35.5 41.1 40.5 1.77 0.48

Spirochaetes 0.008 0.012 0.002 0.0030 0.57

Synergistetes 0.64 0.92 0.68 0.086 0.30

Tenericutes 0.09 0.08 0.29 0.067 0.10

TM7 0.22 0.22 0.15 0.023 0.57

Verrucomicrobia 0.017 0.015 0.001 0.0051 0.54

WPS2 0.000 0.000 0.006 0.0019 0.39

SEM, standard error of the mean. P-value additive is based on the fixed effects
ANOVA model using the Tukey–Kramer method. 1Treatment is the additive that
was added to SARA diets; CON: control, no supplementation; PHY: phytogenic
product; AY: autolyzed yeast. a,bDiffering superscripts in the same row indicate
significant variation in comparison to the control group based on Dunnett-
Hsu analysis.

identification of 58 unique genera (Supplementary Table 1).
At the phylum level only Chloroflexi (P = 0.02), and GN02
(P = 0.02) were increased by the addition of PHY (Table 2).
In contrast, supplementation with AY showed a trend toward
decreased Succiniclasticum when compared to CON (Figure 1).
Dunnett-Hsu adjusted analysis of each additive when compared
to the control showed trends toward decreases in Bifidobacterium
(P = 0.08), as well as an increase in SHD-231 (P = 0.07) when
PHY was supplemented. In contrast, only Succiniclasticum was
found to decrease with AY supplementation compared to CON
(P = 0.06). Analysis of the treatment × feeding phase interaction
showed no significant effects at the genera level.

Analysis of the identified OTUs accounting for more
than 0.15% of the total population of sequences was unable
to accurately identify to the species level of taxonomy
(Supplementary Table 2). However, one OTU identified as
Succiniclasticum-like (97%) with a relative abundance of 2.54%
was found to be significantly decreased by the supplementation
with both PHY and AY. Analysis of the treatment× feeding phase
interaction showed 4 OTUs with a significant interaction (OTU 7,
22, 33, and 39), all of which belong to the order Clostridiales but
could not be identified at the genera level.

Biomarker Genera Within the Epithelial
Microbial Community
Using the all sequencing data, LEfSe was performed in order
to identify key bacteria groups related to both diet and feed
additive using all microbial data. When data were compared
using LEfSe without the effect of feeding, no significant
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FIGURE 1 | Relative abundance (%) of genera significantly (P ≤ 0.05) affected by feeding phase, additive treatment or an interaction of feeding phase with treatment.
∗ Indicates a trend toward significant interaction, ∗∗ Indicates a significant interaction. †Indicates a trend toward significant effect of treatment, †† Indicates a
significant effect of treatment. ‡ Indicates a trend toward significant feeding phase ‡‡ Indicates a significant effect of feeding phase. Genera with no label have only a
significant effect of feeding phase. Genera not including in graph that only had a tendency toward significant effect of feeding phase include: Actinomyces,
Phenylobacterium, Pyramidobacter, Ruminobacter, and Sphingomonas.

differences were found for PHY and AY. However, with the
added parameter of feeding phase, a large number of biomarker
groups were identified (Figure 2). In the Baseline feeding period,
the Methanobrevibacter genus was identified as a biomarker
species for the AY treatment. Whereas in the PHY treatment,
Methanosphaera, Clostridium, and Dehalobacterium were the
biomarker genera identified. In the first SARA challenge,
members of the genera Bifidobacterium were identified as key to
AY, whereas, Atopobium, Bacillus, Lactobacillus, Succiniclasticum,
and Sharpea were biomarker groups for the PHY group. During
SARAII, only the PHY group had a biomarker group at the genera
level, Anaerovibrio.

mRNA Expression of Host Genes
Gene expression targets were identified in order to assess the
general impact of feed additives on the host tissue pH-regulation
mechanisms, cellular transport and metabolism, barrier function,
and inflammation pathways (Table 3). Gene expression of DRA
was increased with the addition of AY in the diet compared
to CON (P = 0.02). Expression of NHE1 increased with AY
supplementation (P = 0.05). Relative expression of gene target
BDH1 was significantly increased with the supplementation of
AY. Expression of cellular transport gene target MCT1 and MCT4

were significantly increased with the addition of AY in the
diet. Changes in gene expression related to cellular metabolism
included a treatment effect for HMGCS2 with a significant
increase in AY supplemented animals compared to CON and
a 32% increase in BDH1 expression with AY supplementation
(P = 0.002). Three barrier function associated genes showed a
positive effect of feed additive on expression, including CLDN1,
CLDN4, and ZO1. Analysis with Dunnett-Hsu adjustment also
identified a significant increase for all three genes with the
supplementation of AY compared to the CON diet.

Correlation Analysis for Rumen Epithelial
Ecology
Multivariate constrained ordination (CCA) was performed using
the biomarker genera indicated from the LEfSE analysis and all of
the tested gene expression targets with reference to the microbial
community composition of each individual sample. Clustering
based on feed additive was determined using canonical likelihood
(Figure 3) with the first eigenvalue corresponding to 56% of
the variation in the samples (P = 0.01). Interestingly, a number
of correlations between specific genes and biomarker species
with reference to feed additive were seen. Animals fed the CON
showed a strong positive correlation to NHE1 expression and
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FIGURE 2 | Linear discriminant analysis effect size (LEfSe) analysis to determine biomarker genera within the rumen microbial community of animals receiving either
autolyzed yeast (AY) or a phytogenic compound (PHY) under Baseline 100% forage feeding or one of two SARA challenges of either 7 days (SARAI) or 14 days
(SARAII) with a week of Baseline feeding in-between. Letter provided before the microbial taxa related to the taxonomic level (p_: phyla; c_: class; o_: order; f_:
family; g_: genera).

Succiniclasticum abundance, as well as a negative correlation to
MCT1 and ZO1 expression. Autolyzed yeast supplementation
correlated positively with CD14 and DRA and the abundance
of Lactobacillus but negatively correlated with CLDN1, MyD88,
MCT4 and genus Succinivibrio. Supplementation with PHY
showed positive correlations to TLR4 and a negative correlation
to CLDN4.

Pearson correlation analysis was performed to assess
the relationship between ruminal biogenic amines on the
entire rumen epithelial community and host gene expression
under high grain feeding. Both cadaverine and tyramine
were significantly associated with an increased abundance of
Oscillospira (r = 0.78 and r = 0.79, respectively; P ≤ 0.001),
Coprococcus (r = 0.83 and r = 0.85, respectively; P ≤ 0.001),
and Anerostipes (r = 0.83 and r = 0.84, respectively; P ≤ 0.001).
Methanobrevibacter was also positively correlated to levels of
histamine in the plasma (r = 0.81; P = 0.001). Comparatively,
gene expression showed only moderate correlations to biogenic
amines and LPS. Negative associations included the level of
isopropylamine and the gene expression for barrier function
gene CLDN1 (r = −0.64; P = 0.008), pH regulation gene
targets NHE1 (r = −0.56; P = 0.02), NHE2 (r = −0.65;

P = 0.01), AE2 (r = −0.61; P = 0.01), and epithelial metabolic
function gene BDH2 (r = −0.61; P = 0.01). Other negative
correlations included between putrescine and CLDN4 (r =−0.52;
P = 0.04) as well as ethanolamine and MCT4 (r = −0.59;
P = 0.02). Positive correlations with inflammation gene
target IL-6 included pyrrolidine (r = 0.58; P = 0.02) and LPS
(r = 0.57; P = 0.02).

Additional Pearson correlation analysis was performed
using SAS (version 9.2) to assess the direct correlations
between treatment specific biomarker genera from the high
grain diets and gene expression for all targets, ruminal
concentrations of biogenic amines and LPS. Anaerovibrio
showed the strongest positive correlations to biogenic amines
including putrescine (r = 0.67), cadaverine (r = 0.84), and
tyramine (r = 0.83). Succiniclasticum and Bifidobacterium
were both moderately positively correlated to ethanolamine
(Figure 4). Significant correlations between high grain
diet biomarker genera and gene targets were all positive
in association but only moderate (0.5 ≤ r ≤ 0.7) with
Atopobium and Sharpea both correlating to ATP1A1, IL-1β,
IL-10, IL-6, and MCT2, and Succiniclasticum correlated with
CSDN (Figure 4).
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TABLE 3 | Relative transcript (11Cq) abundance for all gene targets based on
effect of additive supplementation.

Treatment1

CON PHY AY SEM P-value additive

pH Regulation

AE2 0.03 0.03 0.04 0.001 0.85

ATP1A1 1.15 0.97 1.16 0.062 0.30

DRA 3.15a 3.65a 5.66b 0.766 0.02

NHE1 0.08a 0.08a 0.10b 0.008 0.05

NHE2 0.50 0.56 0.51 0.019 0.58

NHE3 0.26 0.30 0.23 0.020 0.40

PAT1 0.01 0.01 0.01 0.001 0.44

Nutrient transport/cellular metabolism

BDH1 0.92a 1.19a 1.55b 0.180 0.003

BDH2 0.11 0.10 0.10 0.003 0.70

HMGCS1 0.62 0.43 0.64 0.068 0.32

HMGCS2 4.29 3.55 5.24 0.487 0.04

MCT1 1.82a 2.39a 3.23b 0.410 0.003

MCT2 0.002 0.002 0.002 0.0001 0.77

MCT4 0.002a 0.002a 0.003b 0.0003 0.03

Inflammation

CD14 0.08 0.08 0.07 0.004 0.46

IL10 0.0001 0.0002 0.0001 0.00002 0.28

IL1β 0.003 0.004 0.003 0.000 0.50

IL6 0.0004 0.0009 0.0003 0.00019 0.47

INFγ 0.0003 0.0003 0.0003 0.00001 0.84

MyD88 0.08 0.11 0.11 0.009 0.15

NFκB 0.06a 0.09b 0.10b 0.012 0.02

TLR4 0.006 0.008 0.006 0.0008 0.11

TNFα 0.003 0.003 0.002 0.0002 0.39

Barrier function

CDSN 0.001 0.001 0.0004 0.00016 0.38

CLDN1 1.17a 1.33a 1.78b 0.182 0.02

CLDN2 0.00001 0.00001 0.00002 0.000001 0.59

CLDN4 1.46a 1.39a 2.38b 0.317 0.001

CLDN7 0.02 0.02 0.02 0.002 0.32

DSG1 0.16 0.11 0.17 0.019 0.40

OCLN 0.19 0.20 0.20 0.002 0.97

ZO1 0.43a 0.47a 0.63b 0.059 0.01

SEM, standard error of the mean. P-value additive is based on the fixed effects
ANOVA model using the Tukey–Kramer method. 1Treatment is the additive that
was added to SARA diets; CON: control, no supplementation; PHY: phytogenic
product; AY: autolyzed yeast. a,bDiffering superscripts in the same row indicate
significant variation in comparison to the control group based on Dunnett-
Hsu analysis.

DISCUSSION

This study was conducted as part of a larger experiment looking
at feed additives and detailed information about the experimental
design and feeding, as well as the results for ruminal pH, chewing
activity, ruminal microbiome, plasma associated metabolome,
and LPS, have been reported in our companion papers (Kröger
et al., 2017; Humer et al., 2018; Neubauer et al., 2018). The aim
of this study was to determine the effect of supplementation of
PHY or AY feed additives under repeated bouts of grain-induced

SARA on rumen epithelial microbial populations, epithelial gene
expression, and their interaction with regards to barrier function,
and pro-inflammatory signaling.

Role of AY
Numerous studies have reported positive effects of yeast products
on rumen fermentation and microbial activity, either through
the provision of limiting substrates (Callaway and Martin,
1997; Mao et al., 2013) or through inhibition Gram-negative
bacteria (Ganner and Schatzmayr, 2012). In the rumen, Gram-
negative bacteria are the source of the rumen endotoxin, a
pro-inflammatory molecule that has been attributed to several
symptoms of SARA, and is known to increase in luminal
concentration under high-grain feeding (Plaizier et al., 2012).
Gram-negative bacteria release the endotoxin during exponential
growth phase and especially during lysis in response to decreased
pH (Plaizier et al., 2012); therefore, the inhibition of Gram-
negative bacteria during a SARA challenge could potentially
reduce the risk of the endotoxin-induced inflammation. In
the current study, the rumen epithelial population consisted
of predominantly Gram-negative phyla in the baseline feeding
(56%) but significantly less Gram-negative phyla in the two bouts
of SARA (30 and 47% in SARAI and SARAII, respectively).
When analyzing the impact of AY supplementation, effects
were only seen at the OTU level with a significant decrease in
the Gram-negative Succiniclasticum-like OTU4 accounting for
2.5% of the relative epithelial abundance. Succiniclasticum spp.
are associated with the feeding of high grain diets, and are a
functionally important rumen genera that ferments succinate
to propionate during the fermentation of carbohydrates (van
Gylswyk, 1995). However, the role of Succiniclasticum spp. in the
production of endotoxins remains unknown. In the companion
paper, Neubauer et al. (2018), a shift in the ratio of Gram-
negative to Gram-positive bacteria was also seen in the rumen
digesta and rumen liquid microbial populations, with a notable
decrease in the Succiniclasticum spp. in association with the
supplementation AY. This information taken together with the
epithelial microbiota data from the current study, shows an
impact of AY on the Gram-negative bacteria in all niches (solid,
liquid, and epithelial) of the rumen bacterial ecosystem.

Identifying the most biologically informative components
differentiating two or more treatments can be challenging in
rumen microbial datasets due to inherent sequencing bias,
complex rumen interactions, and high inter-animal variability.
From the mixed model analysis of phylogeny, no effect of
treatment was found for Bifidobacterium; however, it was the
only bacterial genera determined as a biomarker genus for AY
supplementation. Previous research has shown that the addition
of yeast cell wall components to the rumen can act as a binding
agent for Gram-negative bacteria and result in an increase
in beneficial bacteria such as Lactobacilli and Bifidobacteria
(Ganner and Schatzmayr, 2012).

From an animal health and immunity perspective, yeast
cell wall components from Saccharomyces cerevisiae have
been reported to promote the synthesis and release of
the pro-inflammatory cytokines and are involved in the
release of other cytokines such as IL-1β, IL-2, and IL-6
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FIGURE 3 | Canonical correlation analysis between genes and biomarker species determined using LEfSe analysis. Control treatment samples are indicated by red
circles, phytogenic treatment samples by green triangles and autolyzed yeast samples are indicated by blue down facing triangles. The larger circles in each
treatment color represent the 50% contours representing the region in the space where 50% of the observations for each group should fall and the 95% confidence
ellipses which show the 95% ellipsoids for the mean of each group. The eigenvalues 1 and 2 represent 55.96 and 44.04% of the variation, respectively. Wilks’
Lambda test gave a F-test value of 0.0119.

(Medzhitov and Janeway, 2000; Brown, 2005). A subacute
inflammatory response could contribute to chronic and
progressive changes in the tissue function (Bradford et al., 2015).
However, in the current study there was no effect of feed additive
on the pro-inflammatory cytokines. The supplementation of
AY in the current study resulted in an increase in the relative
expression of pH regulation gene targets (DRA and NHE1),
nutrient transport and cell metabolism targets (BDH1, HMGCS2,
MCT1, and MCT4). However, Kröger et al. (2017) reported
that supplementation with AY increased DMI by 20% and
increased eating time compared with CON, resulting in a trend
toward increased ruminal pH. Increased DMI and eating time
are in agreement with our finding that AY supplementation
increased the relative expression of nutrient transporters and
cell metabolism gene targets in the rumen epithelium. The basis
of SARA is the rapid production of SCFA in the rumen, often
resulting in an accumulation over extended periods of time after
an eating event (Zebeli et al., 2008). An increase in nutrient
transporter gene expression could indicate rumen epithelial
adaptation, and a subsequent increase in SCFA removal from the

rumen. The increase in pH regulation gene expression and cell
metabolism gene target expression, would support the finding of
increased transport of nutrients into the cell. Kröger et al. (2017)
found an increase in DMI but no decrease in pH under AY
supplementation. This would indicate an increase in fermentable
substrate but associated with no reduction in pH. These findings
together support the hypothesis that AY supplementation
increased epithelial uptake of SCFA and cellular metabolism.

In the current study, supplementation with AY also resulted
in an increase in the relative expression of barrier function targets
(CLDN1, CLDN4, and ZO1) as well as NF-KB. Increases in barrier
function gene targets have also been previously associated with
increases in DMI (Petri et al., 2018), and in association with
lower pH (McCann et al., 2016) in SARA induction. However,
the exact mechanism regarding the impact of ruminal pH on
barrier proteins remains unclear. In the current study, the cattle
were subjected to multiple bouts of SARA through a high grain
feeding challenge, which has been previously shown to impact
the host epithelial gene expression and recovery of epithelial
tissue (Petri et al., 2019). Zanello et al. (2011) reported that yeast
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FIGURE 4 | Pearson correlation between biomarker genera, rumen papillae gene expression, biogenic amines, and endotoxins for all animals.

downregulated the expression of genes involved in inflammation
and recruitment and activation of immune cells in intestinal
epithelial cells, specifically IL-6. Supplementation with AY in the
current study did not impact any of the measured inflammatory
cytokine expression but did increase the expression of NF-κB.
Despite minor increases in the gene expression of NF-κB, no
inflammation was found in the animals under the experimental
conditions. Gene expression changes are not indicative of protein
translation, and therefore further studies looking at localized
inflammation should consider proteomic analysis of the rumen
epithelium. Furthermore, no effect in the expression of TLR4
supports previous research that has shown the adaptations in
TLR4 expression occur within 24 h of a single bout of SARA
(Liu et al., 2015; McCann et al., 2016). The role of TLR4 in
the epithelium is not only to initiate the inflammatory response
by binding pathogen-associated molecules (Akira and Takeda,
2004), but also to aid in cell survival and tissue repair through
the NF-κB mediated suppression of apoptosis (Li et al., 2010).

Role of PHY
Despite minimal changes in the diversity, changes in the
phylogeny were seen at all taxonomy levels. Normalized relative
abundances showed numerical increases compared to CON
in Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria
when PHY are given, regardless of dietary regime. This
indicates an alteration in the rumen environment possibly
by providing more favorable conditions for microbial growth
based on selective pressure on microbial populations through
impacting cell wall integrity (Neubauer et al., 2018). In the
current study only two phyla, Chloroflexi (Gram-negative) and
Planctomycetes (no gram stain), were found to be significantly
higher when PHY was supplemented. The phylum Chloroflexi,
previously called green non-sulfur bacteria (GNS), is found in

many environments (Garrity and Holt, 2001) and within this
phyla there are approximately 30 named species in over 20
genera. Of these, class Anaerolineae is the only class known to
have host-associated species (Camanocha and Dewhirst, 2014).
At the genera level, SHD-231 (class Anaerolineae) doubled
in relative abundance associated with PHY supplementation.
Unfortunately, the metabolic role of these groups is not
understood in the rumen and especially with reference to the
rumen epithelium. While extensive research has been done in the
last decade with regard to determining the key taxa associated
with the rumen epithelial community, still very few have been
cultured and therefore, very little information is known about
their metabolic role and their impact on the host.

In comparison, genera Selenomonas is one of the original
rumen bacteria grown and analyzed using classical microbiology
(Hungate, 1966). In the current study, Selenomonas tended to
be increased in relative abundance under PHY supplementation.
The most common ruminal species is S. ruminantium, a
well-known Gram-positive rumen microbe, which is reduced
during lactic-acid accumulation (Meissner et al., 2010). In our
companion study, Neubauer et al. (2018) reported no effect of
phytogenic and autolyzed yeast feed additives on total lactate in
the rumen. This is to be expected under SARA conditions where
lactate does not accumulate in comparison with lactic acidosis.
However, Dinsdale et al. (1980) found Selenomonas to also be
a critical part of the rumen epithelial microbial community,
contributing to the breakdown of ruptured epithelial cells under
low pH conditions. Therefore, a shift toward Selenomonas
populations under PHY supplementation, especially under low
pH where lactic acid accumulates and epithelial cell turnover
is high, could provide an advantage to the host in mitigating
acidosis severity and by increasing energy supply to the host in
the form of propionate.
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The use of LEfSe was performed in order to attempt to
identify key bacteria groups related to both diet and feed
additive. This method of biomarker species prediction has been
used in human gastrointestinal research to assess host factors
such as lifestyle and disease (Segata et al., 2011). Five genera
were determined as biomarker genera for PHY in SARAI
including Atopobium, Bacillus, Lactobacillus, Succiniclasticum,
and Sharpea. Only Succiniclasticum showed a trend toward
decreasing with PHY supplementation, all other genera were did
not have treatment related effects. In SARAII only one biomarker
genus was found in association with PHY, Anaerovibrio, which
also showed a numerical increase in the PHY treatment group
but no statistical significance. Differences between the statistical
analysis and the LEfSe analysis can be expected based on
the reduced database used in LEfSe classification. This of
course removes some of the rarer OTUs and can reduce the
amount of information about the rumen ecosystem. However,
the genetic diversity in the rumen microbiota is extensive
and complex, making an overview analysis of this ecosystem
difficult without first restricting the dataset. Both molecular and
bioinformatic tools include inherent biases based on limitations
within the methodology. However, it is important that we
use multiple techniques to better assess the changes within
the rumen ecosystem under various feeding conditions. The
variation in the statistically significant populations found in
sequencing compared to those genera found to be biomarker
taxa for specific diet × treatment interactions was expected
based on the reduced database bias. Therefore, it is important
to put the results of such analysis within the context of the
rumen environment at the time of sampling. In this regard,
we performed a Pearson correlation analysis with ruminal
concentrations of biogenic amines and LPS (Humer et al.,
2018). Biogenic amines are naturally occurring nitrogenous
compounds synthesized by plants, animals and microorganisms,
mainly through the decarboxylation of amino acids; however,
ingestion can provoke serious toxicological reactions (Del Rio
et al., 2019). In the current study, the highest correlation
to biogenic amines was found between Anaerovibrio and
the biogenic amines cadaverine and tyramine. Hirao et al.
(2000) previously reported that spermidine and cadaverine are
constituents of the cell wall peptidoglycan of rumen bacteria
Anaerovibrio lipolytica and that these diamines are essential
for both cell surface integrity and normal cell growth. In the
present study, there was no correlation between the genera
Anaerovibrio and the ruminal concentration of spermidine.
Buňková et al. (2009) reported that the production of biogenic
amines in bacteria seems to be strain-dependent rather than
related to bacterial species or even genera. It could mean
that there are other Anaerovibrio spp. besides lipolytica that
colonize the rumen wall. The ruminal concentration of tyramine
highly correlate with Anaerovibrio might also indicate that
the level of biogenic amines is not associated with release
from the cell wall of lyzed microbes but instead from the
increased amino acid metabolism of the epithelial microbiota
under specific conditions. Cadaverine is produced from the
decarboxylation of lysine, and tyramine from tyrosine (Buňková
et al., 2009). Previous research looking at the predicted

metabolism (PICRUSt) of the rumen microbiota under acidosis
conditions indicated a significant increase in the production of
amino acid related enzymes and biosynthesis of tyrosine under
two different SARA models (Petri et al., 2017). However, the
metabolic pathways of rumen epithelial microbiota have yet
to be researched under SARA conditions in the rumen. Since
changes in biogenic amines can be seen under low pH conditions
(Humer et al., 2018), without large increases in pathogenic
bacteria (Neubauer et al., 2018), it can be speculated that a
change in the metabolism of rumen epithelial microbiota, not
the alteration in relative abundances of pathogenic microbiota,
are the underlying cause for the production of biogenic amines
and endotoxins. The mode of cytotoxic action putrescine and
cadaverine is the initiation of cell necrosis (Del Rio et al.,
2019). Histamine, a highly pro-inflammatory amine, has been
previously speculated as the causative agent in rumen epithelial
inflammation and during SARA due to its role in laminitis
(Nocek, 1997). However, histamine showed no correlations
to any of the biomarker genera, which was expected since
no inflammation was seen in the animals during the current
studyThe increase in the relative abundance of Anaerovibrio
that was associated with an increase in toxic biogenic amines
in SARAII may imply that despite the increase in ruminal pH
in SARAII, the metabolic shift in epithelial microorganisms
toward increased amino acid metabolism may be a long
term metabolic strategy as it occurred after a longer period
of SARA challenge.

Assessment of the effect of PHY supplementation on host gene
expression only showed an increase in the relative abundance
of NF-κB. As previously mentioned, the increase in NF-
κB may provide a host benefit under low-pH conditions by
reducing cell apoptosis (Li et al., 2010). However, correlation
analysis showed moderate and high correlations between
biomarker genera associated with PHY supplementation in
SARAI and cytokine gene expression in the rumen papillae.
Positive correlations between Sharpea and Atopobium with IL-
1β, IL-10 and IL-6, along with nutrient transporter MCT2
would indicate a positive influence of PHY on biomarker
genera and their impact on the host gene expression. IL-10
is an anti-inflammatory and IL-1β inhibits NF-κB. None of
the biomarker genera had a correlation to TLR4 expression
in the host which would indicate that there are other
forms of host-microbiota cross-talk which have yet to be
elucidated in the rumen.

Analysis of sequencing data, including the biases of PCR,
quality control parameters, database usage, and post hoc statistical
analysis such as LEfSe can result in limitations to data
interpretation. Despite optimization of sample preparation, DNA
extraction, and method analysis, matrixes such as the epithelial
tissue can still show large variation, which results in large
reductions in datasets in an attempt to improve data quality.
These limitations are important to recognize in attempts to
interpret data; however, it is critical that the analysis is repeated
in an attempt to improve our understanding of this complex
microbial environment.

In our previous publications, PHY supplementation altered
the relative abundance of a larger number of rumen digesta
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associated microbiota compared to the number of rumen
epithelial microbiota changed in abundance as shown in the
current study. There are also relatively low changes in gene
expression compared to previous studies in regards to host
epithelial gene expression (Petri et al., 2019). In general, the
impact of feed additives on the rumen microbiota has been
more extensively studied in the literature in comparison to
the impact on the host epithelial gene expression and host-
associated microbiota. This is a critical gap of knowledge
when attempting to provide feed additives that will stabilize
the rumen ecosystem from an overall microbial dysbiosis
under SARA conditions, as the rumen epithelium is a
significant component of that ecosystem. In addition, the
complexity of the analysis should be considered for products
that contain multiple components (i.e., oils, herbs, spices).
Therefore, further research will require that we not only
understand the physiology of rumen fermentation and
digestion, but also the host-associated adaptations and the
communication between these components in the form of
various metabolites including biogenic amines through the
integration of various types of ‘omics analysis, especially in
response to dosed feed additives.

Ruminal dysbiosis continues to be an issue for the modern
dairy industry due to the necessary feed management required
in order for high producing animals to meet their energy
requirements, resulting in low ruminal pH’s. The effectiveness of
nutritional intervention strategies for the prevention of ruminal
dysbiosis under modern feeding regimes remains unclear due
to the complexity of the rumen ecosystem. However, the
rumen epimural community, due to proximity, has the greatest
opportunity to influence host gene expression with regards
to barrier function, cell function and localized inflammation
in high energy diets. The results of this study show that
the AY and PHY products used in this study have different
impacts on the rumen microbial community, and host gene
expression. The addition of PHY tended to impact the rumen
epithelial microbiota, whereas AY tended to impact more
epithelial gene expression targets. The results showed that
supplementing feed additives to high grain production diets
can stabilize epithelial microbial community under low pH
conditions of SARA, which then correlates to changes in the
SARA associated host gene expression. The correlations between
measured biogenic amines and rumen epithelial microbiota
indicates that to improve our understanding of the rumen
ecosystem, it is important to understand the relationships
between diet and the production of metabolic substrates such as
biogenic amines and endotoxins.
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The rumen bacteria in the solid, liquid, and epithelial fractions are distinct and play
important roles in the degradation of urea nitrogen. However, the effects of urea
on rumen bacteria from the three fractions remain unclear. In this study, 42 Hu
lambs were fed a total mixed ration based on concentrate and roughage (55:45,
dry matter basis) and randomly assigned to one of three experimental diets: a basal
diet with no urea (UC, 0 g/kg), a basal diet supplemented with low urea levels (LU,
10 g/kg DM), and a basal diet supplemented with high urea levels (HU, 30 g/kg
DM). After an 11-week feeding trial, six animals from each treatment were harvested.
Rumen metabolites levels were measured, and bacteria of the rumen solid, liquid, and
epithelial fractions were examined based on 16S rRNA gene sequencing. Under urea
supplementation, the concentrations of ammonia and butyrate in the rumen increased,
whereas the concentration of propionate decreased. The population of total protozoa
was the highest in the LU treatment. Prevotella 1 was the most abundant genus in all
samples. The unclassified Muribaculaceae, bacteria within the families Lachnospiraceae
and Ruminococcaceae, and Christensenellaceae R7 were abundant in the solid and
liquid fractions. Butyrivibrio 2 and Treponema 2 were the abundant bacteria in the
epithelial fraction. Principal coordinate analysis showed separation of the solid, liquid
and epithelial bacteria regardless of diet, suggesting that rumen fraction had stronger
influences on the bacterial community than did urea supplementation. However, the
influences on the bacterial community differed among the three fractions. In the solid
and liquid fractions, Succinivibrionaceae UCG 001 and Prevotella 1 showed decreased
abundance with dietary urea supplementation, whereas the abundance of Oscillospira
spp. was increased. Howardella spp. and Desulfobulbus spp. were higher in the
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epithelial fraction of the UC and LU treatments relative to HU treatment. Comparisons
of predictive function in the rumen solid, liquid, and epithelial fractions among the three
treatments also revealed differences. Collectively, these results reveal the change of the
rumen bacterial community to dietary urea supplementation.

Keywords: urea, rumen bacerial community, different microenvironment, epithelium, fermentation parameter

INTRODUCTION

The ruminant livestock is an important contributor to the
agricultural sector due to its production of meat and milk
for human consumption; however, it is estimated that global
meat and milk production will have to increase by more
than 60% to meet the needs of the growing population
(Huws et al., 2018). Moreover, ruminant livestock are a
source of environmental pollution, excreting approximately
70% of ingested nitrogen (Huws et al., 2018). Therefore,
the improvement of ruminant feed utilization has both
economic and environmental benefits. For ruminants, the
type and quality of protein feed play important roles in
animal production because they affect the productivity of
meat and milk (Schwab and Broderick, 2017). In addition,
the availability of high-quality protein feed is challenged by
land constraints. Thus, efforts aimed at increasing protein
utilization efficiency will have considerable influences on
ruminant livestock production.

In the rumen, microbiota degrade the feed protein into
ammonia, which is used to synthesize the microbial proteins
required for animal growth; they contribute up to 55% of the
protein absorbed in the duodenum in lactating cattle (Schwab
and Broderick, 2017; Huws et al., 2018). Therefore, the rumen
microbiota are a key factor affecting protein utilization efficiency.
The released ammonia in the rumen can be absorbed across
the epithelium into the liver and then detoxified to urea,
which is then recycled into the rumen and rapidly hydrolyzed
to ammonia by ureases from ureolytic bacteria (Patra, 2015;
Jin et al., 2017). Therefore, urea is not only a cost effective
non-protein nitrogen (NPN) source that provides ammonia,
which is obligately required by the fiber-digesting bacteria,
but also acts a chemical component that can be measured
to study the mechanisms underlying NPN metabolism by the
rumen microbiota.

Recent studies indicate that the rumen microbial ecosystem
is composed of three communities associated with different
microenvironments: a solid-, a liquid-, and an epithelium-
associated bacterial community (Cho et al., 2006; Sadet et al.,
2007; Liu et al., 2016; De Mulder et al., 2017; Schären et al.,
2017). The solid-adherent bacteria play key roles in fiber
digestion (McAllister et al., 1994). The liquid-associated bacteria
transmit bacteria from the solid-adherent biofilms to newly
ingested feed (De Mulder et al., 2017). The epithelial community

Abbreviations: ADG, average daily gain; ANOSIM, analysis of similarities; DM,
dry matter; DMI, dry matter intake; NPN, non-protein nitrogen; OTU, operational
taxonomic unit; PCoA, principal coordinates analysis; PICRUSt, phylogenetic
investigation of communities by reconstruction of unobserved states; SD, standard
deviation; TMR, total mixed ration; VFA, volatile fatty acid.

is diverse and distinct from the solid- and liquid-associated
bacterial communities; it is associated with volatile fatty acid
(VFA) fermentation, oxygen consumption, urea hydrolysis, and
recycling of nitrogen and tissue (Cheng et al., 1979; Wallace
et al., 1979). Although previous studies have revealed that dietary
urea affects the rumen bacteria and methanogens of finishing
bulls (Zhou et al., 2017) and metabolism in the rumen of dairy
cows (Jin et al., 2018), it is unclear how urea supplementation
affects the solid-, liquid-, and epithelium-associated bacterial
communities. Additionally, a recent study suggested that rumen
bacteria are specialized on an ecological basis with respect to
nutrient utilization (Shaani et al., 2018). In addition, it has
been documented that the ureolytic bacterial communities in
the solid and liquid fractions of the rumen are different from
the ureolytic bacterial community in the epithelial fraction (Jin
et al., 2017). Furthermore, the rumen epithelial bacteria were
found to remain largely unchanged in community structure
when the feed was transitioned from a silage- and concentrate-
based ration (total mixed ration, TMR) to pasture (Schären
et al., 2017). Therefore, we hypothesize that the structure of
the bacterial community in the solid, liquid and epithelial
fractions in the rumen may be differently altered upon dietary
supplementation with urea.

Therefore, the present study aimed to (1) examine the
changes in the main fermentation parameters in rumen contents
induced by exogenous urea supplementation in Hu lambs and
(2) reveal the effects of urea supplementation on the bacterial
communities and the predictive functions of the solid, liquid, and
epithelial fractions by performing high-throughput sequencing of
the 16S rRNA gene.

MATERIALS AND METHODS

Experimental Design, Animals and Diets
The experiment was conducted at a Hu sheep breeding farm
in Jiangsu Province, China, with a randomized complete block
design. A total of 42 male Hu lambs were assigned to three
blocks according to initial body weight (24.3 ± 1.7 kg). The
Hu lambs in each block were fed a TMR based on concentrate
and roughage [55:45, dry matter (DM) basis] and randomly
assigned to one of three experimental diets (Table 1): a basal
diet with no urea (UC, 0 g/kg DM), a basal diet supplemented
with a low concentration of urea (LU, 10 g/kg DM), and a
basal diet supplemented with a high concentration of urea (HU,
30 g/kg DM). Each dietary treatment included fourteen Hu
lambs. All diets met the energy requirements for meat-producing
sheep weighing 25 kg, with an assumed average daily gain

Frontiers in Microbiology | www.frontiersin.org 2 February 2020 | Volume 11 | Article 244272

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00244 February 19, 2020 Time: 17:15 # 3

Li et al. Urea Affects Rumen Bacteiral Communities

TABLE 1 | Ingredients and chemical compositions of the experimental diets.

Item UC LU HU

Ingredient, (g/kg) DM

Corn silage 250.0 247.5 242.7

Peanut vine 200.0 198.0 194.2

Corn grain 420.0 415.8 407.8

Soybean meal 40.0 39.6 38.8

Wheat bran 40.0 39.6 38.8

Premix1 50.0 49.5 48.5

Urea 0.0 10.0 30.0

Nutrient composition

Crude protein (g/kg) 115.9 144.9 200.6

Neutral detergent fiber (g/kg) 326.7 331.2 328.3

Acid detergent fiber (g/kg) 203.9 213.3 208.5

Ether extract (g/kg) 30.8 31.2 31.7

Ash (g/kg) 91.2 91.2 90.9

1Formulated to provide (per kilogram of DM): vitamin A, 1,320,000 IU; vitamin
D3, 264,000 IU; vitamin E, 7,200 IU; Cu, 4,800 mg; Co, 73 mg; I, 144 mg; Mn,
6,480 mg; Zn, 9,600 mg; Se, 84 mg; Fe, 6,480 mg; and Mg, 7,920 mg.

(ADG) of 200 g (Ministry of Agriculture and Rural Affairs of
the People’s Republic of China, 2004). The crude protein (CP)
content in the diets of the UC and LU treatment groups was
less than the requirement for meat-producing sheep, whereas
that in the diet for the HU treatment group was more than the
required amount. In our previous study, quadratic effects of urea
supplementation on DM intake (DMI) and ADG were observed,
and the LU treatment (corresponding to the typical inclusion
level) yielded the highest DMI and ADG among the treatments
(Xu et al., 2019).

Every two lamb were reared in an individual, indoor pen
(4 × 4 m) with wooden slatted floors, were offered a TMR twice
daily (at 07:00 h and 19:00 h) and had free access to drinking
water. The experiment was conducted over 11 weeks, with 1 week
of adaptation followed by 10 weeks of dietary treatment. The
experimental procedures and approaches in this study were
approved by the Animal Care and Use Committee of Nanjing
Agricultural University.

Sample Collection
At the end of the experiment, the final body weights of 6 Hu
lambs from each treatment were recorded, and then, the sheep
were slaughtered according to the procedures of the Animal Care
and Use Committee of Nanjing Agricultural University (Protocol
number: SYXK2017-0007).

The rumen content of each Hu lamb was first homogenized
by hand using disposable polyethylene gloves and then mixed to
reduce localized effects. To obtain the liquid and solid samples,
the whole rumen contents were strained through four layers
of cheesecloth. Approximately 30 ml of strained liquid and the
remaining pellets, representing the solid fraction, were collected
in sterilized tubes. The pH of the rumen fluid was immediately
measured using a portable pH meter (Ecoscan pH 5, Eutech
Instruments, Singapore). To obtain the epithelial samples, the
rumen walls were rinsed with cold sterile saline solution (0.9%

w/v NaCl) three times after removal of the rumen contents.
Epithelial samples from an approximately 1 × 1 cm area of the
rumen epithelium were obtained via scraping with a sterilized
glass slide. The rumen solid, liquid, and epithelial samples were
immediately frozen in liquid nitrogen and then stored at –80◦C
until further analysis.

Measurement of Rumen Fermentation
Parameters
To measure the rumen fermentation parameters, 0.2 ml of
25% HPO3 was added to 1 ml of rumen fluid, and the VFA
levels were then measured using gas chromatography (7890A,
Agilent, United Kingdom) as previously described by Mao et al.
(2008). Another 1 ml of rumen fluid was used to determine the
concentration of NH3-N (ammonia) using a colorimetric method
(Chaney and Marbach, 1962).

DNA Extraction, PCR Amplification,
Library Construction and Sequencing
Microbial genomic DNA was extracted from the rumen solid,
liquid, and epithelial samples according to a bead-beating method
(Yu and Morrison, 2004) using a mini-bead beater (Biospec
Products, Bartlesville, OK, United States). The DNA integrity and
quantity were determined using 1.0% agarose gel electrophoresis
and a NanoDrop ND-1000 instrument (Thermo Scientific,
Wilmington, DE, United States).

To identify the rumen bacteria in the three fractions, the
primers 341F (5′-CCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) were used to amplify the
bacterial 16S rRNA gene V4 region (Human Microbiome Project
Consortium, 2012). PCR was conducted in triplicate, and the
products were purified using the QIAquick PCR Purification
Kit (Qiagen, CA, United States). The purified amplicons were
quantified using a QuantiFluor R© -P fluorometer (Promega, CA,
United States) and then pooled into one sample based on
equimolar concentrations. Finally, the obtained amplicons were
sequenced on an Illumina MiSeq platform to produce 250-bp
paired-end reads.

Sequences Analysis
The paired-end sequences were first assembled into contiguous
sequences (contigs) using FLASH (Magoč and Salzberg, 2011)
and then used for standard quality control by applying the default
parameters in QIIME 1.9.1 (Caporaso et al., 2010). Then, the
retained sequences were clustered into operational taxonomic
units (OTUs) using UPARSE at 97% sequence identity (Edgar,
2013). Potential chimeras were identified and removed using
UCHIME (Edgar et al., 2011). The most abundant sequences
within each OTU were selected as the representative sequences
and applied for the taxonomic classification based on the SILVA
database (version 123) (Quast et al., 2013) using the RDP
classifier with a 0.80 confidence threshold (Wang et al., 2007).
The representative sequences within each OTU were aligned
using MUSCLE (Edgar, 2004), and the alignment was used
to construct a phylogenetic tree using FastTree (Price et al.,
2009). Singletons were removed, and the sequences from each
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sample were then subsampled to the minimum numbers to
decrease the effects of sequencing depth. The Shannon and
Chao1 indices were calculated using QIIME 1.9.1 (Caporaso
et al., 2010). Finally, we used phylogenetic investigation of
communities by reconstruction of unobserved states (PICRUSt)
to predict functional profiles of rumen microbiota resulting
from reference-based OTU picking against the Greengenes
database (Langille et al., 2013). The predicted genes were then
summarized according to Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways.

Principal coordinates analysis (PCoA) was performed and
group differences based on unweighted UniFrac distance,
weighted UniFrac distance and Bray–Curtis dissimilarity matrix
were determined to reveal the differences in the bacterial
communities across the three treatments. Analysis of similarities
(ANOSIM) was performed to indicate group similarity, where
0 = indistinguishable and 1 = dissimilar (Fierer et al., 2010).
Adonis was employed to describe the strengths and significance
of the differences among the microbial communities. For
ANOSIM and Adonis analyses, the p-values were determined
based on 999 permutations. The sequences from the present
study have been deposited in the SRA database under accession
number PRJNA541835.

Quantitative Real-Time PCR
The quantitative PCR was performed on a ABI 7300 real-
time PCR System (Life Technologies, CA, United States) using
SYBR Premix Ex Taq dye (TaKaRa Biotechnology, Dalian,
China). The protozoal 18S rRNA primer (Sylvester et al., 2004)
reported in previous study was used for the quantitative PCR.
Each 20 µl reaction mixture contained 10 µl SYBR Premix
Ex TaqTM (TaKaRa Biotechnology, Dalian, China), 0.4 µl of
each primer (10 µM), 0.4 µl ROX Reference Dye (TaKaRa
Biotechnology, Dalian, China), 6.8 µl of nuclease-free water and
2 µl of the template. Copies of 18S rRNA gene was quantified
in triplicate. A standard curve was prepared by using a 10-
fold serial dilutions of purified plasmid DNA containing the
18S rRNA gene sequence. The total numbers of gene copies
were expressed as log10 numbers of marker loci gene copies
per gram of sample.

Statistical Analysis
Statistic analyses of the rumen fermentation parameters were
performed using the PROC MIXED procedure of SAS 9.4
(SAS Institute Inc., Cary, NC, United States), and differences
were considered to be statistically significant when the p-values
were ≤0.05. For the comparison of bacterial genera and alpha
diversity indices among the three rumen fractions under the
three treatments, we used the Aligned Ranking Transform
in R software and then used the Wilcoxon rank-sum test to
analyze the difference between groups when the interaction was
significant. All p values were corrected using the Benjamini–
Hochberg false discovery rate (q-value < 0.05), and p < 0.05
was considered statistically significant. Values are expressed as the
mean± standard deviation (SD) unless otherwise indicated.

RESULTS

Rumen Fermentation Parameters of the
Lambs in the Three Treatment Groups
Total VFA concentration and pH did not significantly differ
among the three treatments (Table 2). The concentrations of
ammonia (p < 0.01) and butyrate (p = 0.04) were increased with
urea supplementation relative to the concentration under UC
treatment, whereas the molar concentration of propionate was
decreased (p = 0.04). In addition, the molar concentration of
isovalerate in the UC and LU treatments was significantly lower
than that in the HU treatment (p < 0.01).

Summary of Sequence Analysis of the
Bacterial 16S rRNA Gene
A total of 842,698, 744,994, and 777,235 high-quality 16S
rRNA gene sequences were obtained from the solid, liquid,
and epithelial samples, respectively. On average, 46,816, 41,388,
and 43,179 sequences were generated for each sample from
the solid, liquid and epithelial samples, respectively. After
subsampling, based on 97% sequence similarity, a total
of 3,636, 3,816, and 2,971 OTUs were obtained for the
solid (mean = 1,748), liquid (mean = 1,734) and epithelial
(mean = 1,486) samples, respectively.

The results showed that the sequencing depth covered more
than 98% of the bacterial community, ranging from 97.6% to
98.9%. The number of OTUs and Chao 1 index value were
significantly higher in the solid and liquid fractions than those in
the epithelial faction (Table 3). In addition, the number of OTUs
and the Shannon and Chao1 index values were higher in the HU
treatment than in the UC or LU treatment for all three fractions
(Table 3). Moreover, within the epithelial fraction, the number
of OTUs and the Chao1 index value in the HU treatment were
significantly higher than those in the LU treatment.

The PCoA results showed that the bacterial communities
from the three fractions were separated from one another
based on Bray–Curtis dissimilarity matrix (Figure 1A, ANOSIM:
p = 0.001; Adonis: p = 0.001), unweighted UniFrac distance
(Figure 1B, ANOSIM: p = 0.001; Adonis: p = 0.001), and

TABLE 2 | Differences in the rumen fermentation parameters of lambs among the
three treatments.

Item UC LU HU SEM1 p-value

Ruminal pH 5.35 5.52 5.67 0.07 0.17

Ammonia (mg/dL) 5.86b 10.76b 25.99a 2.90 < 0.01

Acetate (mM) 71.8 70.8 73.6 2.05 0.87

Propionate (mM) 37.3a 32.0ab 22.6b 2.51 0.04

Butyrate (mM) 9.86b 11.62b 14.65a 0.86 0.04

Valerate (mM) 1.09 1.19 1.29 0.06 0.36

Isobutyrate (mM) 0.73 0.74 1.07 0.06 0.06

Isovalerate (mM) 1.17b 1.16b 1.91a 0.12 < 0.01

Total VFAs (mM) 122.0 117.4 115.0 3.62 0.75

1Standard error of means. a,bValues within the same row with different superscripts
are significantly different (p < 0.05).
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TABLE 3 | Comparison of diversity and richness indices among the solid, liquid, and epithelial fractions under the tree treatments.

Item OTU numbers Shannon Chao 1

Solid Liquid Epithelium Solid Liquid Epithelium Solid Liquid Epithelium

UC 2084c 2015c 1609b 5.80 5.60 5.52 3015c 2897c 2241b

LU 1991c 1936c 1621b 5.59 5.54 5.55 2987c 2882c 2281b

HU 2211c 2243c 1971a 6.31 6.24 6.10 3101c 3159c 2655a

SEM1 316 0.08 441

F <0.001 0.406 <0.001

T 0.002 <0.001 0.024

F × T2 0.877 0.986 0.837

1Standard error of means. 2Probability of a significant effect due to rumen fractions (F), treatment (T), and their interaction (F × T). a,b,cValues within the same row or
column with different superscripts are significantly different (p < 0.05). UC, basal diet with no urea; LU, basal diet supplemented with a low concentration of urea (10 g/kg
DM); HU, basal diet supplemented with a high concentration of urea (30 g/kg DM).

FIGURE 1 | Principal coordinates analysis (PCoA) revealing the separation of the rumen bacteria in the three fractions from the three treatments based on
Bray–Curtis dissimilarity matrix (A), unweighted UniFrac distance (B), and weighted UniFrac distance (C). UC, basal diet with no urea; LU, basal diet supplemented
with a low concentration of urea (10 g/kg DM); HU, basal diet supplemented with a high concentration of urea (30 g/kg DM).

weighted UniFrac distance (Figure 1C, ANOSIM: p = 0.001;
Adonis: p = 0.001).

In order to reveal the difference among the three fractions,
we compared the relative abundance of bacterial genus (Table 4).
The prevalence of Prevotella 1, the unclassified bacteria within the
family Muribaculaceae, Christensenellaceae R7, Ruminococcaceae
NK4A214, Lachnospiraceae NK3A20, the unclassified bacteria
within the family Lachnospiraceae, Ruminococcaceae UCG 014,
and Ruminococcus 2 were higher in the rumen solid and liquid
fractions than in the epithelium fraction. Whereas, the genera
Treponema 2, Butyrivibrio 2, Desulfobulbus, and Campylobacter
were higher in the epithelium fraction than in the solid and
liquid fractions.

To assess functional profiles of rumen microbiota, we
applied PICRUSt to predict the potential functions and
compared the difference among the three fractions (Table 5).
At KEGG level 2, the relative abundance of amino acid
metabolism, carbohydrate metabolism, replication and repair,
and translation pathways were significantly higher in the
rumen solid and liquid fractions than in the rumen epithelial
fraction. However, the pathways of energy metabolism,
cell motility, and signal transduction accounted for higher
abundance in rumen epithelial fraction than in the rumen
solid and liquid fractions. In addition, because rumen
microbiota are clearly separated among the three fractions,
thus we compared the bacterial community composition and

potential function in the rumen solid, liquid, and epithelial
fractions, respectively.

Bacterial Community and Potential
Function in the Solid Fraction Under the
Three Treatments
A total of 18, 16, and 17 phyla were identified in the
rumen solid fraction in the UC, LU, and HU treatment
groups, respectively (Figure 2A). The phylum Bacteroidetes
predominated the rumen solid fraction of the UC (40.0 ± 4.0%)
and LU (43.2 ± 10.2%) treatments, followed by the phylum
Firmicutes (UC = 34.7 ± 8.4%, LU = 29.8 ± 6.9%). However,
in the HU treatment, Firmicutes (41.5 ± 4.7%) was the most
abundant phylum in the solid fraction, followed by the phylum
Bacteroidetes (37.7 ± 3.9%). Proteobacteria was the third most
abundant phylum in the rumen solid fraction regardless of diet
(UC = 16.9± 9.9%, LU = 17.8± 10.9%, HU = 9.3± 6.9%).

A total of 190, 195, and 211 bacterial genera were identified
in the UC, LU, and HU treatments, respectively (Figure 2B). In
the UC and LU treatments, Prevotella 1 (UC = 19.9 ± 7.2%,
LU = 24.1 ± 8.0%) was the most abundant genus in
the rumen solid fraction, followed by Succinivibrionaceae
UCG 001 (UC = 14.5 ± 10.6%, LU = 14.4 ± 9.1%) and
the unclassified bacterium within the family Muribaculaceae
(UC = 5.4 ± 1.6%, LU = 5.8 ± 3.3%); together, these
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TABLE 4 | The effect of rumen fractions on the relative abundances (%) of bacterial genus.

Genus Solid Liquid Epithelium SEM1 p-value2

F T F × T

Prevotella 1 18.84ab 19.39a 14.11c 1.03 0.032 < 0.001 0.053

Muribaculaceae unclassified 5.60ab 6.32a 3.34c 0.47 0.003 0.640 0.154

Christensenellaceae R7 5.02a 4.15ab 2.75b 0.29 < 0.001 0.004 0.140

Treponema 2 3.94b 3.33b 5.82a 0.42 0.022 0.009 0.911

Succiniclasticum 3.72a 1.74b 1.62b 0.22 < 0.001 0.009 0.067

Ruminococcaceae NK4A214 2.97a 3.30ab 1.46c 0.19 < 0.001 0.012 0.035

Ruminococcus 1 2.12a 1.15b 0.46c 0.11 < 0.001 0.500 0.616

Prevotellaceae UCG 001 2.00b 2.41b 7.26a 0.44 < 0.001 0.008 0.020

Lachnospiraceae NK3A20 1.55a 1.13b 0.90b 0.06 < 0.001 0.794 0.820

Lachnospiraceae unclassified 1.49ab 2.13a 0.56c 0.31 < 0.001 < 0.001 0.007

Prevotellaceae UCG 003 1.46ab 1.78a 1.14b 0.10 0.011 0.716 0.001

Ruminococcaceae UCG 014 1.34ab 1.83a 0.38c 0.13 < 0.001 0.031 0.174

Saccharofermentans 1.31a 0.62b 0.23c 0.08 < 0.001 0.002 0.056

Prevotellaceae NK3B31 1.27a 0.45bc 0.50b 0.07 < 0.001 0.002 0.083

Ruminococcus 2 1.25ab 1.95a 0.45c 0.18 < 0.001 0.009 0.444

Eubacterium ruminantium 1.09a 0.60b 0.16c 0.06 < 0.001 0.901 0.911

Butyrivibrio 2 0.81b 0.58c 7.19a 0.48 < 0.001 0.426 0.123

Lachnospiraceae AC2044 0.77a 0.50b 0.19c 0.05 < 0.001 < 0.001 0.074

Lachnospiraceae NK4A136 0.75a 0.36b 0.21c 0.04 < 0.001 0.045 0.103

Bacteroidales RF16 unclassified 0.63c 4.47a 1.55b 0.37 < 0.001 0.913 0.790

Acetitomaculum 0.63a 0.42b 0.34bc 0.03 < 0.001 0.771 0.521

Prevotellaceae UCG 004 0.58a 0.26c 0.38b 0.03 < 0.001 0.700 0.014

Veillonellaceae UCG 001 0.37b 0.65a 0.23bc 0.05 < 0.001 0.038 0.374

Eubacterium coprostanoligenes 0.35b 0.78a 0.18c 0.06 < 0.001 < 0.001 < 0.001

Selenomonas 1 0.21b 0.63a 0.16bc 0.05 < 0.001 0.001 0.227

Erysipelotrichaceae UCG 004 0.11c 0.51a 0.19b 0.04 < 0.001 0.054 0.329

Ruminococcaceae UCG 001 0.11b 0.51a 0.04c 0.06 < 0.001 0.007 0.168

Bacteroidales BS11 0.32ab 0.27bc 0.71a 0.07 0.031 0.943 0.060

Anaerovorax 0.31ab 0.18c 0.57a 0.05 < 0.001 0.043 0.727

Family XIII AD3011 0.28b 0.19c 0.50a 0.03 < 0.001 0.578 0.084

Lachnospiraceae UCG 008 0.18b 0.12bc 0.76a 0.06 < 0.001 0.107 0.089

Prevotellaceae unclassified 0.09c 0.15b 0.65a 0.09 < 0.001 0.073 0.450

Alloprevotella 0.09c 0.40ab 0.52a 0.04 < 0.001 0.909 0.428

Fretibacterium 0.01bc 0.03b 0.51a 0.04 < 0.001 0.510 0.653

Desulfobulbus 0.00c 0.03b 2.83a 0.22 < 0.001 < 0.001 < 0.001

Campylobacter 0.00bc 0.00b 0.55a 0.05 < 0.001 < 0.001 0.003

Bacteroidales unclassified 0.47b 0.30c 0.76a 0.04 < 0.001 0.348 0.938

1Standard error of means. 2Probability of a significant effect due to rumen fractions (F), treatment (T), and their interaction (F × T). a,b,cValues within the same row with
different superscripts are significantly different (p < 0.05).

taxa accounted for approximately 40% of the overall bacterial
composition. In the HU treatment, the genus Prevotella 1
(12.4 ± 3.0%) was predominant in the rumen solid fraction,
followed by Rikenellaceae RC9 (6.8 ± 1.8%), Christensenellaceae
R7 (6.2 ± 0.6%), the unclassified bacterium within the family
Muribaculaceae (5.5 ± 1.7%), and Treponema 2 (5.2 ± 2.9%);
together, these taxa accounted for more than 36% of the overall
bacterial composition.

The PCoA plots showed that the composition of bacterial
community differed significantly among the three treatments
based on Bray–Curtis dissimilarity matrix (Figure 2C, ANOSIM:
p = 0.01; Adonis: p = 0.01), unweighted UniFrac distance

(Figure 2D, ANOSIM: p = 0.04; Adonis: p = 0.01) and weighted
UniFrac distance (Figure 2E, ANOSIM: p = 0.02; Adonis:
p = 0.02). Moreover, comparison of group distances across
the three treatments showed that the bacterial community
differed significantly between the LU and HU treatments
(Supplementary Figure S1).

We then applied the non-parametric Wilcoxon rank-
sum test to conduct pair-wise comparisons among the three
treatments. The result showed that a total of 37 bacterial
genera were significantly different between one or more pairs
of treatments (Figure 2F and Supplementary Table S1). The
relative abundances of Ruminococcus gauvreauii, Ruminococcus
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TABLE 5 | The effect of fractions on the predictive function (%) of rumen microbiota.

Level 2 Solid Liquid Epithelium SEM1 p-value2

F T F × T

Amino acid metabolism 10.17ab 10.25a 10.07b 0.03 0.023 0.754 0.092

Biosynthesis of other secondary metabolites 0.99ab 1.01a 0.97b 0.01 0.016 0.851 0.147

Carbohydrate metabolism 10.14ab 10.31a 9.88c 0.04 < 0.001 0.001 0.937

Cell motility 2.14b 2.00bc 2.61a 0.06 < 0.001 0.046 0.011

Cellular processes and signaling 3.87ab 3.87a 3.74b 0.02 0.004 0.041 0.651

Digestive system 0.06b 0.06a 0.05bc 0.00 0.042 0.346 0.055

Endocrine system 0.33ab 0.34a 0.32c 0.00 0.030 0.028 0.685

Energy metabolism 6.07b 6.05bc 6.24a 0.03 0.002 0.007 0.952

Environmental adaptation 0.15b 0.15bc 0.16a 0.00 0.026 0.007 0.027

Enzyme families 2.19ab 2.19a 2.17c 0.01 0.025 0.098 0.358

Genetic information processing 2.73b 2.72bc 2.78a 0.01 < 0.001 0.010 0.193

Glycan biosynthesis and metabolism 2.61 2.75 2.69 0.03 0.020 0.001 0.011

Immune system diseases 0.04bc 0.04b 0.05a 0.00 < 0.001 0.002 0.053

Metabolic diseases 0.11b 0.12a 0.10c 0.00 < 0.001 0.124 0.754

Nucleotide metabolism 4.33b 4.38a 4.28bc 0.01 0.007 0.315 0.045

Replication and repair 9.65ab 9.73a 9.38c 0.04 < 0.001 0.066 0.105

Signal transduction 1.44b 1.39c 1.62a 0.02 < 0.001 0.175 0.001

Transcription 2.60a 2.54ab 2.42c 0.02 < 0.001 < 0.001 0.019

Translation 6.35ab 6.39a 6.26c 0.02 0.017 0.115 0.190

Xenobiotics biodegradation and metabolism 1.53b 1.52bc 1.64a 0.01 < 0.001 0.076 0.951

1Standard error of means. 2Probability of a significant effect due to rumen fractions (F), treatment (T), and their interaction (F × T). a,b,cValues within the same row with
different superscripts are significantly different (p < 0.05).

gauvreauii, Succinivibrionaceae UCG 001, and Selenomonas 3
were significantly higher in the UC treatment than in the LU or
HU treatment. The relative abundances of the genera Prevotella
1, Atopobium, and Olsenella were significantly higher in the
LU treatment than in the UC or HU treatment, whereas the
relative abundance of Christensenellaceae R7 was lower in the LU
treatment than in the other treatments. The relative abundances
of Rikenellaceae RC9, Ruminobacter spp., Succinivibrionaceae
UCG 002, Anaerofustis spp., Ruminococcaceae UCG 010,
Succinimonas spp., Butyrivibrio 2, Pseudobutyrivibrio spp.,
Ruminococcaceae V9D2013, Roseburia spp., Desulfovibrio
spp., Ruminiclostridium 6, Marvinbryantia spp., Anaerovorax
spp., Ruminiclostridium 5, and Lachnospiraceae AC2044 were
significantly increased in the HU treatment relative to the
corresponding abundances in the UC or LU treatment. However,
the relative abundances of Succiniclasticum spp., Lachnospira
spp., Prevotella 7, and the unclassified bacteria within the family
Veillonellaceae were significantly lower in the HU treatment than
in the UC or LU treatments.

The PCoA result of all KOs based on Bray-Curtis dissimilarity
matrix showed that the functional profiles in the rumen
solid fraction of the HU treatment tended to separate the
UC and LU treatments (Figure 2G, ANOSIM: p = 0.05;
Adonis: p = 0.09). Comparison of KEGG pathways at level 2
among the three treatments indicated that energy metabolism,
genetic information processing and metabolism of cofactors and
vitamins pathways were higher in the UC and HU treatments
than those in the LU treatment, while replication and repair
and translation pathways were higher in the LU treatment

(Figure 2H). At KEGG level 3, a total of 81 pathways were
significantly different (Supplementary Table S2). For example,
the pathways of alanine, aspartate and glutamate metabolism,
amino acid related enzymes, and purine metabolism were higher
in the LU treatment than those in the UC and HU treatments.
On the contrary, transporters pathway was lower in the HU
treatment relative to that in the UC or LU treatment.

Bacterial Community and Potential
Function in the Liquid Fraction Under the
Three Treatments
A total of 16, 17, and 18 phyla were identified in the
rumen liquid fractions from the UC, LU, and HU treatments,
respectively (Figure 3A). Bacteroidetes (UC = 49.9 ± 10.8%,
LU = 46.3 ± 9.0%, HU = 42.6 ± 5.0%) was the most abundant
phylum in the three treatments, followed by the phyla Firmicutes
(UC = 25.7 ± 6.6%, LU = 27.8 ± 10.2%, HU = 41.2 ± 7.6%)
and Proteobacteria (UC = 16.8 ± 9.1%, LU = 17.9 ± 12.8%,
HU = 4.7± 4.0%).

A total of 182, 183, and 183 bacterial genera were identified
in the rumen liquid samples from the UC, LU, and HU
treatments, respectively (Figure 3B). Prevotella 1 was the most
abundant genus across the three treatments (UC = 24.5 ± 8.2%,
LU = 21.4 ± 8.4%, HU = 12.1 ± 3.2%). In the UC and
LU treatments, Bacteroidales RF16 (UC = 5.3 ± 4.2%,
LU = 4.5 ± 3.0%) and Succinivibrionaceae UCG 001
(UC = 14.0 ± 9.2%, LU = 10.0 ± 8.2%) were abundant in
the rumen liquid fractions. In the HU treatment, Rikenellaceae
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FIGURE 2 | Bacterial community compositions and potential function in the rumen solid fractions under the three treatments. Bacterial compositions in the rumen
solid fractions of the UC, LU, and HU treatments at the phylum (A) and genus (B) levels. PCoA revealing the separation of the microbial communities in the rumen
solid fractions among the three treatments based on Bray–Curtis dissimilarity matrix (C), unweighted UniFrac distance (D) and weighted UniFrac distance (E).
Heatmap (F) showing significant differences of bacterial genera in the solid fractions among the UC, LU, and HU treatments. PCoA (G) plot revealing differences in
predicted microbial functions based on Bray–Curtis dissimilarity matrix. Heatmap (H) revealing the differences of the predictive function profiles at KEGG level 2 in the
rumen solid fractions among the three treatments. *p < 0.05, **p < 0.01. UC, basal diet with no urea; LU, basal diet supplemented with a low concentration of urea
(10 g/kg DM); HU, basal diet supplemented with a high concentration of urea (30 g/kg DM).
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FIGURE 3 | Bacterial community compositions and potential function in the rumen liquid fractions under the three treatments. Box plots showing the bacterial
community compositions in the rumen liquid fractions of the UC, LU, and HU treatments at the phylum (A) and genus (B) levels. PCoA based on Bray–Curtis
dissimilarity matrix (C), unweighted UniFrac distance (D), and weighted UniFrac distance (E). Heatmap (F) showing differential taxa in the liquid fractions among the
three treatments. PCoA (G) plot revealing differences in predicted microbial functions based on Bray–Curtis dissimilarity matrix. Heatmap (H) revealing the
differences of the predictive function profiles at KEGG level 2 in the rumen solid fractions among the three treatments. *p < 0.05, **p < 0.01. UC, basal diet with no
urea; LU, basal diet supplemented with a low concentration of urea (10 g/kg DM); HU, basal diet supplemented with a high concentration of urea (30 g/kg DM).
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RC9 (6.8 ± 1.6%), Christensenellaceae R7 (6.3 ± 3.4%), and
the unclassified bacterium within the family Muribaculaceae
(7.4± 3.7%) also exhibited high prevalence.

The PCoA results showed that the bacterial community in the
rumen liquid differed significantly among the three treatments
based on weighted UniFrac distance (Figure 3E, ANOSIM:
p = 0.01; Adonis: p = 0.02). However, the differences were not
significant based on Bray-Curtis dissimilarity matrix (Figure 3C,
ANOSIM: p = 0.06; Adonis: p = 0.04) or unweighted UniFrac
distance (Figure 3D, ANOSIM: p = 0.08; Adonis: p = 0.05).
Moreover, the group distances between LU and HU were
significantly different (Supplementary Figure S2).

The relative abundances of Succinivibrionaceae UCG 001,
Prevotella 1, Succiniclasticum spp., Howardella spp., Selenomonas
3, and Prevotellaceae UCG 003 were significantly higher in
the UC treatment than in the LU or HU treatment (Figure 3F
and Supplementary Table S3). The relative abundances of
Eubacterium cellulosolvens, Lachnospira spp., Desulfobulbus
spp., and Lachnoclostridium 1 in the LU treatment were
significantly greater than the corresponding abundances
in the UC or HU treatment. The relative abundances of
Rikenellaceae RC9, Ruminococcaceae NK4A214, Eubacterium
nodatum, Eubacterium coprostanoligenes, Eubacterium
brachy, Ruminococcaceae UCG 010, Prevotellaceae NK3B31,
Lachnospiraceae FCS020, Marvinbryantia spp., Papillibacter spp.,
Succinimonas spp., Pseudobutyrivibrio spp., Ruminococcaceae
V9D2013, Ruminiclostridium 6, Anaerovorax spp., Oscillospira
spp., Succinivibrionaceae UCG 002, Lachnoclostridium 10,
Ruminococcus 2, Coprococcus 2, Ruminiclostridium 5, and
Ruminiclostridium 9 were increased significantly in the HU
treatment relative to those in the UC or LU treatment (Figure 3F
and Supplementary Table S3).

PCoA of all KOs based on Bray-Curtis dissimilarity matrix
showed that the functional profiles in the rumen liquid
fraction were not significantly different among the three
treatments (Figure 3G, ANOSIM: p = 0.4; Adonis: p = 0.2).
However, the relative abundance of carbohydrate metabolism,
and metabolism of other amino acids pathways increased
with the supplementation of urea in diet, while metabolism
of cofactors and vitamins pathway decreased (Figure 3H).
At KEGG level 3, a total of 92 pathways were significantly
different among the three treatments (Supplementary Table
S4). For instance, the pathways of methane metabolism,
protein digestion and absorption, and protein kinases
decreased with urea supplementation in diet, while the
pathways of pyruvate metabolism, valine, leucine and isoleucine
degradation, and butanoate (butyrate) metabolism increased
(Supplementary Table S4).

Bacterial Community and Potential
Function in the Epithelial Fraction Under
the Three Treatments
A total of 22, 19, and 21 phyla were identified in the
rumen epithelial fractions from the UC, LU, and HU
treatments, respectively (Figure 4A). The phylum Bacteroidetes
(UC = 42.5 ± 3.4%, LU = 41.1 ± 7.9%, HU = 46.2 ± 2.2%) was

abundant in the rumen epithelial fraction of Hu lambs, followed
by the phyla Firmicutes (UC = 27.4 ± 3.0%, LU = 26.0 ± 7.2%,
HU = 26.3 ± 5.2%) and Proteobacteria (UC = 18.7 ± 7.3%,
LU = 22.1 ± 10.7%, HU = 12.2 ± 5.9%). In addition, the
phylum Spirochaetes accounted for approximately 5% of the
rumen epithelial fraction of each of the three treatments
(UC = 5.2± 3.2%, LU = 5.0± 2.4%, HU = 8.2± 2.5%).

A total of 255, 244, and 256 bacterial genera were identified
in the UC, LU, and HU treatments, respectively (Figure 4B).
Prevotella 1 accounted for the highest proportion in all
three treatments (UC = 12.6 ± 5.5%, LU = 15.6 ± 6.0%,
HU = 13.9 ± 3.4%), followed by Succinivibrionaceae UCG 001
(UC = 9.7 ± 7.9%, LU = 11.2 ± 9.1%, HU = 2.7 ± 1.7%),
Butyrivibrio 2 (UC = 7.5 ± 1.9%, LU = 7.8 ± 4.5%,
HU = 6.4 ± 2.4%), Rikenellaceae RC9 (UC = 5.7 ± 1.6%,
LU = 5.0 ± 1.6%, HU = 6.5 ± 1.9%), Prevotellaceae UCG 001
(UC = 8.0 ± 4.3%, LU = 4.7 ± 2.6%, HU = 9.2 ± 1.9%),
and Treponema 2 (UC = 4.9 ± 3.1%, LU = 4.7 ± 2.2%,
HU = 7.9± 2.5%).

The PCoA, ANOSIM and Adonis results indicated that
the bacterial community in the rumen epithelium was not
distinguishable among the three treatments based on Bray–
Curtis dissimilarity matrix (Figure 4C, ANOSIM: p = 0.05;
Adonis: p = 0.05), unweighted UniFrac distance (Figure 4D,
ANOSIM: p = 0.08; Adonis: p = 0.06) and weighted UniFrac
distance (Figure 4E, ANOSIM: p = 0.13; Adonis: p = 0.37);
this result was supported by the comparison of group distances
(Supplementary Figure S3).

The comparison of bacterial genera among the three
treatments showed that the relative abundances of
Desulfobulbus spp., Howardella spp., Christensenellaceae
R7, and Lachnospiraceae UCG 010 were significantly higher in
the UC treatment than in the LU or HU treatment (Figure 4F and
Supplementary Table S5). The relative abundance of Olsenella
spp. was significantly greater in the LU treatment than in the
UC or HU treatment, whereas that of Marvinbryantia spp. was
significantly lower in the LU treatment than in the UC or HU
treatment (Figure 4F and Supplementary Table S5). The relative
abundances of Prevotellaceae UCG 001, Succinivibrionaceae
UCG 002, Ruminobacter spp., Prevotellaceae UCG 003,
Succinimonas spp., Prevotellaceae NK3B31, Ruminococcaceae
UCG 010, Ruminococcaceae UCG 013, Prevotellaceae UCG
004, Lachnospiraceae XPB1014, Lachnospiraceae UCG 010,
Papillibacter spp., Oscillospira spp., Treponema 2, Fibrobacter
spp., Ruminiclostridium 5, and Ruminiclostridium 6 were
higher in the HU treatment than in the UC and LU treatments
(Figure 4F and Supplementary Table S5).

PCoA result of all KOs showed that the microbial function in
the rumen epithelial fraction from the HU treatment tended to
differ from the UC and LU treatments, although the difference
was not significant (Figure 4G, ANOSIM: p = 0.49; Adonis:
p = 0.39). At KEGG level 2, the relative abundance of biosynthesis
of other secondary metabolites pathway increased with the
supplementation of urea in diet, while carbohydrate metabolism
pathway decreased (Figure 4H). At KEGG level 3, a total of 54
pathways were significantly different in the rumen liquid fraction
among the three treatments (Supplementary Table S6). The
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FIGURE 4 | Bacterial community compositions and potential function in the rumen epithelial fractions under the three treatments. The bacterial community
compositions in the rumen epithelial fractions of the UC, LU and HU treatments at the phylum (A) and genus (B) levels. Comparison of the bacterial communities of
epithelial fractions based on Bray–Curtis dissimilarity matrix (C), unweighted UniFrac distance (D) and weighted UniFrac distance (E). Heatmap (F) showing
differential taxa in the epithelium fractions among the three treatments. PCoA (G) plot revealing differences in predicted microbial functions based on Bray–Curtis
dissimilarity matrix. Heatmap (H) revealing the differences of the predictive function profiles at KEGG level 2 in the rumen solid fractions among the three treatments.
*p < 0.05, **p < 0.01. UC, basal diet with no urea; LU, basal diet supplemented with a low concentration of urea (10 g/kg DM); HU, basal diet supplemented with a
high concentration of urea (30 g/kg DM).
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pathways of phenylalanine, tyrosine and tryptophan biosynthesis,
and D-arginine and D-ornithine metabolism decreased from UC
to HU treatments, while cysteine and methionine metabolism
pathway increased (Supplementary Table S6).

Quantification of Protozoal Density
No interaction (p = 0.82) between fractions and treatments
was detected with respect to the absolute abundance of total
protozoa (Table 6). The population of protozoa in the LU
treatment was higher than that in the UC and HU treatments
(p < 0.01). Moreover, the liquid fraction had a higher (p < 0.01)
protozoal population than that in the solid and epithelial fractions
regardless of diet.

DISCUSSION

Differences in the Rumen Fermentation
Parameters Among the Three Treatments
In the present study, the ammonia level in the rumen was
increased with urea supplementation (Table 2), which is
consistent with previous results (Spanghero et al., 2018). This
result can be attributed to diverse ureolytic bacteria that do
not limit the conversion of urea to ammonia (Cook, 1976; Jin
et al., 2017), and the increased number of rumen protozoa in
the LU treatment in comparison with UC treatment (Table 6).
Rumen protozoa play an important role in the bacterial protein
breakdown (Williams and Coleman, 1992), and the protozoal
elimination results in a decrease in rumen ammonia based
on a meta-analysis (Newbold et al., 2015). Previous study
reported that the maximum concentration of microbial protein
in the rumen was associated with an ammonia concentration of
8.8 mg/dL (Hume et al., 1970), which is comparable to that the
concentration in the LU treatment (10.76 mg/dL). The present
result is also consistent with the finding that DMI and ADG
were highest in the LU treatment among different treatments
(Xu et al., 2019). However, the concentration of ammonia in
the rumen significantly increased from 5.86 mg/dL in the UC
treatment to 25.99 mg/dL in the HU treatment (Table 2).
Rumen ammonia can be absorbed via simple diffusion and via
potassium channels and some transport proteins (Abdoun et al.,
2006). Ruminants may display signs and symptoms of ammonia
toxicity when the ammonia concentration in the rumen is above

100 mg/dL (Owens and Bergen, 1983). Moreover, the molar
concentration of total VFA did not significantly differ among the
three treatments, which is consistent with previous findings in
beef steers administered slow-release urea (Taylor-Edwards et al.,
2009). Together, these findings suggest urea supplementation
affected the ammonia metabolism in rumen.

The molar concentrations of butyrate and isovalerate were
higher in the HU treatment than in the UC and LU treatments
(Table 2). Similarly, Meng et al. (2000) and Spanghero et al.
(2018) documented that butyrate production increased during
in vitro rumen fermentation. Moreover, Jin et al. (2018)
found that valine, leucine, and isoleucine metabolism were
enhanced in the rumen of dairy cattle fed urea. Previous
studies have suggested that isovalerate is derived from branched-
chain amino acids, such as valine and isoleucine (Allison,
1978). Interestingly, the pathways of butyrate metabolism, and
valine leucine and isoleucine degradation were also higher in
the rumen liquid of HU treatment than in the UC and LU
treatments (Supplementary Table S4). These results suggest that
the metabolism of butyrate and branched-chain amino acids is
affected by urea supplementation.

Differences in Bacterial Community
Structure Among the Solid, Liquid, and
Epithelial Fractions
To understand the changes in rumen metabolism, we examined
the rumen microbiota in the solid, liquid and epithelial fractions.
The phyla Bacteroidetes, Firmicutes, and Proteobacteria were
abundant bacteria in the Hu lamb rumen regardless of diet
or fraction (Figures 2A, 3A, 4A), which is consistent with
previous findings on the global rumen microbiota (Henderson
et al., 2015) and indicates the existence of a core rumen
microbiota. In addition, we found that Prevotella was the most
abundant genus in the three fractions (Figures 2B, 3B, 4B).
This result is consistent with findings regarding the rumen solid
and liquid fractions of dairy cattle fed ryegrass or white clover
(Bowen et al., 2018) and a TMR (forage:concentrate = 70:30,
forage = prewilted grass and maize silage) (De Mulder et al., 2017)
and the rumen contents and epithelium of dairy cattle fed a TMR
(forage:concentrate = 55:45, forage = corn silage and corn stover)
(Liu et al., 2016). Prevotella represents one of the most abundant
genera in the rumen; this genus exhibits genetic and metabolic
diversity (Bekele et al., 2010) and plays roles in carbohydrate

TABLE 6 | Population of total protozoa in the rumen solid, liquid, and epithelium fractions among the three treatments (log10 copy number of 18S RNA gene per
gram of sample).

Protozoa UC LU HU SEM1 p-value2

F T F × T

Solid 6.80 7.24 6.92

Liquid 7.42a 8.05b* 7.54ab 0.11 < 0.001 < 0.001 0.82

Epithelium 7.09 7.33 7.02

1Standard error of means. 2Probability of a significant effect due to rumen fractions (F), treatment (T), and their interaction (F × T). a,bValues within the same row with
different superscripts are significantly different (p < 0.05). *Within the same column means differ significantly (p < 0.05). UC, basal diet with no urea; LU, basal diet
supplemented with a low concentration of urea (10 g/kg DM); HU, basal diet supplemented with a high concentration of urea (30 g/kg DM).
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utilization (Dehority, 1966; Cotta, 1992; Gardner et al., 1995;
Kabel et al., 2011), nitrogen metabolism (Kim et al., 2017), and
fiber degradation (Mayorga et al., 2016). The results of these study
suggest the importance of Prevotella spp. in the rumen microbial
community. However, in contrast to our findings, Schären et al.
(2017) found that the family Lachnospiraceae was predominant in
the rumen epithelium of German Holsteins fed a TMR (35% corn
silage, 35% grass silage, 30% concentrate). This discrepancy may
be attributed to differences in dietary composition (Henderson
et al., 2015) and sample collection approaches (Li et al., 2009).

At the genus level, the present study found that the
unclassified bacteria within the families Muribaculaceae
and Lachnospiraceae, Christensenellaceae R7, Ruminococcaceae
NK4A214, Lachnospiraceae NK3A20, Ruminococcaceae UCG
014, and Ruminococcus 2 were abundant in the solid and
liquid fractions (Table 4). These bacteria have also been
observed in the solid and liquid fractions of dairy cattle
(De Mulder et al., 2017; Schären et al., 2017) and yak (Ren
et al., 2019). The bacteria within the family Muribaculaceae
encode enzymes that degrade plant glycans (hemicellulose
and pectin) and host-derived glycans; they also exhibit
specificity in nitrogen utilization and harbor a specific
urease (Ormerod et al., 2016; Lagkouvardos et al., 2019).
Members of the Christensenellaceae family contain enzymes,
such as α-arabinosidase, β-galactosidase, and β-glucosidase
(Perea et al., 2017). Ruminococcaceae is an important group
of microorganisms playing roles in degradation of cellulose
and fermentation of plant fibers in rumen (Flint et al., 2008;
Biddle et al., 2013). Consistently, the carbohydrate metabolism
pathway is also higher in the rumen solid and liquid fractions
than in the epithelial fraction (Table 5). These observations
are consistent with the prevalence of these microorganisms
in the solid and liquid fractions and suggest the role in
fiber degradation.

The relative abundances of Butyrivibrio 2 and Treponema
2 were high in the epithelial fraction (Figures 2B, 3B, 4B
and Table 4). Treponema spp. are commonly distributed in
the gastrointestinal tract of ruminants, encode a wide variety
of carbohydrate-active enzymes (Rosewarne et al., 2012) and
act synergistically with cellulolytic bacteria to degrade cellulose
and pectin to produce acetate (Liu et al., 2015). In addition,
many bacteria of the genus Butyrivibrio produce butyrate and
degrade plant fibers, such as xylans (Cotta and Forster, 2006).
Acetate can accelerate rumen epithelial cell proliferation (Sakata
and Tamate, 1979), and butyrate concentration is positively
associated with both the absorptive surface area of the ruminal
epithelium and the level of VFA oxidation in the ketogenesis
pathway (Niwińska et al., 2017). Together, these results suggest
a possible role for fraction specification in the determination of
microbial composition.

Changes in the Rumen Bacteria With
Urea Supplementation
The PCoA and ANOSIM analyses showed significant effects of
urea on the solid- associated bacterial community (Figures 2C–
E, p ≤ 0.04), but only limited effects on the liquid-associated

bacterial community (Figures 3C–E, Bray–Curtis: p = 0.06;
unweighted UniFrac, p = 0.08, weighted UniFrac, p = 0.01);
furthermore, the effects on the epithelium associated bacterial
community were not significant (Figures 4C–E, p ≥ 0.05).
Moreover, the Adonis results based on Bray-Curtis dissimilarity
matrix (Figures 2C, 3C) and/or weighted Unifrac metric
distance (Figures 2E, 3E), which takes bacterial abundances
into account, revealed stronger discrimination in the solid-
and liquid-associated bacterial communities than that based
on unweighted UniFrac metric distance (Figures 2D, 3D),
although the significance of the ANOSIM analysis is not
strong (e.g., p > 0.001) because of type I error (La Rosa
et al., 2012), indicating that differences in community
structure (rather than community membership) distinguish
among the three treatments. These results suggest that urea
supplementation in the diet may differentially influence the
bacteria relative abundance in the three fractions. Previous
studies have demonstrated that the solid microenvironment
is dominated by cellulolytic bacteria that participate in
fiber degradation (Schären et al., 2017) and that rumen
cellulolytic bacteria use ammonia as their sole nitrogen
source (Wang and Tan, 2013). These observations may
explain the significant alteration of the solid fraction by
urea supplementation.

The bacteria attached to the rumen epithelium were not
significantly affected by urea addition, supporting previous
studies showing that the epithelial bacteria remained stable
through dietary changes (Cho et al., 2006; Sadet et al., 2007). In
contrast, Petri et al. (2013) and Schären et al. (2017) revealed
that the rumen epithelial bacteria of dairy cattle were significantly
altered during the transition from a forage diet to a high-
concentrate diet (Petri et al., 2013) or a silage- and concentrate-
based diet to pasture (Schären et al., 2017). In this study, the
concentration of ammonia with urea supplementation differed
significantly from that with the basal diet alone, but the molar
concentration of total VFA did not, in contrast to the results of
Schären et al. (2017). Moreover, the epithelium-attached bacteria
is involved in urea hydrolysis (Costerton et al., 1979). Thus, these
differences among studies in rumen fermentation parameters
might explain the study differences in the response of epithelial
bacteria to urea supplementation.

In light of the different effects of urea observed among the
solid, liquid, and epithelial bacteria, we compared the bacterial
genera among the three fractions. In all three fractions, the
relative abundance of the phylum Proteobacteria was lower in the
HU treatments than in the UC and LU treatments. This finding
is consistent with previous research on the rumen microbiota
of finishing bulls fed urea (Zhou et al., 2017). Members of the
phylum Proteobacteria participate in glycine, serine, threonine
and nitrogen metabolism, as revealed by a metaproteomics
approach (Hart et al., 2018). Similarly, the pathway of glycine,
serine and threonine metabolism is also decreased in the solid
and liquid fractions (Supplementary Tables S2, S4). Therefore,
these results indicate that the metabolism of glycine, serine and
threonine is affected when urea is supplied into diet.

At the genus level, Succinivibrionaceae UCG 002 (similar to
Gilliamella spp. based on the BLAST analysis, with 85% sequence
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identity) and Ruminiclostridium 5 were significantly increased
in the three fractions with dietary urea supplementation
(Figures 2F, 3F, 4F and Supplementary Tables S1, S3, S5).
The Gilliamella phylotypes are the core bacteria in the gut
of bees, and can degrade pectin, which is a compound of
the pollen cell wall, and utilize mannose, arabinose, xylose, or
rhamnose (Zheng et al., 2016; Praet et al., 2017). The members
of Ruminiclostridium spp. can use cellulose, xylan, and/or
cellobiose as substrates, primarily to generate acetate, ethanol
and lactate (Yutin and Galperin, 2013). In rumen fermentation,
the rates of degradation of highly processed grains and the
hydrolysis of urea must be balanced for efficient utilization by
rumen microorganisms. Interestingly, the result showed that the
carbohydrate metabolism pathway also increased with dietary
urea supplementation (Figures 2H, 3H). Thus, the relative
increase of Succinivibrionaceae UCG 002 and Ruminiclostridium
5 in all fractions under urea supplementation is likely to relate
with the increased amount of ammonia.

In the solid and liquid fractions, the relative abundance
of Oscillospira spp. significantly increased with dietary urea
supplementation (Figures 2F, 3F and Supplementary Tables S1,
S3). Oscillospira is an enigmatic and anaerobic bacteria from
Clostridial cluster IV that is an important butyrate producers and
is associated with gut health (Gophna et al., 2017). The increase
in abundance of this genus was in accordance with the increased
molar concentration of butyrate (Table 2), and the increased
abundance of butyrate metabolism pathway in the rumen liquid
(Supplementary Table S4). In contrast, SuccinivibrionaceaeUCG
001 (similar to Vibrio spp. based on the BLAST analysis, with
85% sequence identity) and Prevotella 1 showed decreased
abundance under dietary urea supplementation (Figures 2F, 3F
and Supplementary Tables S1, S3). This result is consistent
with previous results for finishing bulls (Zhou et al., 2017) and
lambs (Ishaq et al., 2017). However, Jin et al. (2017) analyzed
the ureC gene and found that the unclassified Succinivibrionaceae
was enriched by urea supplementation in a RUSITEC fermenter;
the difference between the present study and Jin et al. (2017) is
possibly due to the study differences in the target gene (ureC vs.
16S rRNA) and approach (in vitro vs. in vivo).

In addition, the present study found that some bacteria within
specific fractions were altered by urea supplementation. For
instance, Howardella spp. and Desulfobulbus spp. were present at
higher levels in the epithelial fraction of UC and LU treatments
than in the HU treatment (Figure 4F and Supplementary Table
S5). Previous studies revealed that the epithelial microbiota are
possibly associated with oxygen consumption and urea digestion
(Schären et al., 2017). Howardella spp. are reported to have
strong ureolytic activity and to possibly play roles in urea
hydrolysis (Cook et al., 2007). Desulfobulbus spp. participate
in the reduction of sulfur compounds (Schären et al., 2017)
and oxygen consumption (De Mulder et al., 2017), which are
affected by the concentration of propionate (John Parkes and
Graham Calder, 1985); these observations are consistent with the
increased rumen concentration of propionate observed in the UC
and LU treatments. These results indicate that the ureolytic and
sulfur-reducing abilities of rumen bacteria may be affected when
the nitrogen content is increased.

CONCLUSION

In this study, we examined the effects of urea supplementation
on rumen fermentation parameters and on the solid-, liquid-,
and epithelium-associated bacteria. The results showed that
the concentrations of ammonia, butyrate and propionate
were significantly changed with dietary urea supplementation.
The solid-, liquid-, and epithelium-associated bacteria are
significantly different. However, the effects of urea differed
among the solid, liquid, and epithelial fractions, as evidenced
by the fraction differences in bacterial taxonomic composition
and the predicted function. Although the differences were
observed among the different fractions, our study is also limited
by the results based on the 16S rRNA gene approach due
to the resolution and sensitivity. Therefore, examinations of
ruminal protozoa community, rumen metagenome and epithelial
transcriptome are needed to further elucidate the changes in
the rumen microbiota and metabolic pathways, and the rumen
epithelium that occur in response to urea supplementation.
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FIGURE S1 | Box plots showing within-group similarity and between-group
dissimilarity based on Bray–Curtis dissimilarity matrix in the rumen bacteria of the
solid fraction under the three treatments.

FIGURE S2 | Box plots showing within-group similarity and between-group
dissimilarity based on Bray–Curtis dissimilarity matrix in the rumen bacteria of the
liquid fraction under the three treatments.

FIGURE S3 | Box plots showing within-group similarity and between-group
dissimilarity based on Bray–Curtis dissimilarity matrix in the rumen bacteria of the
epithelial fraction under the three treatments.

TABLE S1 | The relative abundance (%) of significantly different genera in the solid
fraction among the three treatments.

TABLE S2 | Comparison of the predictive function in the rumen solid fraction
among the three treatments.

TABLE S3 | The relative abundance (%) of significantly different genera in the
liquid fraction among the three treatments.

TABLE S4 | Comparison of the predictive function in the rumen liquid fraction
among the three treatments.

TABLE S5 | The relative abundance (%) of significantly different genera in the
epithelial fraction among the three treatments.

TABLE S6 | Comparison of the predictive function in the rumen epithelial fraction
among the three treatments.
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Understanding the altered gastrointestinal microbiota is important to illuminate effects
of maternal grazing (MG: maternally nursed and grazed) and barn feeding (BF: supplied
milk replacer, starter feed, and alfalfa hay) on the performance and immune function of
yak calves. Compared with the MG group, the significantly increased body weight, body
height, body length, chest girth, and organ development of liver, spleen, and thymus
were identified in the BF group, which were resulted from the significantly increased
dry matter intake, increased concentrations of propionate, butyrate, isobutyrate,
and valerate, increased ruminal pectinase, duodenal α-amylase, jejunal α-amylase
and trypsin, and ileal trypsin, and promoted gastrointestinal epithelial development.
Furthermore, genera of Sharpea, Sphingomonas, Atopobium, Syntrophococcus,
Clostridium_XIVb, Acinetobacter, Oscillibacter, Dialister, Desulfovibrio, Bacteroides,
Lachnospiracea_incertae_sedis, and Clostridium_sensu_stricto, which were involved
in utilization of non-fibrous carbohydrate and further beneficial to improve the
gastrointestinal digestion, development, and immune functions, were significantly
increased in the BF group. Meanwhile, the significantly enhanced ruminal epithelial
immune functions and intestinal immune functions based on enhanced ruminal immune
related pathway, duodenal IL-1β, jejunal IL-1β, IL-2, TNF-α, and IFN-γ, and ileal IL-1β

were identified in the BF group, which also may induced by the increased abundance
of gastrointestinal microbiota. Overall, barn feeding significantly increased the diversity
of species and abundance of microbes which used different carbohydrates and further
benefit to the growth and immune function of yak calves.
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INTRODUCTION

The yak, which is the major indigenous ruminant on the Qinghai-
Tibetan Plateau in China, has been grazed and used by local
herdsmen for milk, meat, and fuel from feces for several centuries
(Xue et al., 2017). Calves are important for the sustainable
development of the yak industry in the Qinghai-Tibetan Plateau,
so the quality of calf rearing directly determines the performance
of adults (Long et al., 2008). The early life is a critical period
for the developmental plasticity of young ruminants and can
have a long-term impact on various biological functions (Baldwin
et al., 2004; Soberon and Van Amburgh, 2013). The pre-weaning
period for yak calves mainly occurs during maternal grazing and
nursing, which were not beneficial to the oestrs and mating of
female yaks or the survival and growth of calves (Long et al., 2008;
Damián et al., 2017). New ways of feeding during the pre-weaning
period (early life) need to be explored for yak calves, among
which barn feeding with mixed rations of available roughage,
grains, and milk replacer is an alternative to natural maternal
grazing and nursing.

Adequate nutrition during early life is beneficial to
gastrointestinal development, immunity, and the subsequent
functional transition from metabolizing the lactose from milk
to the volatile fatty acids (VFAs) from a solid diet (Liu et al.,
2017; Saro et al., 2018; Yang et al., 2018); this transition could
result in tremendous gastrointestinal metabolism and immunity
alterations for the growth rate of calves (Shade et al., 2012). Many
previous studies have proved that the growth performance and
carcass characteristics of yaks could be improved under barn
feeding when compared with maternal grazing conditions (Dong
et al., 2006; Raghuvansi et al., 2007; Baruah et al., 2012; Chen
et al., 2015). Meanwhile, some studies have also proved that the
maternal milk intake could be beneficial to the growth and the
development of organ and immune function (Schack-Nielsen
and Michaelsen, 2007). So far, few studies have simultaneously
compared the growth, development, and immune function of
yak calves under maternal grazing with milk and fresh grass
versus barn feeding with mixed rations of available roughage,
grains, and milk replacer, which could add our knowledge of yak
calves breeding during the pre-weaning period.

The gastrointestinal microbiota can be manipulated by
altered feeding strategy and subsequently altered nutritional
supplementation to improve productivity and health (Ben
Salem et al., 2005; Abecia et al., 2014). Specifically, the
colonization of the gastrointestinal microbiota of newborn
ruminants starts during birth and continues through successive
waves of colonization and community changes until the
microbiota reaches a stable state later in life, indicating that
the gastrointestinal microbiota during early life is easily affected
by altered diets and environmental exposures (Rey et al., 2014;
Yáñez-Ruiz et al., 2015). Moreover, Receipt of breast milk was
the most significant factor associated with the microbiome
structure, and the cessation of breast milk resulted in faster
maturation of the gut microbiome, which could further influence
the subsequent immune and growth performance (Stewart et al.,
2018). Gastrointestinal microbiota is integral to feed digestion,
nutrient absorption and metabolism, immune response, and

gastrointestinal development in ruminants (Morgavi et al., 2015).
Hence, barn feeding with available roughage, grains, and milk
replacer during early life has the potential to influence the gut
microbiota and further results in tremendous gastrointestinal
functional alterations. In the present study, the effect of two
strategies during early life on the gastrointestinal microbiota of
yak calves was also evaluated, with the aim of further illuminating
the roles of altered gastrointestinal microbiota in regulating the
gastrointestinal function and development of yak calves, which
were further beneficial to their growth and development.

MATERIALS AND METHODS

Animals and Experimental Design
All the yak calves and experimental protocols in this study
were approved by the Institution Animal Care and Use
Committee of the Northwest A&F University (protocol
number NWAFAC1118).

Before the commencement of the trial, all yak calves were
fed with the milk by maternal nursing only in Datong Yak
Breeding Farm of Qinghai Province. In brief, the experiment
was performed in Datong Yak Breeding Farm, where the average
temperature of daytime were 18◦C from the barn and 10◦C from
the pasture. Meanwhile, the dry matter/m2, pasture height, and
leaf/stem of pasture where the grazing group yaks were kept
were also measured and presented as following: dry matter/m2:
89 g/m2, pasture height: 10.5 cm, and leaf/stem (Dry matter
basis): 51.73 g/m2 vs. 31.27 g/m2. A total of ten 30-day-old male
yak calves (34.86 ± 2.06 kg, no significant differences between
two groups) with similar body condition were randomly assigned
to two groups with five calves per group. The maternal grazing
(MG) group was maternally nursed and grazed, and the barn
feeding group was supplied milk replacer, starter feed, and alfalfa
hay. The yak calves in the maternal nursing group had access to
fresh grass and yak milk.

Briefly, The MG yak calves were allowed to graze a rangeland
for a period of 8 h. Water was offered ad libitum twice a day
at 0800 and 1600 h. Specifically, the experiment was performed
from July to October and lasted for 90 days, allowing for the
sufficient grazing of fresh grass. Moreover, at the last day of each
period (10-day intervals as a period), the fresh grass and the
yak milk were collected and provided to the yak calves, and a
total of nine measures of the feed intakes for each of the calves
were recorded and used to calculate the dry matter intake. The
yak calves in the barn feeding group were housed in a barn
and kept in individual pens (7 m × 4 m). The pens included
a sawdust-bedded pack area and a feed lane equipped with an
automatic cable scraping system. In addition to free access to
starter feed and alfalfa hay, all yak calves in barn feeding group
were supplied with milk replacer reconstituted from 100 to 350 g
milk replacer powder (the supplementation of milk replacer were
increased along with the increasing body weight) dissolved in 1 L
60◦C water twice per day at 08:00 and 16:30. Water was supplied
ad libitum to the yak calves during the experimental period.
During the experimental period, the feed offered was recorded at
the last 3 days of each period (10-day intervals as a period), and
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the residue was also collected at the last 3 days of each 10 days,
then pooled and weighed at 3-day intervals for the calculation
of the averaged daily feed intake over the 3 days. This approach
resulted in a total of nine measures of the feed intakes for each
of the calves over the whole period, and the mean of those nine
intakes was used an individual replicate for the statistical analysis
on the difference of feed intake between two treatments.

Feed (including the alfalfa and starter feed) offered was
adjusted daily to ensure at least 10% orts. Feed offered and
refused by each calves were weighed and recorded at the last
day of feeding experiment. Meanwhile, the daily intake was
calculated for further analysis of DMI (overall considering the dry
matter intake of milk replacer, alfalfa, and starter feed). After the
feeding experiment, the yak calves were weighed, and their body
size indexes, including the body height, body length and chest
girth, were recorded.

The details of the nutrient composition of the fresh grass,
starter feed, alfalfa hay, and milk replacer were measured in
accordance with the previous described methods (Xu et al.,
2018) and were given in Supplementary Tables S1, S2. Briefly,
All substrates were dried in a forced-oven at 65◦C for 48 h,
ground through a 1-mm screen Wiley mill (Tecator 1093; Tecator
AB, Höganäs, Sweden), and then stored at 4◦C until further
analysis. According to AOAC procedure (AOAC, 2005), the
samples were analyzed for dry matter (DM, 105◦C), crude protein
(CP, # 988.05), ether extract (EE, # 922.06), ash (# 942.05),
and acid detergent fiber (ADF, # 973.18). The neutral detergent
fiber (NDF) was analyzed using a method by Van Soest et al.
(1991). Meanwhile, the nutrient composition of yak milk was also
measured in accordance with the previous description (da Silva
et al., 2016) and given in Supplementary Table S2.

Sample Collection and Determination of
Organ Index
After the 90-day feeding period, blood samples of all yak calves
were collected before morning feeding, and the plasma samples
were prepared. Then these calves were weighed, euthanized by
exsanguination after intravenous administration of 10% chloral
hydrate solution (100 mg chloral hydrate/kg body weight; Sigma,
United States) and immediately dissected. The liver, thymus,
spleen, and pancreas were collected and weighed immediately.
Organ indexes were expressed relative to body weight (kg of
organ/kg of body weight). Then, 30 cm2 epithelial tissue samples
of the dorsal rumen at the same position were also collected for
direct measurement of the papillae length and width of rumen
epithelium and the thickness of rumen base (Ishii et al., 2005).
Furthermore, following removal of the intestinal contents to
prevent contamination, the middle complete duodenal, jejunal,
and ileal segments were collected in lengths of 3 cm and fixed
in 10% buffered formalin, where they remained for at least
48 h for further histological processing. Briefly, to ensure that
the sampling sites were consistent, we segmented the intestine
into duodenum, jejunum, and ileum using the following criteria:
the duodenum tissue was the first 15 cm of the small intestine
beginning at the pyloric sphincter; the ileum tissue was the
distal 15 cm portion of the small intestine that ended at the

ileocecocolic junction. About 15 cm from the middle of the
small intestine was sampled as the jejunum tissue. Then the
middle complete intestinal segments in lengths of 3 cm were
separately collected for intestinal morphology. And the residual
12 cm sampled duodenal, jejunal, and ileal segments were used
to collect duodenal, jejunal, and ileal mucosal samples. The
duodenal, jejunal, and ileal mucosal samples at the same position
were used to measure the activities of gastrointestinal immune
cytokines, and the rumen dorsal epithelial tissue samples at
the same position were used for further qRT-PCR and RNA
sequencing. All tissue samples were also taken from the same
location in each animal. Briefly, the duodenal, jejunal, and ileal
sections were cut along the dorsal line, and the contents were
emptied. The fundic region of these tissues was washed with ice-
cold 0.9% saline, and the mucosa was scraped using a sterile
glass slide. Specifically, in order to avoid the potential influence
of Payer’s patch on the subsequent measurement, the presence
of Payer’s patch was firstly confirmed and only the patch-free
segment of jejunum were used for sample collection and further
analysis. Meanwhile, rumen fluid was collected and strained
through four layers of sterile cheesecloth. The pH of the rumen
fluid was measured immediately with a mobile pH meter (HI
9024C; HANNA Instruments, Woonsocket, RI, United States);
meanwhile, another 5 mL of rumen fluid was collected for VFA
and NH3-N analyses. Specifically, a solute with metaphosphoric
acid and crotonic acid was added to 2 mL of these 5 mL rumen
fluid samples for further analyses of the VFA concentrations.
Moreover, rumen fluid and the abomasal, duodenal, jejunal, and
ileal content samples were also collected for further 16S rRNA
gene sequencing and digestive enzymes analyses. The duodenal,
jejunal, and ileal segments and the rumen dorsal epithelial tissue
samples, which were fixed in 10% buffered formalin, were stored
at 4◦C until the analysis of rumen and intestinal morphology, and
the other samples were firstly stored in liquid nitrogen for 24 h
and then stored in−80◦C until analyses.

Determination of Rumen and Intestinal
Morphology
Epithelial tissue (30 cm2) of the dorsal rumen, as well as the
middle complete duodenal, jejunal, and ileal segments, which
were fixed in 10% buffered formalin, were used for the analysis of
rumen and intestinal morphology. After being fixed, the samples
were gradually dehydrated by using different concentrations
(60, 70, 80, 90, and 100%) of ethanol. Then, the rumen and
intestinal samples were cut and inserted into cassettes, which
were embedded in liquid paraffin. Next, 5 µm paraffin sections
were cut using the microtome and stained with hematoxylin and
eosin. The papillae length and width of rumen epithelium, the
thickness of the rumen base, and the height and crypt depth
of the intestinal villus were determined using a phase contrast
microscope (Nikon, Japan) (Wu et al., 2018).

Determination of VFA in Rumen Fluid
For VFA and NH3-N measurements, the rumen fluid was
centrifuged at 13,000 × g for 10 min. VFAs were analyzed by
an Agilent 6850 gas chromatograph (Agilent Technologies Inc.,
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Santa Clara, CA, United States) equipped with a polar capillary
column (HP-FFAP, 30 m × 0.25 mm × 0.25 µm) and a flame
ionization detector, as previously described (Xue et al., 2017).
NH3-N in the supernatant was quantified using a continuous flow
analyzer (SKALAR San++, Skalar Co., Netherlands).

Measurement of the Activities of
Gastrointestinal Digestive Enzymes and
Immune Cytokines
The activities of gastrointestinal digestive enzymes, including
carboxymethyl cellulase, xylanase, and pectinase in the rumen,
pepsin, and chymosin in the abomasum, and α-amylase,
trypsin, and lipase in the duodenum, jejunum, and ileum,
were measured by spectrophotometric methods according to the
manufacturer’s instructions (Jiancheng Biological Engineering
Research Institute, Nanjing, China). Moreover, the secreted
immunoglobulin A (sIgA), interleukin-1β (IL-1β), interleukin-
2 (IL-2), interleukin-4 (IL-4), interleukin-10 (IL-10), tumor
necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) content of
mucous membrane samples from the duodenum, jejunum, and
ileum were measured by enzyme-linked immunosorbent assay
(ELISA) kits for cattle (YuanMu Biological Technology Co., Ltd.,
Shanghai, China).

Microbial DNA Extraction, 16S rRNA
Gene Amplification of the V3 + V4
Region, Sequencing, and Bioinformatics
Analysis
The 8 rumen fluid samples were used for DNA extraction
using the CTAB-based method in accordance with Henderson
et al., 2013. Meanwhile, the eight jejunal content and eight ileal
content samples of yak calves from two different treatments
were used for DNA extraction using a QIAamp DNA Stool Mini
Kit (Qiagen, Germany). The integrity of the DNA was assessed
using 1% agarose gel electrophoresis and the purity was assessed
from the 260:280 nm ratio (>1.8) using a NanoDrop ND2000
spectrophotometer (Thermo Scientific, United States), and the
DNA was stored at −80◦C until it was used in sequencing
analysis. Only the DNA samples with an optical density ratio
at 260/280 nm > 1.8 (Supplementary Table S3) and with
ideal integrity (assessed by gel electrophoresis) were used in
further analyses.

The amplicon library was prepared by polymerase chain
reaction amplification of the V3–V4 region of the 16S rRNA gene
using the primer set 341F (5′-CCTAYGGGRBGCASCAG-3′) and
806R (5′-GGACTACNNGGGTATCTAAT-3′) with barcodes (Yu
et al., 2005; Sundberg et al., 2013). PCR reactions were performed
in triplicate 20 µL mixture containing 4 µL of 5 × FastPfu
Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of each primer (5 µM),
0.4 µL of FastPfu Polymerase, and 10 ng of template DNA.
Amplicons were extracted and purified from 2% agarose gels
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
United States) and were quantified using QuantiFluorTM -ST
(Promega, United States).

The 16S rRNA gene amplicons were used to determine
the diversity of and to perform structural comparisons of the

bacterial species present in each of the samples using paired-
end sequenced (2 × 250) on an Illumina HiSeq 2500 platform
according to the standard protocols. The sequence data were
deposited and are available in the Sequence Read Archive (SRA)
of NCBI with the accession project numbers PRJNA543073.

Raw fastq files were demultiplexed using the barcode sequence
with the exact barcode matching parameter. Quality-filtering
of raw tags were performed using Trimmomatic (version 0.36)
(Bolger et al., 2014) with the following criteria: (i) bases off the
start and end of a read below a threshold quality (Score < 2) were
removed (ii) The reads were truncated at any site receiving an
average quality score < 2 over a 4 bp sliding window, discarding
the truncated reads that were shorter than 100 bp.

Paired-reads were merged using USEARCH (version 9.2.64)1

(Edgar and Flyvbjerg, 2015) with the default parameters. The
primer sequences were identified and removed from the merged
reads by using the subcommand “search_pcr” of USEARCH.
Then reads which could not be merged were discarded and
the merged reads with more than two nucleotide mismatch
in primer matching were removed. Then the singletons reads
were eliminated for the following analysis. These sequences were
classified into operational taxonomic units (OTUs) at an identity
threshold of 97% similarity using UPARSE software (Edgar,
2013). For each OTU, a representative sequence was screened
and used to assign taxonomic composition by comparison with
the RDP 16S Training set (v16) and the core set using the
SINTA (Usearch V9.2.64) and PyNAST programed algorithms
(Caporaso et al., 2010; Edgar, 2016) to identified the phylum,
class, order, family, and genus. Subsequent analysis of alpha
and beta diversity was performed based on the output of
this normalized data by separately using USEARCH alpha_div
(Edgar, 2010) and UniFrac metrics (Lozupone and Knight, 2005)
in QIIME (version 1.9.1). The taxon abundance for each sample
was determined according to phylum, class, order, family, and
genus. The microbiota were compared for beta diversity using the
distance matrices generated from weighted UniFrac analysis and
principal coordinated analysis (PCoA) and ANOMIS analysis.
Linear discriminant analysis (LDA) effect size (LEfSe) analysis
and Mann-Whitney U test was performed to estimate the effect
size of species that contributed to the differences between the
samples. The P value was set as <0.05, and the threshold of the
LDA score was set at a default value of 2.0.

RNA Isolation From the Rumen
Epithelium, Sequencing, and
Bioinformatics Analysis
Total RNA from the rumen epithelial tissue samples of 10
yaks was extracted using TRIzol reagent (Invitrogen, CA,
United States). Specifically, DNase I was used during the RNA
isolation process to avoid contamination with genomic DNA.
The quantity and purity of the total RNA was analyzed by
a NanoDrop R© ND-1000 spectrophotometer (Thermo Scientific,
MA, United States), and the integrity of the RNA was assessed
with the Bioanalyzer 2100 and RNA Nano6000 LabChip

1http://drive5.com
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Kit (Agilent, CA, United States). Only samples that had an
OD260/280 > 1.8, OD260/230 > 2.0, and an RNA Integrity
Number > 7.0 were used for further sequencing.

Approximately 3 µg of total RNA from each sample was
used to prepare an mRNA library according to the Illumina R©

TruSeqTM RNA sample preparation protocol. Then, the paired-
end sequencing (2 × 125 bp) was performed on an Illumina
HiSeq 2500 at the Novogene Bioinformatics Institute (Beijing,
China). The 125 bp paired-end raw reads were firstly processed
through SOAPnuke filte to obtain the clean data, by removing
the reads that contain sequencing adapter contaminations or
poly-N and the low quality reads whose Q value were less than
20. At the same time, Q20 and Q30 of the clean data were
calculated (Supplementary Table S4) and all of them were in
good quality (with Q20 > 97% and Q30 > 92%). The index of
the reference genome was built using Bowtie v2.2.3 (Langmead
and Salzberg, 2012), and the sequences were aligned to the yak
genome (Bos mutus, assembly BosGru_v2.0) using HISAT (Kim
et al., 2015). Sequence segments were spliced and annotated, and
transcript expressions were calculated by RSEM (Li and Dewey,
2011). Fragments per kilobase of exon per million mapped reads
(FPKM) was employed to quantify the gene expression. Based
on negative binomial distribution, differentially expressed genes
(DEGs) were screened out by using DESeq with an adjusted
P < 0.05 and fold change >2 or <0.5. Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
for the DEGs was performed by using KOBAS software (Xie
et al., 2011). P < 0.05 was used to define KEGG pathways as
significantly enriched.

qRT-PCR Analysis
Approximately 1 µg of total RNA was reverse transcribed using
a PrimeScriptTM RT reagent kit with gDNA eraser (TaKaRa,
Dalian, China). qRT-PCR was performed using a SYBR R© Green
PCR Master Mix (TaKaRa, Dalian, China). A 20 µL PCR
mixture was quickly prepared. Primers for GAPDH (internal
control gene) and five tested mRNAs (DEGs selected by RNA
sequencing) were designed using Primer-BLAST2 and are listed
in Supplementary Table S5 The PCR was conducted in an
iCycler iQ5 multicolor real-time PCR detection system (Bio-
Rad Laboratories) and programed as follows: 95◦C for 10 min;
40 cycles of 95◦C for 10 s, 60◦C for 30 s, and 72◦C for
30 s; and 72◦C for 5 min. All samples were examined in
triplicate. All data were analyzed using the 2−11Ct method
(Livak and Schmittgen, 2001).

Statistical Analysis
In the present study, all data were tested and were all presented as
normal distribution. The differences of DMI between yaks from
two groups were further analyzed using the MIXED procedure
of SAS (SAS Institute Inc., Cary, NC, United States, 2007) using
the following model: Yij = µ + Di + Tj + TD + εij, which
considering the significant differences of these indices induced by
the time effect in the same treatment. In brief, Yij is the response
variable, µ is the overall mean, Di is the fixed effect of treatment

2http://www.ncbi.nlm.nih.gov/tools/primer-blast/

(i = maternal grazing or barn feeding), Tj is the fixed effect of
time (10 days as a unit) of the experiment, TD is the interaction
of dietary and time, and εij is the residual error. If a significant
diet and time effect was observed, the significance between
the treatment and time differences was separately identified by
Tukey’s test multiple comparisons test. All data are expressed as
the means with the standard error. Differences were considered
to be statistically significant at P < 0.05.

At the beginning of the experiment, the initial body weight,
body height, body length, and chest girth were tested by students’
t test, and no significant differences were identified and the initial
indices were almost the same. Hence, for other indices except
for the DMI data, analyses were performed using Student’s t test
with SPSS 21.0 software with replicates as experiment units, and
differences were considered statistically significant at P < 0.05.

RESULTS

Barn Feeding of Yak Calves During Early
Life Significantly Promoted Growth and
Organ Development
The significant differences between the treatments in the daily
DMI of yak calves were identified in the present study, where
the increased intake was found for calves on barn feeding group
(Table 1). Meanwhile, the DMI of the calves were gradually
increased with the gain of body weight of the calves, and the
differences between the treatments in feed intake were persistent
over the whole period (Supplementary Figure S1). Herein,
compared with the yaks in the maternal grazing group, the yaks
in the barn feeding group showed significantly increased body
weight, body height, body length, and chest girth (Table 1).
Additionally, the weight of the liver, spleen, and thymus and the
organ index of the thymus and pancreas were also significantly
increased in the barn feeding group, while the weight of the
pancreas and organ index of the liver and spleen were not
altered (Table 1).

Significantly Enhanced Rumen
Fermentation, Intestinal Digestion, and
Gastrointestinal Development Were
Identified in the Yak Calves in the Barn
Feeding Group

The rumen fermentation characteristics of yak calves under
the grazing and barn feeding conditions are presented in
Table 2. The pH and NH3-N showed no differences between
the different feeding groups. The total VFA concentration was
significantly higher in the barn feeding group than in the
grazing group. Significantly higher concentrations of propionate,
butyrate, isobutyrate, and valerate were also identified in the
barn feeding group, whereas acetate and isovalerate were not
significantly altered in the present study. Furthermore, the ratio
of acetate/propionate and acetate/total VFA were significantly
decreased in the barn feeding group, while the ratio of
butyrate/total VFA, isobutyrate/total VFA, and valerate/total
VFA were all significantly increased in the barn feeding group.
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TABLE 1 | Effects of two feeding strategies (maternal grazing and barn feeding) during early life on the dry matter intake, body weight and body size traits, organ weight,
and organ index of yak calves.

Items Treatments P-value

Barn feeding Maternal grazing

Growth performance Body weight (kg) 64.5 ± 6.67 87.9 ± 1.60 0.005

Chest girth (cm) 107.3 ± 4.65 116.2 ± 2.90 0.021

Body length (cm) 86.0 ± 3.46 109.2 ± 3.40 <0.001

Body height (cm) 77.3 ± 6.95 95.6 ± 2.30 0.010

Dry matter intake (g) 1396 ± 463 1201 ± 380 <0.0011

Organ weight Liver weight (g) 1391 ± 32.7 1058 ± 76.6 0.001

Spleen weight (g) 238 ± 34.2 151 ± 14.0 0.003

Thymus weight (g) 253 ± 11.4 105 ± 10.5 <0.001

Pancreas weight (g) 50.6 ± 6.79 50.8 ± 2.71 0.939

Organ index Liver index (× 10−2) 1.58 ± 0.025 1.61 ± 0.106 0.722

Spleen index (× 10−2) 0.27 ± 0.037 0.228 ± 0.005 0.050

Thymus index (× 10−2) 0.29 ± 0.016 0.16 ± 0.008 <0.001

Pancreas index (× 10−2) 0.057 ± 0.008 0.077 ± 0.001 0.002

1 the P value < 0.001 for dry matter intake analysis indicated that the Pdiet < 0.001, Ptime < 0.001, Pdiet × time < 0.001.

TABLE 2 | Effects of two feeding strategies (maternal grazing and barn feeding) during early life on the ruminal fermentation characteristics, as well as the ruminal,
abomasum, and intestinal enzyme activities of yak calves.

Items Treatments P-value

Barn feeding Maternal grazing

Ruminal fermentation characteristics Total VFA content 57.8 ± 3.60 67.1 ± 1.82 0.002

Acetate/Propionate 4.17 ± 0.10 3.65 ± 0.27 0.011

Acetate/Total VFA 0.71 ± 0.012 0.63 ± 0.016 <0.001

Propionate/Total VFA 0.17 ± 0.001 0.17 ± 0.009 0.580

Butyrate/Total VFA 0.07 ± 0.009 0.13 ± 0.006 <0.001

Isobutyrate/Total VFA 0.01 ± 0.002 0.02 ± 0.002 0.035

Valerate/Total VFA 0.014 ± 0.101 0.024 ± 0.004 <0.001

Isovalerate/Total VFA 0.026 ± 0.004 0.026 ± 0.002 0.482

Ammonia nitrogen, NH3N (mg/dL) 6.92 ± 0.63 6.56 ± 0.83 0.485

pH 6.84 ± 0.47 7.17 ± 0.10 0.733

Ruminal enzymes Carboxymethyl cellulase (U) 82.9 ± 4.94 79.3 ± 3.14 0.229

Pectinase (U) 245 ± 35.3 174 ± 8.8 0.006

Xylanase (U) 13.8 ± 1.43 12.6 ± 1.42 0.321

Abomasum enzymes Pepsin (U) 34.4 ± 3.14 30.3 ± 1.69 0.045

Chymosin (U) 84.5 ± 2.92 81.8 ± 7.28 0.475

Duodenum enzymes Alpha amylase (U) 45.5 ± 3.33 40.3 ± 1.41 0.022

Trypsin (U) 9.59 ± 0.57 13.57 ± 1.29 0.005

Lipase (U) 4.56 ± 0.66 6.41 ± 0.95 0.020

Jejunum enzymes Alpha amylase (U) 42.2 ± 2.56 35.7 ± 2.00 0.004

Trypsin (U) 13.04 ± 1.16 8.81 ± 2.15 0.021

Lipase (U) 6.45 ± 1.42 10.03 ± 1.19 0.005

Ileum enzymes Alpha amylase (U) 34.9 ± 3.01 40.8 ± 1.60 0.010

Trypsin (U) 4.34 ± 0.74 3.76 ± 0.64 0.259

Lipase (U) 5.38 ± 0.69 7.14 ± 1.98 0.103

Meanwhile, the activities of ruminal and abomasum enzymes in
the yaks in the two groups are presented in Table 2. Ruminal
pectinase was significantly increased in the barn feeding group
(Table 2). Moreover, the ruminal morphology, including the
papillae length and width of rumen epithelium, were significantly

increased in the barn feeding group, while the thickness of the
rumen base was not affected (Table 3).

RNA sequencing was performed to study the effect of
two different feeding strategies on the mRNA profiles of
the rumen epithelium. As a result, 418 upregulated and
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TABLE 3 | Effect of two feeding strategies (maternal grazing and barn feeding) during early life on the ruminal and intestinal morphology of yak calves.

Items Treatments P-value

Barn feeding Maternal grazing

Rumen Papillae width (µm) 1034 ± 29.9 826 ± 28.9 <0.001

Papillae length (µm) 529 ± 12.1 429 ± 10.1 <0.001

Muscle thickness (µm) 2080 ± 27.9 2023 ± 99.4 0.337

Duodenum Villus length (µm) 1044 ± 44.8 854 ± 25.2 <0.001

Crypt depth (µm) 630 ± 12.9 427 ± 8.9 <0.001

Jejunum Villus length (µm) 1197 ± 19.9 951 ± 20.8 <0.001

Crypt depth (µm) 636 ± 27.9 478 ± 18.1 <0.001

Ileum Villus length (µm) 1147 ± 32.7 971 ± 34.7 <0.001

Crypt depth (µm) 531 ± 16.8 341 ± 17.7 <0.001

712 downregulated genes were identified in the yaks of the
barn feeding group compared with the yaks of the grazing
group (Figure 1A). The gene expression profiles of these
1130 DEGs were significantly different between the grazing
and barn feeding groups (Figure 1B). Based on functional
gene clustering, pathways involved in carbohydrate metabolism,
energy metabolism, lipid metabolism, glycan biosynthesis and
metabolism, and amino acid metabolism were affected by the
two different feeding strategies (Figure 1C). Meanwhile, we
further listed the differentially expressed genes involved in these
metabolism process in Supplementary Table S6. Specifically,
we can find that the ACSS, CA4, CA8, and NDUFA4L2,
which are involved in the carbohydrate metabolism (acetyl-
CoA biosynthetic process) and energy metabolism (NADH
metabolism), were all significantly increased in the barn feeding
group, which indicated that the metabolism of these nutrients and
their absorption were all enhanced in the barn feeding groups.

The intestinal enzymic activities in two groups were also
measured. Compared with the yaks in the grazing group, the yaks
in the barn feeding group had significantly increased α-amylase in
the duodenum, α-amylase and trypsin in the jejunum, and trypsin
in the ileum (Table 2). In contrast, the duodenal trypsin and
lipase, jejunal lipase, and ileal lipase were significantly decreased
in the barn feeding groups (Table 2). Furthermore, the intestinal
morphology was also measured. In the barn feeding group, the
villus height and crypt depth of the duodenum, jejunum, and
ileum in the barn feeding group were also significantly increased
in the present study (Table 3).

Barn Feeding Was Beneficial to the
Gastrointestinal Immune Function of Yak
Calves
The gastrointestinal immune functions were also evaluated.
In the rumen, the results of the KEGG analyses based on
the identified DEGs indicated that most of the altered genes
were involved in the regulation of immune functions, which
could be concluded from abundant genes enriched in biological
processes involved in disease occurrence (Figure 1C). The
functional clustering of organismal systems also indicated that
the immune system was the most affected system (Figure 1C).
Furthermore, the KEGG enrichment analyses further identified

30 significantly enriched KEGG pathways, and most of these
significantly enriched pathways were related to the immune
regulation process (Figure 1D). Meanwhile, we also listed the
differentially expressed genes involved in these immune related
pathways in Supplementary Table S7. In brief, we can find that
the barn feeding could meanwhile significantly increased the
genes expression involved in the anti-inflammation and pro-
inflammatory regulation related pathways and the immune cell
development and differentiation related pathways. Moreover,
five of these DEGs were further verified by qRT-PCR, and the
results indicated that the expression of the selected mRNAs
detected by qRT-PCR was consistent with the mRNA sequencing
data (Figure 1E).

Furthermore, based on the identified altered immune function
in rumen, the intestinal immune functions were also identified.
As results, the duodenal IL-1β, jejunal IL-1β, IL-2, TNF-α, and
IFN-γ, and ileal IL-1β were significantly increased in the barn
feeding group compared with the grazing group (Figure 2).
However, sIgA and other immune cell cytokines in different
intestinal segments were not significantly altered (Figure 2).

Diversity and Abundance Changes of
Gastrointestinal Microbiota Response to
Two Different Feeding Strategies
The gastrointestinal microbiota, including the microbiota in the
rumen, jejunum, and ileum, were further analyzed. According to
the alpha diversity analyses, chao1 indexes indicated that barn
feeding with the starter feed and alfalfa hay were beneficial to
the diversity of the gastrointestinal microbiota (Supplementary
Table S8). Moreover, the beta diversity analyses revealed that the
compositions of the gastrointestinal prokaryotic community of
the yak calves in two different feeding groups were significantly
different (Figures 3A–C).

By using LEfSe analyses, differential microbiota were
further identified based on the counts of different microbes
(Supplementary Figure S2 and Figures 3D–F). A total of 33
differential ruminal genera were identified between the two
different feeding groups; among these, Succiniclasticum,
Treponema, Fibrobacter, and SR1_genera_incertae_sedis
were significantly increased in the maternal grazing group,
and Serratia, Methanosphaera, Raistonia, Aquabacterium,
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FIGURE 1 | Differentially expressed mRNAs in the rumen epithelium of yak calves from two different feeding strategies (maternal grazing and barn feeding) groups.
(A) The volcano plot shows the significantly differentially expressed genes (barn feeding group vs maternal grazing group). (B) The heatmap of significantly
differentially expressed genes. (C) Pathway classification based on the differentially expressed genes between the barn feeding group and maternal grazing group.
(D) Significantly enriched pathways based on differentially expressed genes between the barn feeding group and maternal grazing group. (E) Sequencing of five
selected DEGs verified by qRT-PCR.

Stomatobaculum, Faecailbacterium, Sharpea, Parabacteroides,
Limnobacter, Kandieria, Sphingomonas, Vulcanlibacterum,
Atopobium, Alloprevotella, Syntrophococcus, Blautia, Thermus,
Clostridium_XIVb, Acinetobacter, Methylobacterium, Oscilli-
bacter, Dialister, Turicibacter, Escherichia/Shigella, Alistipes,
Desulfovibrio, Bacteroides, Lachnospiracea_incertae_sedis, and
Clostridium_sensu_stricto were significantly increased in the

barn feeding group (Figure 3D). Additionally, significantly
increased genera were identified in the jejunum of the
grazing group, including Akkermansia, Janthinobacterium,
Methanocorpusculum, Methanobacterium, and Syntrophomonas
and in the jejunum of the barn feeding group, including
Odoribacter, Lachnospira, Syntrophococcus, Propionibacterium,
Selenomonas, and Kocuria (Figure 3E). Furthermore, a
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FIGURE 2 | Effect of two different feeding strategies (maternal grazing and barn feeding) during early life on the sIgA and immune cell cytokine content of mucous
membrane samples from the duodenum, jejunum, and ileum of yak calves.

total of 11 significantly increased genera were identified
in the ileum of yaks in the barn feeding group, including
Methanobrevibacter, Synergistes, Methanosphaera, Atopobium,
Syntrophococcus, Selenomonas, Succiniclasticum, Anaerovibrio,
Sphingomonas, Saccharibacteria_genera_incertae_sedis, and
Lachnospiracea_incertae_sedis (Figure 3F). Furthermore, the
similar results which contained the similar but less differential
bacteria were also identified by using the Mann-Whitney U test
(Supplementary Table S9).

DISCUSSION

Our results indicate that the yak calves in the barn feeding group
provided the milk replacer, starter feed, and alfalfa hay during
early life showed improved growth performance and organ
development, in accordance with the results of previous studies

on lambs during early life (Liu et al., 2017; Saro et al., 2018; Yang
et al., 2018). These significantly improved growth performance
were resulted from the significantly increased daily DMI of yak
calves from barn feeding group. Specifically, the lower DMI
observed for animals kept in grazing feeding probably means
that yak calves have some restriction on dry matter intake when
were kept in nursing, which could further influence the rumen
fermentation and intestinal nutrients absorption of yak calves.

Similar to a previous study, rumen fermentation
characteristics were significantly affected due to the significant
differences in nutrient supplementation, which represented
the increased carbohydrate fermentation in the rumen
(Raghuvansi et al., 2007; Xue et al., 2017; Yang et al., 2018). In the
present study, the significantly increased propionate, butyrate,
isobutyrate, and valerate represented the significantly increased
utilization of energy in the rumen, which indicated increased
energy intake and that more nutrients could be provided

Frontiers in Microbiology | www.frontiersin.org 9 April 2020 | Volume 11 | Article 485296

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00485 April 1, 2020 Time: 20:16 # 10

Cui et al. Maternal Grazing and Barn Feeding

FIGURE 3 | Microbial community difference between the two different feeding strategies (maternal grazing and barn feeding) groups. (A) diversity analyses based on
the rumen microbiota; (B) diversity analyses based on the jejunal microbiota; (C) diversity analyses based on the ileal microbiota. (D–F) significantly differential
genera based on the linear discriminant analysis effect size (LEfSe) cladogram, and the differences are represented by the color of the group.

to increase growth performance and organ development
when propionate was absorbed and converted to glucose,
amino acids, and lipids (Orskov, 2012). Specially, a higher
molar proportion of propionate may indicate an increased
supply of propionate for gluconeogenesis, which is especially
important for growing calves. Meanwhile, the significantly
increased propionate, butyrate and isobutyrate could be directly
used by rumen epithelial cells, promoting ruminal papillae
development and further improving the absorption of VFA
(Steele et al., 2016). Furthermore, carbohydrate metabolism,
energy metabolism, and lipid metabolism of the rumen
epithelium were shown to be enhanced in the barn feeding
group by using RNA sequencing. These results again proved
that the ruminal fermentation and absorption of carbohydrates,
lipids, and amino acids were enhanced in the barn feeding
group, which could further influence the metabolism and
development process.

Furthermore, two different feeding strategies were composed
of different nutrition compositions provided to the yak calves,
which further induced the differences of intestinal enzymes.
In the maternal grazing group, the main nutrient resource of
pre-ruminant yak calves was breast milk; thus, the activities
of gastrointestinal protease and lipase could be significantly

increased to obtain more absorbable nutrients. Hence, the present
study found that the duodenal trypsin and lipase, jejunal lipase,
and ileal lipase concentrations were significantly increased in
the maternal grazing groups. In the barn feeding group, the
significant increase in the α-amylase of the duodenum and
jejunum was mainly induced by supplementation with the
starter feed (Harmon, 2009). The significant increase in trypsin
in the jejunum and ileum may have been induced by the
increased microbial protein from the rumen (Geiger et al.,
2014). Moreover, the significantly increased villus height and
crypt depth of the duodenum, jejunum, and ileum in the barn
feeding group all indicated that the absorption of the intestine
was significantly enhanced, which benefited from the increase
in nutrition digestion and was beneficial to the development
and growth of yak calves. Overall, significantly enhanced
rumen fermentation, intestinal digestion, and gastrointestinal
absorption abilities were identified in yak calves in the barn
feeding group during early life.

Recently, several studies have focused on differences of
gastrointestinal microbiota between wild and domesticated
animals, including lizards, cheetahs, yaks, lambs, deer mice,
and seals (Nelson et al., 2013; Kohl and Dearing, 2014;
Kohl et al., 2017; Wasimuddin et al., 2017; Schmidt et al., 2019).
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These studies all identified that the diversity and richness of
the gastrointestinal microbiota were increased in animals from
the wild environment than in captive animals. However, in
contrast to these studies, our research compared the diversity
and richness of the gastrointestinal microbiota of yak calves
from maternal grazing and barn feeding groups during early
life. Therefore, our study identified that barn feeding was
beneficial to the diversity and richness of gastrointestinal
microbiota. As scientifically known, the colonization of the
gastrointestinal microbiota in newborn ruminants starts during
birth, and newborn ruminants could inherit and share some
gastrointestinal microbiota with their mother yaks. In the
present study, during early life, the gastrointestinal microbiota
was mainly affected by the altered diet and environmental
exposure, especially the altered nutritional supplementation.
The barn feeding, which supplied the milk replacer, starter
feed, and alfalfa hay, could provide enough carbohydrate,
protein, and lipid for the growth and proliferation of microbes,
which indicated that more microbial species could survive
in the gastrointestinal tract due to the abundant sources
of carbon and nitrogen (Nelson et al., 2013; Dorrestein
et al., 2014). In contrast, a lower dry matter intake of a
milk and pasture diet from maternal grazing group cause a
lower availability and variety of nutrients in the rumen for
microbial growth. Meanwhile, the yaks calves kept in grazing
feeding were less stimulated to consume forage in function of
presence of their mothers, which also cause a lower rumen
abundance and diversity.

A variety of nutrients results in different abundances and
functions of microorganisms (Ben Salem et al., 2005; Abecia
et al., 2014); moreover, altered gastrointestinal microbiota
could further affect the development and metabolism of host
animals (Morgavi et al., 2015). As we mentioned before, two
different feeding strategies had different abundances of carbon
and nitrogen source. Hence, several differential microbes
were identified in the rumen and intestine. In the rumen, the
significantly increased microbes of yak calves in the maternal
grazing group were mostly involved in the utilization of
fibrous carbohydrates, including Treponema, and Fibrobacter
(Kudo et al., 1987; Mansfield et al., 1994; Klevenhusen et al.,
2017). In contrast, the significantly increased microbes of yak
calves in the barn feeding groups were mostly involved in the
utilization of non-fibrous carbohydrate, including the Sharpea,
Sphingomonas, Atopobium, Syntrophococcus, Clostridium_XIVb,
Acinetobacter, Oscillibacter, Dialister, Desulfovibrio, Bacteroides,
Lachnospiracea_incertae_sedis, and Clostridium_sensu_stricto,
which have also been proven to be related to increased rumen
fermentation in the barn feeding group, especially the increased
production of propionate (Lu et al., 2005; Edwards et al., 2017;
Granja-Salcedo et al., 2017; Zhang et al., 2017). These results
again proved that the different nutrient compositions could lead
to different abundances and functions of microorganisms, which
could further influence the utilization of nutrients. Specifically,
the increase in Methanosphaera has indicated that the rumen
fermentation of carbohydrates and the hydrogen produced
by fermentation were increased, which was in accordance
with the rumen fermentation in the present study and proved

that more carbohydrates were utilized and more energy was
provided in the rumen (Hook et al., 2010; Janssen and Kirs,
2008). Similarly, in the jejunum and the ileum, Odoribacter,
Lachnospira, Syntrophococcus, Propionibacterium, Selenomonas,
Kocuria, Synergistes, Atopobium, Succiniclasticum, Anaerovibrio,
Sphingomonas, Saccharibacteria_genera_incertae_sedis, and
Lachnospiracea_incertae_sedis were altered in barn feeding
group; these genera were also induced by the more abundant
carbohydrates supplied from both fibrous carbohydrate and
non-fibrous carbohydrates and have been suggested to be
involved in the enhanced intestinal digestion and absorption
function observed in the barn feeding groups (McAllister et al.,
2011; Ramakrishna, 2013; Li et al., 2016). The increased microbes
could produce additional VFAs by using the more abundant
carbohydrates supplied from both fibrous carbohydrate and non-
fibrous carbohydrates, and the increased VFAs could enhance
the immune function of yak calves in the barn feeding groups
(Kim Y. H. et al., 2016; Nastasi et al., 2017). Furthermore, the
colonization of gastrointestinal microbiota during early life could
further influence the subsequent gastrointestinal microbiota
of adult ruminants (Ben Salem et al., 2005; Kim Y. H. et al.,
2016). Specifically, the effect of differentially supplementing
carbohydrates during early life, induced in two different feeding
strategies, on the subsequent gastrointestinal microbiota and
the related rumen fermentation, intestinal digestion, and
gastrointestinal absorption function of adult ruminants have
been widely proven (Khan et al., 2016; Meale et al., 2016). Hence,
barn feeding yak calves during early life was beneficial to the
digestion and absorption function of yaks both during early life
and the subsequent adult period, which could further benefit
the growth of yaks.

The immune system is stimulated by exposure to microbes,
including those from gastrointestinal tract (Imani et al., 2017;
Liu et al., 2017; Wang et al., 2017). Hence, the two different
feeding strategies could influence the gut microbiota and further
influence gastrointestinal immune functions. In the present
study, enhanced rumen immune function, which concluded from
the increased gene expression in the anti-inflammation and
pro-inflammatory regulation related pathways and the immune
cell development and differentiation related pathways, could
result from increased propionate and butyrate in the rumen
fluid (Kim M. et al., 2016; Nastasi et al., 2017). Additionally,
in the small intestine, the duodenal IL-1β, the jejunal IL-1β,
IL-2, TNF-α, and IFN-γ, and ileal IL-1β were significantly
increased in the barn feeding group. Cytokines, as immune
regulatory proteins, have an important role in the immune
system (Ohtsuka et al., 2006). IL-1β, IL-2, TNF-α, and IFN-
γ are secreted by monocytes or macrophages and T helper
(Th1) cells and can separately promote proinflammatory or anti-
inflammatory activity (Opal and DePalo, 2000; Sun et al., 2000).
The increase in these cytokines indicated a significant increase in
the intestinal immune function of yak calves in the barn feeding
group, which could be induced by the rich supplementation
of nutrients to support the development of related intestinal
immune functions or by altered intestinal microbiota in the
present study (Birchenough et al., 2015; Schirmer et al., 2016).
In summary, the barn feeding of yak calves with starter feed
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and alfalfa hay during early life was beneficial to gastrointestinal
immune function, by altering the microbiota.

CONCLUSION

Collectively, our study shows that barn feeding of yak calves
during the pre-weaning period is beneficial to the gastrointestinal
development and its digestion, absorption, and immune function,
and the subsequently enhanced growth and immune function
of yak calves, which benefited from the increased species and
abundances of different microbes that could use different carbon
and nitrogen sources from both fibrous carbohydrate and non-
fibrous carbohydrate.
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Temuco, Chile

Rumen fermentation affects ruminants productivity and the environmental impact of
ruminant production. The release to the atmosphere of methane produced in the
rumen is a loss of energy and a cause of climate change, and the profile of
volatile fatty acids produced in the rumen affects the post-absorptive metabolism
of the host animal. Rumen fermentation is shaped by intracellular and intercellular
flows of metabolic hydrogen centered on the production, interspecies transfer, and
incorporation of dihydrogen into competing pathways. Factors that affect the growth
of methanogens and the rate of feed fermentation impact dihydrogen concentration in
the rumen, which in turn controls the balance between pathways that produce and
incorporate metabolic hydrogen, determining methane production and the profile of
volatile fatty acids. A basic kinetic model of competition for dihydrogen is presented,
and possibilities for intervention to redirect metabolic hydrogen from methanogenesis
toward alternative useful electron sinks are discussed. The flows of metabolic hydrogen
toward nutritionally beneficial sinks could be enhanced by adding to the rumen
fermentation electron acceptors or direct fed microbials. It is proposed to screen
hydrogenotrophs for dihydrogen thresholds and affinities, as well as identifying and
studying microorganisms that produce and utilize intercellular electron carriers other
than dihydrogen. These approaches can allow identifying potential microbial additives
to compete with methanogens for metabolic hydrogen. The combination of adequate
microbial additives or electron acceptors with inhibitors of methanogenesis can be
effective approaches to decrease methane production and simultaneously redirect
metabolic hydrogen toward end products of fermentation with a nutritional value for
the host animal. The design of strategies to redirect metabolic hydrogen from methane
to other sinks should be based on knowledge of the physicochemical control of
rumen fermentation pathways. The application of new –omics techniques together
with classical biochemistry methods and mechanistic modeling can lead to exciting
developments in the understanding and manipulation of the flows of metabolic hydrogen
in rumen fermentation.

Keywords: rumen, hydrogen, redox, fermentation, microorganisms, metabolism, kinetics, thermodynamics
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INTRODUCTION

The complex microbial community that inhabits the rumen
allows ruminants to digest and transform fibrous carbohydrates
unavailable to humans into useful products such as meat, milk,
wool and traction. Critical to the symbiosis between the rumen
microbiota and the host animal is the anaerobic condition of the
rumen, which prevents the complete oxidation of carbohydrates
to carbon dioxide (CO2) and water. Instead, carbohydrates are
incompletely oxidized to volatile fatty acids (VFA) and gases, with
the host animal absorbing and utilizing the VFA as sources and
precursors of energy, fat, glucose, and non-essential amino acids
(Armstrong and Blaxter, 1957).

Rumen fermentation not only provides the ruminant with
VFA. Part of the negative Gibbs energy change (1G) associated
with fermentation is used by rumen microbes to generate ATP
that can be utilized for microbial growth, active transport of
substrates, and motility. Microbial growth produces microbial
protein, which is the principal (Wallace et al., 1997) and
most economical source of amino acids for ruminants. Rumen
microorganisms can also synthesize water-soluble vitamins,
which thus do not need to be included in most ruminants diets
(Weiss, 2017).

A product of rumen fermentation is methane (CH4), which
is a potent greenhouse gas when released to the atmosphere,
and also a loss of energy for ruminants (Eckard et al., 2010;
Martin et al., 2010). Through the formation of CH4 and the
profile of VFA produced, rumen fermentation has important
consequences for animal productivity and the environment.
Understanding how rumen fermentation is controlled can help
designing strategies to manipulate it in desired directions. Central
to rumen metabolism are the dynamics of metabolic hydrogen
([H]) production and utilization. The idea of understanding
rumen energy metabolism as [H] flows through different
biochemical pathways is not new (Czerkawski, 1986; Hegarty
and Gerdes, 1999). The objectives of this paper are to review
and critically examine [H] flows as the unifying principle
to understand rumen fermentation. In particular, this paper
will discuss (i) The control of the VFA profile and CH4
production by dihydrogen (H2), (ii) The principles underlying
the competition for H2, (iii) The potential inhibitory effects
of H2 and other intercellular electron (e−) carriers on the
rates of fermentation and digestion in the rumen, and (iv)
The relationship between the flows of [H] and microbial
growth. All of these aspects have implications to animal
productivity and the environment mediated by ruminal and
post-absorptive metabolism.

BACKGROUND

Definitions
The terms in the following list are in some cases defined bearing
in mind their main significance with regard to rumen energy
metabolism, acknowledging that other aspects might be more
important in other areas of science.

Electron (e−) – a negatively charged sub-atomic particle.

Redox reaction – a chemical reaction involving an exchange
of one or more e− between two chemical compounds, an e−
donor and an e− acceptor.

Reducing potential (Eh) – a measure of the tendency of a
chemical compound or a system to donate e− under certain
defined conditions.

Proton (p+ or H+) – a positively charged sub-atomic particle
released by acids in aqueous solutions.

Metabolic hydrogen ([H]) – the sum of all hydrogen atoms
that can be exchanged between molecules in a living cell or a
microbial ecosystem, or any other defined living system.

Redox cofactors – intracellular molecules that act as
e− acceptors and donors in redox reactions to transfer
e− between metabolic intermediates. Redox cofactors have,
therefore, different oxidation stages, for example: reduced and
oxidized nicotinamide adenine dinucleotide (NADH and NAD+,
respectively), reduced and oxidized ferredoxin (Fdred

2− and
Fdox, respectively), reduced, semi-reduced and oxidized flavin
mononucleotide (FMNH2, FMNH and FMN, respectively),
reduced and oxidized flavin adenine dinucleotide (FADH2 and
FAD, respectively), and reduced and oxidized tocopherols. Some
cofactors accept and donate pairs of e− (e.g., ferredoxin),
others accept and donate pairs of hydrogen atoms (H = 1
e− + 1 H+, e.g., FAD), or one hydrogen atom (e.g., tocopherols).
The NADH/NAD+ pair accepts and donates two e− per H+:
NAD+ + [2H]↔ NADH+H+, with [2H] = 2 H+ + 2 e−.

Fermentation – an incomplete oxidation in which the
ultimate e− acceptors are carbon compounds produced in
the process itself.

Metabolic hydrogen production (or release) – the transfer of
[H] from e− donors that are metabolic intermediates to oxidized
intracellular cofactors.

Metabolic hydrogen incorporation – the transfer of
[H] from reduced intracellular cofactors to e− acceptors
intermediate in metabolism.

Metabolic hydrogen sink (or electron sink) – reduced end
product of fermentation whose pathway of formation involves
reactions that incorporate [H]. Note that some [H] sinks are
not net [H] sinks in the sense that their production involves
greater [H] production than incorporation, e.g., the production
of butyrate from hexoses.

Reducing equivalents pairs ([2H]) – a pair of hydrogen
atoms, or a mole of hydrogen atom pairs, produced or
incorporated in a metabolic reaction or pathway. This concept
is used to quantify [H] transactions as [2H] production and
[2H] incorporation.

Hydrogenases – enzymes that catalyze: (i) The formation
of H2 from e− donated by reduced intracellular cofactors
(H2-evolving hydrogenases), and/or (ii) The reduction of an
intracellular cofactor by H2 (H2-incorporating hydrogenases).

Interspecies hydrogen transfer – process in which H2
produced and released by a microbial cell is incorporated
by another microbial cell. Interspecies H2 transfer decreases
H2 concentration in the proximity of the H2-producing cell,
thermodynamically favoring H2 production.

Intercellular electron carriers – reduced compounds
intermediate of fermentation pathways that incorporate

Frontiers in Microbiology | www.frontiersin.org 2 April 2020 | Volume 11 | Article 589303

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00589 April 9, 2020 Time: 19:40 # 3

Ungerfeld Metabolic Hydrogen and Rumen Fermentation

[H] in their formation, and are released by some microbial
cells and taken up by others e.g., H2, formate, ethanol,
lactate and succinate.

Substrate level phosphorylation – generation of ATP in
which a phosphate group is donated by a phosphorylated organic
compound to phosphorylate ADP to ATP.

Electron transport-linked phosphorylation (ETLP) –
generation of ATP from ADP and phosphate driven by a
transmembrane electrochemical gradient of H+ or sodium
cations. The electrochemical gradient is created by the extrusion
of H+ or sodium cations of the microbial cell, which is in turn
coupled to an intracellular redox reaction.

Carbohydrate Metabolism and
Production of Volatile Fatty Acids
Living organisms can generate energy for anabolic functions
through thermodynamically favorable flows of [H]. In anaerobic
environments such as the rumen, the main e− acceptors are
carbon compounds generated in the fermentation process itself,
with methanogenesis being the most important [H] disposal
pathway. The main pathways of carbohydrate fermentation in
the rumen have been reviewed and investigated by Russell and
Wallace (1997), Russell (2002), and Hackmann et al. (2017),
and the reader is referred to those scientific papers for detailed
information. The focus in this subsection will be on reactions
central to [H] transfer, and their implications with regard to
the balance of [2H] production and incorporation of each
fermentation pathway.

It is understood that the mixed rumen microbiota metabolizes
over 90% of hexoses (in turn released from the hydrolysis
of complex carbohydrates such as cellulose and starch) to
pyruvate through the glycolytic pathway. Pyruvate (and also
phosphoenolpyruvate in propionate production) is a central
branching point at which the different pathways leading to
the formation of the three main VFA, acetate, propionate and
butyrate, diverge (Russell and Wallace, 1997; Figure 1). Recently,
Hackmann et al. (2017) examined complete genomes of various
rumen bacteria that have been isolated and grown in pure culture,
and found that several bacterial species encoded for incomplete
glycolytic pathways as well as several alternative pathways of
carbohydrate metabolism, such as the Bifidobacterium pathway.

Hemicelluloses are also abundant as plant structural
carbohydrates, and are rich in pentoses such as xylose and
arabinose (Scheller and Ulvskov, 2010). In the rumen, pentoses
are metabolized through the pentose cycle and to a lesser extent
through the transketolase cleavage (Russell and Wallace, 1997).
This results in the production of glyceraldehyde-3-phosphate
and fructose 6-phosphate, which can enter glycolysis, of acetyl-
phosphate, which can be converted to acetate, and of ribose
5-phosphate, which can be used to synthesize nucleotides and
histidine (Voet and Voet, 1995; Figure 1).

Glycolysis involves the oxidation of glyceraldehyde-3-
phosphate to 1,3-biphosphoglycerate coupled to the reduction of
NAD+ to NADH (Voet and Voet, 1995). Metabolic hydrogen is
also produced in the first step of acetate and butyrate production,
the oxidative decarboxylation of pyruvate to acetyl-CoA

(Figure 2). Depending on the hydrogenase catalyzing pyruvate
decarboxylation, [H] can reduce Fdox to Fdred

2, or CO2 to
formate (Russell and Wallace, 1997; Hegarty and Gerdes, 1999;
Russell, 2002). Ferredoxins (see section “Definitions”) are iron
sulfur proteins that act as e− carriers through the reduction of
one iron atom per iron sulfur cluster: 2 Fe2+

+ 2 Fe3+ (oxidized
form)+ e−→ 3 Fe2+

+ Fe3+ (reduced form) (Gottschalk, 1986).
For metabolism of carbohydrates to continue, reduced

cofactors need to be re-oxidized (Wolin et al., 1997).
Hydrogenases transfer e− from reduced cofactors to H+,
forming H2 (Frei, 2013; Figure 2). Dihydrogen does not
accumulate in the rumen, as it is transferred from the rumen
consortium of bacteria, protozoa and fungi to methanogens
(Janssen, 2010). Hydrogenases also catalyze the uptake and
incorporation of H2 by methanogens and other hydrogenotrophs
(Frey, 2002; Søndergaard et al., 2016). Apart from H2, rumen
methanogens and other hydrogenotrophs can also use as [H]
donors other intercellular e− carriers such as formate, methanol,
ethanol and methylamines (Asanuma et al., 1999; St-Pierre et al.,
2015; Patra et al., 2017).

Electrons in reduced cofactors or in H2 or formate can also
be disposed through their incorporation into pathways other
than methanogenesis (Figure 2). In the randomizing pathway
of propionate formation (so called because carbon labeled in
position 2 of pyruvate is randomized to positions 2 and 3
of succinate), [H] donated by H2, formate, NADH or lactate
is incorporated in the reductions of oxaloacetate to malate
and fumarate to succinate (Henderson, 1980; Gottschalk, 1986;
Russell and Wallace, 1997; Asanuma et al., 1999). The reduction
of fumarate to succinate is coupled to ETLP (De Vries et al.,
1973; Gottschalk, 1986; Kröger et al., 2002). Succinate can be
metabolized to propionate by the succinate producer itself or
it can be transferred to succinate utilizers as an intercellular
e− carrier.

Lactate is an intermediate in the non-randomizing pathway
of propionate formation (so called because carbon labeled in
position 2 in pyruvate appears in position 2 in propionate).
Lactate is formed from the reduction of pyruvate with [H]
donated by NADH. Lactate can be intracellularly activated to
lactyl-CoA, which is then dehydrated to acrylyl-CoA. Acrylyl-
CoA is then reduced to propionyl-CoA with reduced flavoprotein
(Gottschalk, 1986) or NADH (Hackmann et al., 2017) as [H]
donor, in a reaction that has not been found to be coupled
with ATP generation through ETLP (Thauer et al., 1977; Seeliger
et al., 2002). Lactate can also be excreted and taken up by other
microbial cells that convert it to acetate, propionate or butyrate
(Chen et al., 2019).

The conversion of two molecules of acetyl-CoA to butyrate
also involves two [H]-incorporating steps, with NADH as
the reductant in the conversion of acetoacetyl-CoA to
β-hydroxybutyryl-CoA and of crotonyl-CoA to butyryl-
CoA. In the reduction of crotonyl-CoA to butyryl-CoA, Fdox
is simultaneously reduced by a second molecule of NADH
to Fdred

2− in a process called electron bifurcation (Buckel
and Thauer, 2013; Figure 3A; see also section “The Role of
Dihydrogen as an Intercellular Electron Carrier”). The oxidation
of Fdred

2− so formed by electron bifurcation can result in H+
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FIGURE 1 | Simplified scheme of carbohydrates fermentation in the rumen.

extrusion and ATP generation by ETLP (Hackmann and Firkins,
2015; Hackmann et al., 2017).

The Role of Dihydrogen as an
Intercellular Electron Carrier
Dihydrogen has a central role in the flows of [H] in the rumen.
Genes encoding hydrogenases are widespread in the genomes
of rumen bacteria and archaea, highlighting that an important
proportion of [H] is transferred and incorporated between cells as
H2 (Greening et al., 2019). This agrees with the historical finding
by Hungate (1967) of H2 being the main [H] donor for CH4
formation in rumen fermentation.

Interspecies H2 transfer thermodynamically favors the re-
oxidation of intracellular cofactors as the H2-consuming
microorganisms help decreasing H2 concentration (Wolin et al.,
1997; Lubner and Peters, 2017). In the presence of methanogens,
or propionate or succinate producers, H2 producers shifted
fermentation away from formate, lactate and ethanol toward
acetate, and cellulose digestion increased. Production of H2 was
stimulated as H2 accumulation was relieved in the presence of
methanogens or other hydrogenotrophs (Chen and Wolin, 1977;
Bauchop and Mountfort, 1981; Marvin-Sikkema et al., 1990;
Wolin et al., 1997).

The participation of ferredoxins is fundamental in H2
formation and incorporation. Ferredoxins have very low standard
reducing potentials comparable to the H2/2H+ couple, which

allows them to donate e− to a hydrogenase to reduce H+ to H2
(Gottschalk, 1986). In microbial cells ferredoxins are typically
more than 90% reduced, which makes them strong e− donors.
Reduction of Fdox is thus thermodynamically very unfavorable,
and it occurs through flavin-based electron bifurcation, with the
donation of e− to Fdox coupled to a stoichiometrical donation
of e− by the same e− donor to a strong e− acceptor. In this
way Fdox can be reduced by NADH (Figure 3A) or by H2 in
bacteria and archaea. In turn, the re-oxidation of Fdred

2− can
be coupled to energy conservation through the generation of a
transmembrane electrochemical gradient. Some of the coupled
reductions that can drive the reduction of Fdox are crotonyl-CoA
to butyryl-CoA with NADH as the e− donor, NAD+ to NADH
with H2 or NADPH as e− donors, NADP+ to NADPH with H2
as e− donor, pyruvate to lactate with NADH as e− donor, and
CO2 to formate with NADPH as e− donor. In methanogens,
the high potential e− acceptor involved in electron bifurcation
in the last step of methanogenesis reaction is the CoM-S-S-CoB
heterodisulfide that is split into HS-CoM and HS-CoB by the
e− donor F420H2 (reduced 8-hydroxy-5-deazaflavin). The reverse
reaction of bifurcation, in which H2 can be produced, is called
confurcation (Figure 3B; Nitschke and Russell, 2012; Buckel and
Thauer, 2013, 2018a,b).

Genes encoding confurcating hydrogenases that oxidize
NADH and Fdred

2− to H2 were the most abundant hydrogenases-
encoding genes from 501 rumen bacteria genomes from
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FIGURE 2 | Main reactions releasing (orange rectangle) and incorporating (green rectangle) metabolic hydrogen ([H]), as connected by intracellular (sky blue
rectangle) and intercellular (salmon rectangle) metabolic hydrogen transactions. The stoichiometry of production and incorporation of reducing equivalents is not
depicted.
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FIGURE 3 | Examples of (A) Electron bifurcation and (B) Electron confurcation
redox reactions. Electron bifurcation in the reduction of Fdox by NADH
coupled to the reduction of crotonyl-CoA to butyryl-CoA catalyzed by Bcd-Etf
was proposed by Hackmann and Firkins (2015) to operate in rumen
butyrivibrios (genera Butyrivibrio and Pseudobutyrivibrio). In the rumen
bacterium R. albus the electron-bifurcating hydrogenase HydABC catalyzes
the formation of dihydrogen (H2) from NADH and reduced ferredoxin (Fdred

2-)
(Zheng et al., 2014; Buckel and Thauer, 2018b).

the Hungate culture collection and others. Furthermore,
confurcating hydrogenases were the most abundant hydrogenase
transcripts in sheep rumens, which shows the importance of this
relatively recently discovered e− transfer mechanism in rumen
fermentation (Greening et al., 2019). The rumen bacterium
Ruminococcus albus, for example, can produce H2 from NADH
in confurcation with the oxidation of Fdred

2− (Zheng et al.,
2014). Greening et al. (2019) found that the expression in
R. albus of an 8-gene cluster encoding for an alcohol and
aldehyde dehydrogenase involved in the production of ethanol, a
ferredoxin H2-evolving hydrogenase, and a sensory hydrogenase,
were sharply decreased in co-culture with the H2-utilizer
Wolinella succinogenes in comparison to the mono-culture. In the
co-culture, NADH was re-oxidized only through confurcation
with Fdred

2−, as NADH was not utilized as reductant for
ethanol production.

Production of Volatile Fatty Acids and
Balances of Reducing Equivalents
The [H]-producing and -incorporating reactions in the different
fermentation pathways result in different stoichiometries of [2H]
production and incorporation per mole of VFA produced, which
can be used to calculate [2H] balances (Marty and Demeyer,
1973). Acetate, and to a lesser extent, butyrate production
from glucose, are associated with the net production of [2H].
On the other hand, propionate production implies a net
incorporation of [2H]. Thus, propionate competes with CH4 as
a [H] sink in rumen fermentation whereas acetate and butyrate
formation release [H] that can be utilized by methanogens
to reduce CO2 to CH4 (Janssen, 2010). The formation of
CH4 in rumen fermentation is thus closely associated to the
profile of VFA formed.

In vitro balances of [2H] production and incorporation show
that CH4 is the main sink of [H] in the rumen fermentation
with functional methanogenesis (Ungerfeld, 2015b). Strictly
speaking, it is unknown if CH4 is the main [H] sink in the
live animal, because there are no in vivo experimental reports

in which the production of both VFA and gases has been
simultaneously measured. However, estimations based on the
Cabezas-Garcia et al. (2017) meta-analysis suggest that CH4
is also almost surely the most important [H] sink in rumen
fermentation in dairy cows on mixed diets (calculation not
shown). Furthermore, the importance of CH4 as [H] sink
agrees with the abundance in the rumen of sheep of archaeal
hydrogenases and reductases (Snelling and Wallace, 2017) and
their transcripts (Greening et al., 2019).

The recent discovery that many rumen bacteria encode an
incomplete glycolytic pathways and alternative pathways of
hexose metabolism (Hackmann et al., 2017) can potentially add
complexity and unknown stoichiometries of [2H] production
and incorporation associated to the production of each VFA.
The formation of glyceraldehyde-3-phosphate in the oxidative
pentose phosphate pathway would greatly augment [2H]
produced in the conversion of glucose to pyruvate from 2 to 14
[2H] mole/mole glucose. Conversely, acetate production through
the Bifidobacterium pathway is not associated to [2H] production
or incorporation, in contrast to 4 × [2H] mole/mole glucose if
produced through glycolysis or the phosphoketolase pathway.
The flows of carbon through different pathways depend on
the genetic makeup of the rumen microbial community (i.e.,
pathways encoded), the abundance of the different microbial
populations encoding each pathway, gene expression in the
different microorganisms, enzyme and substrate kinetics, and
thermodynamic feasibility of reactions.

Other Incorporating Pathways
Incorporating Metabolic Hydrogen
The presence of genes and transcripts of hydrogenases catalyzing
H2 uptake in nitrate and sulfate reduction and reductive
acetogenesis, has been reported in sheep rumens (Greening et al.,
2019). The reduction of nitrate and sulfate thermodynamically
outcompetes methanogenesis (Ungerfeld and Kohn, 2006).
However, the concentration of these e− acceptors in the rumen
usually limits the rate of [H] incorporation in their reduction,
unless they are supplemented to the diet as salts (Van Zijderveld
et al., 2010). Nitrate can also be naturally present at high contents
in grasses, which can lead to toxicity caused by the absorption and
passage to blood of its reduction intermediate nitrite (McKenzie
et al., 2004). Reductive acetogenesis, the reduction of CO2 with
H2 to acetate, seems to be thermodynamically outcompeted by
methanogenesis in the rumen (Kohn and Boston, 2000), although
it is functional or even predominates over methanogenesis in the
gastrointestinal tract of some termites, cockroaches, kangaroos,
pre-ruminant lambs, rodents, pigs, and some humans (Joblin,
1999; Gagen et al., 2012; Klieve et al., 2012). Some reductive
acetogens inhabit the rumen, but as they are not obligate
hydrogenotrophs it is possible that they survive mainly by
metabolizing carbohydrates (Joblin, 1999). That said, a recent
study found that reductive acetogenesis was a minor, but not
insignificant, [H] sink in the rumen (Raju, 2016). The presence
of genes (Denman et al., 2015) and transcripts (Greening et al.,
2019) of hydrogenases involved in reductive acetogenesis has
also been reported.
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Importance of the Rumen Fermentation
Profile
The profile of products formed in rumen fermentation has
implications for animal productivity and the environment.
Despite its importance as the main [H] sink in rumen
fermentation, the release of CH4 to the atmosphere represents
an energy loss ranging between 2 and 12% of ingested gross
energy (Johnson and Johnson, 1995) and was identified early on
in ruminant nutrition research as an energy inefficiency in rumen
fermentation and an opportunity to improve animal productivity
(Czerkawski and Breckenridge, 1975a; Davies et al., 1982). More
recently, increasing concerns about climate change have raised
interest in the abatement of CH4 emissions from ruminants.
Emissions of enteric CH4 are estimated to account for about 6%
of total anthropogenic emissions of greenhouse gases expressed
as CO2-eq i.e., the sum of the emissions of each greenhouse gas
weighted by its global warming potential (Gerber et al., 2013).

The profile of VFA absorbed from the rumen has also
consequences on the host animal’s post-absorptive metabolism
(Ungerfeld, 2013). Inhibiting methanogenesis can shift fermenta-
tion toward propionate production (Janssen, 2010), which is the
main glucose precursor in ruminants (Aschenbach et al., 2010).
Increased propionate production can be important to animals
with high requirements for glucose such as high producing dairy
cows in early lactation. On the other hand, propionate is a satiety
signal in ruminants and can decrease feed intake (Allen et al.,
2009) and milk fat content (Maxin et al., 2011). In turn, an
increased supply of acetate increases milk fat percentage (Sheperd
and Combs, 1998; Maxin et al., 2011; Urrutia et al., 2019).

DISCUSSION

The Control of the Rumen Fermentation
Profile
Diets that are rich in fiber produce a profile of VFA high in
acetate and low in propionate, with a relatively high production
of CH4 per unit of digested organic matter. On the other
hand, concentrates, which are richer in starch, are fermented
to more propionate and less CH4 (Johnson and Johnson, 1995;
Janssen, 2010; Ungerfeld, 2013). The diet effect on the acetate to
propionate ratio cannot be explained simply by different chemical
composition of cellulose and starch, as they are both hydrolyzed
to glucose (Janssen, 2010).

Janssen (2010) proposed a mechanism based on methanogens
growth rate and the resulting H2 concentration, to explain
how concentrates shift rumen fermentation from acetate to
propionate and lower CH4 production. The replacement of
roughages with concentrates induces changes such as increased
rumen outflow rates and lower rumen pH. High rumen outflow
rates impose methanogens that are not washed out of the
rumen faster growth rates. Based on the Monod relationship
of microbial growth, H2 concentration must increase when
methanogens grow faster. In turn, greater H2 concentration
would thermodynamically inhibit H2 production, and by doing
so also inhibit acetate production, which is associated with H2
production. Greater H2 concentration would conversely favor

[H] redirection toward alternative [H] sinks such as propionate.
In agreement, the concentration of dissolved H2 in the rumen has
been reported to associate negatively with acetate and positively
with propionate molar percentages (Wang et al., 2017, 2018),
although an association with propionate molar percentage was
not observed in another study (Wang et al., 2016).

Similarly, methanogens are sensitive to the low rumen pH
induced by feeding concentrates. A decrease in rumen pH is
expected to decrease methanogens maximum growth rates, and,
according to the Monod relationship, H2 concentration would
increase if methanogens growth rate is maintained. An increase
in H2 concentration would again thermodynamically shift
fermentation from acetate to propionate. A similar explanation
was provided for the accumulation of H2 and shift from acetate
to propionate caused by chemical inhibitors of methanogenesis
(Janssen, 2010).

Several experiments with defined cultures comparing the
fermentation profile of pure cultures of H2 producers with
co-cultures of the same organisms growing with methanogens
demonstrate the profound influence of H2 removal by the
methanogen on the fermentation profile of the H2-producing
microorganism (Wolin et al., 1997). These insightful experiments
provide a simple proof of concept for the theory proposed
by Janssen (2010): in the absence of methanogens in the
mono-culture (i.e., an analogous situation to methanogens
completely washed out because a very high rumen outflow
rate, or completely inhibited by low pH or an inhibitor of
methanogenesis), H2 accumulates, inhibiting H2 formation and
decreasing acetate production (i.e., a H2-releasing pathway). This
in turn directs [H] toward reduced intermediates of rumen
fermentation such as formate, ethanol, lactate and/or succinate
(Chung, 1976; Chen and Wolin, 1977; Bauchop and Mountfort,
1981; Marvin-Sikkema et al., 1990; Pavlostathis et al., 1990),
and [H] sinks such as propionate (Chen and Wolin, 1977) or
butyrate (Chung, 1976). When H2 producers were co-cultured
with methanogens they greatly diminished or stopped producing
formate, ethanol, lactate and/or succinate, as well as propionate.
The co-cultures accumulated less H2, and as CH4 formation
removed H2, lower H2 concentration thermodynamically favored
acetate production.

Increasing outflow rates in some continuous culture
experiments (Isaacson et al., 1975; Stanier and Davies, 1981)
agree with the predictions of the Janssen (2010) model. Results
of the experiment by Wenner et al. (2017) do not fully agree,
as, contrary to the model expectations decreasing pH decreased
H2 concentration.

Immediately after feed ingestion, the most readily digestible
feed components are rapidly digested and fermented, and H2
concentration rises (Robinson et al., 1981; Janssen, 2010; Guyader
et al., 2015). After feed ingestion, increases in H2 emissions have
been shown to occur earlier and faster than increases in CH4
(Rooke et al., 2014; Van Lingen et al., 2017; Söllinger et al., 2018),
although this pattern has not occurred in all studies (Hillman
et al., 1985). The peak in H2 emission preceding the evolution of
CH4 production has been modeled by Van Lingen et al. (2019),
and interpreted by Rooke et al. (2014) as the consequence of
rapid fermentation and H2 production exceeding the capacity of
methanogens to utilize all the H2 produced.
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The lag period between the CH4 and H2 peaks observed
in some studies suggests that, when fermentation is rapid,
methanogens growth and/or the expression of genes encoding
for methanogenesis enzymes lags behind rapid H2 evolution.
In that regard, Söllinger et al. (2018) reported that whereas
archaeal 16S rRNA genes abundance peaked at 1 h after feeding,
methanogenesis mRNA abundance did not peak until 3 h
after feeding. The question becomes what impedes or retards
methanogens to respond with more rapid gene expression to
make use of the elevated H2 concentrations occurring after a
meal. It is possible that temporal increases in outflow rates
occurring after feeding episodes (Van Lingen et al., 2019), result
in high H2 concentration by increasing methanogens growth
rate, as proposed by Janssen (2010). However, increasing the
concentration of glucose in a chemostat at a constant pH and
outflow rate still decreased CH4 production per mole of glucose
fermented (Isaacson et al., 1975), which suggests a limitation of
methanogenesis independent of outflow rate or pH to use all
of the H2 made available by the rapid fermentation of glucose
at high concentration (although H2 was not measured in that
experiment). In 48 h batch cultures, there were distinct effects
of pH and substrate composition (hay or cracked corn) on H2,
CH4 and the acetate to propionate ratio (Russell, 1998), which
can also be interpreted as an indication of an effect of the
rate of fermentation per se independent of outflow rates or pH.
It has also been speculated that the evolution of rumen H2-
incorporating hydrogenases in the rumen environment with low
H2 concentration may have resulted in low Km but also low
Vmax for H2 (Ungerfeld, 2015a). This idea, however, does not
agree with the high frequency of genomes of rumen organisms
encoding [FeFe]-hydrogenases, and the high abundance of
transcripts of various types of [FeFe]-hydrogenases in sheep
rumens (Greening et al., 2019), as [FeFe]-hydrogenases have
higher Vmax and Km for H2 uptake than [NiFe] hydrogenases
(Frey, 2002).

Effects of Electron Carriers Other Than
Dihydrogen on the Rumen Fermentation
Profile
Eighteen percent of rumen CH4 was estimated to be produced
from formate as [H] donor (Hungate et al., 1970), and formate
can be the [H] donor in fumarate reduction to succinate
(Asanuma et al., 1999). It is thus possible that, the same as
H2, formate concentration has an influence on CH4 production
and the VFA profile. Other than an accumulation of formate
as a response to methanogenesis inhibitors in some studies
(Ungerfeld et al., 2003; Martinez-Fernandez et al., 2016, 2017),
the effects of variables such as outflow rates, pH, or rate
of fermentation on formate concentration, have not been
investigated to the author’s knowledge. Generating information
about the relationship between those variables and formate
concentration, and how they relate to methanogens growth rate
would be important for evaluating the influence of formate on the
VFA profile, and integrating formate to a model of [H] flows in
rumen fermentation.

Lactate is another intercellular e− carrier which, except for
lactic acidosis, normally does not accumulate in the rumen and

is extensively converted to VFA by various lactate utilizers (Chen
et al., 2019). Small amounts of lactate have been reported to
accumulate as a consequence of inhibiting methanogenesis in
some (Amgarten et al., 1981), but not all (Božic et al., 2009;
Martinez-Fernandez et al., 2016), studies. In general, lactate
accumulation in the rumen is the result of lactate production
rate surpassing lactate utilization as a consequence of rapid
fermentation. A possible enhancement in the role of lactate as
an intermediate of butyrate production in low CH4-producing
sheep (Kamke et al., 2016) deserves further study (see section
“The Competition for Dihydrogen”).

Succinate concentration in the rumen is typically low as it is
rapidly converted to propionate (Blackburn and Hungate, 1963;
Immig, 1996). It thus seems that succinate concentration exerts
little influence on CH4 production and the VFA profile, although
the finding by Kamke et al. (2016) of greater abundance of genes
involved in the conversion of succinate to butyrate in low CH4-
producing sheep prompts for more investigation.

The Competition for Dihydrogen
The principle proposed by Janssen (2010) relating rumen H2
concentration to methanogens growth rates could be in theory
extended to other hydrogenotrophs, provided that their pathway
of H2 incorporation is thermodynamically feasible. The rate of
H2 uptake by a methanogen would follow a Michaelis-Menten
kinetics-wise function:

vmet =
Vmax met [H2]

(Km met + [H2])
(1)

where vmet is the rate of H2 uptake (e.g., mol L−1 min−1), Vmax

met is the maximum rate of H2 uptake with non-limiting H2
concentration, [H2] is the concentration of H2, and Km met is the
apparent affinity for H2 i.e., the concentration of H2 at which the
rate of H2 uptake is half maximal.

If a methanogen was growing in co-culture with another
hydrogenotroph whose rate of H2 uptake was limited by
H2 concentration, and H2 concentration was above the H2
thresholds (Cord-Ruwisch et al., 1988) of both organisms, it can
be deduced (Supplementary Appendix S1) that the proportion
of total H2 uptake incorporated into methanogenesis would be
equal to:

vmet
(vmet + valt)

=
Vmax met (Km alt + [H2])

[Vmax met
(
Km alt + [H2]

)
+ Vmax alt (Km met + [H2])]

(2)

where valt and Vmaxalt are the rate and the maximum rate of
H2 uptake of the alternative hydrogenotroph, respectively, and
Km alt is the affinity for H2 of the alternative hydrogenotroph,
with the rest of the variables defined as in Eq. 1. This equation
does not take into account possible thermodynamic constraints
and differences in the efficiency of microbial growth.

Figure 4 shows a simulation of the proportion of H2
uptake incorporated into methanogenesis as a function of
H2 concentration according to Eq. 2 in co-cultures of mixed
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FIGURE 4 | Simulation of the proportion of dihydrogen taken up by
methanogens in co-culture with various fumarate reducers as a function of
dissolved H2 concentration. The simulation was conducted based on a kinetic
Michaelis-Menten-wise competition for dihydrogen. Apparent Km for H2

uptake were reported by Asanuma et al. (1999). An equal Vmax for dihydrogen
uptake is assumed. The range of dissolved H2 concentration is based on
Table 1. The sky blue area corresponds approximately to baseline dissolved
H2 concentrations (i.e., in between meals). The salmon area corresponds
approximately to H2 concentration peaks occurring closely after feeding. The
purple area corresponds approximately to the range of H2 concentration that
could be observed when methanogenesis is inhibited.

methanogens and various hydrogenotrophs that reduce fumarate
to succinate. The Km values for methanogens and fumarate
reducers used in the simulation were reported by Asanuma
et al. (1999). An equal Vmax was assumed for methanogenesis
and fumarate reduction in this simulation. The range of H2
concentration in Figure 4 is based on dissolved H2 concentration
measured directly in various in vivo studies (Table 1). It can
be seen in Figure 4 that as H2 concentration increases, the
proportion of H2 taken up by methanogens decrease and
approaches 1/2 (Supplementary Appendix S2). It can be shown
that if the Vmax of the alternative hydrogenotroph doubled the
Vmax of the methanogens, the proportion of H2 taken up by
methanogens would trend to 1/3 as H2 concentration increases
(Supplementary Appendix S3).

For n hydrogenotrophs (including m methanogens), the
proportion of total H2 taken up by m methanogens, can be
generalized to:

∑j=m
j=1 vmetj∑i=n

i=1 vi
=

∏i=n
i=1(Kmi+ [H2])

∑j=m
j=1

vmax metj
(Km metj+[H2])∑i=n

i=1 vmaxi (Kmi+ [H2])

(3, Supplementary Appendix S4)

At the low baseline H2 concentration prevailing in the rumen
(Hungate, 1967), a low Km for H2 incorporation is key in
the competition for H2 among thermodynamically feasible H2-
incorporating processes. Methanogens have a lower Km for
H2 than the fumarate reducers depicted in Figure 4, and
consequently they would incorporate most of the H2 at the low
H2 concentrations occurring between episodes of feed ingestion.
Other Km values reported for methanogens are shown in Table 2,
and are similar the Km of methanogens reported by Asanuma
et al. (1999). In agreement with the predictions of Figure 4,
previous co-culture experiments also show that the production
of succinate or propionate by Ruminococcus flavefaciens growing
on cellulose (Latham and Wolin, 1977) or by Selenomonas
ruminantium growing on glucose or lactate (Chen and Wolin,
1977), decreased in the presence of methanogens compared to the
pure cultures, although it continued being thermodynamically
feasible, as it did not stop. In those co-culture experiments, H2
concentration (although it was not reported) was kept low by the
methanogen, likely situating at the low end of the range of H2
concentration in Figure 4.

As H2 concentration increases, as it occurs after feed ingestion,
or when feeding concentrates, or if methanogenesis is inhibited,
the Km starts becoming less important to determine the
partition of H2 incorporated into competing pathways, and a
greater proportion of H2 would be incorporated into fumarate
reduction to succinate (Figure 4). When H2 concentration is
relatively high, a high Vmax for H2 can potentially become very
important to determine the flow of H2 incorporated by a certain
microorganism in a particular pathway. If the Vmax is expressed
as the flow of H2 incorporated per gram of cell DM or cell protein,
rather than the flow of H2 incorporated per volume of culture (or
rumen contents), the flow of H2 into each pathway in the system
will also depend on the cell density of each microbial species.

The incorporation of [H] into pathways alternative to
methanogenesis can be limited by enzyme or substrate kinetics,
or thermodynamics (Ungerfeld, 2015a). The addition of an
e− acceptor that can be metabolized to VFA can help
removing substrate kinetics or thermodynamic constraints. In
general, adding to rumen fermentation carboxylic acids that
are propionate or butyrate precursors as e− acceptors has
had small effects on CH4 production in vitro (Callaway and
Martin, 1996; Carro and Ranilla, 2003; Ungerfeld et al., 2003;
Newbold et al., 2005; Riede et al., 2013) or in vivo (McGinn
et al., 2004; Beauchemin and McGinn, 2006; Kolver and Aspin,
2006; Yang et al., 2012), although larger decreases in CH4
were observed in some experiments (Li et al., 2009; Wood
et al., 2009). A likely interpretation is that much of the added
propionate and butyrate precursor was not metabolized to
the expected final product, and thus little [H] was directed
away from CH4 formation (Carro and Ungerfeld, 2015). When
methanogenesis was simultaneously inhibited with a chemical
compound, increased availability of [H] not incorporated into
CH4 favored the conversion of the added carboxylic acids to
the expected end products. In the presence of inhibitors of
methanogenesis, the addition of propionate precursors malate
(Mohammed et al., 2004) or fumarate (Tatsuoka et al., 2008;
Ebrahimi et al., 2011) increased propionate production in vitro
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TABLE 1 | Dissolved dihydrogen concentration in the rumen.

References Treatment or condition Method of measurement H2 (µM)1

Hungate (1967) Non-inhibited methanogenesis H2 extraction procedure 0.19–30.4

Robinson et al. (1981) Non-inhibited methanogenesis H2 extraction procedure 2–15

Hillman et al. (1985) Non-inhibited methanogenesis Mass spectrometry 0.6–5.8

Smolenski and Robinson (1988) Non-inhibited methanogenesis H2 sensor 0.36–20.1

Guyader et al. (2015) Non-inhibited methanogenesis H2 sensor 3.58

Nitrate 45.3

Linseed 4.03

Nitrate + linseed 21

Wang et al. (2016) Oat grass H2 extraction procedure 6.49

Barley straw 2.34

Wang et al. (2017) Control H2 extraction procedure 1.02

H2 released with Mg 1.99

Wang et al. (2018) Control H2 extraction procedure 2.37

Nitrate 4.79

Ma et al. (2019) Control H2 extraction procedure 1.76

H2 released with Mg 2.68

Melgar et al. (2019) Control Gas-stripping 7.3

Methanogenesis inhibited with 3-nitrooxypropanol 43.6

1Greater ranges in H2 concentration in some studies in which methanogenesis was not inhibited are due to multiple measurements throughout the day in animals fed
once or twice a day, rather than to variation caused by treatments imposed.

and decreased H2 accumulation. In contrast, butyrate precursors
did not decrease H2 accumulation caused by three inhibitors
of methanogenesis in batch cultures (Ungerfeld et al., 2006).
Martinez-Fernandez et al. (2017) successfully used phlorglucinol
as an e− acceptor to decrease the accumulation of H2 and formate
in the rumen of steers whose methanogenesis was inhibited with
chloroform. An increase in acetate concentration observed when
phlorglucinol was supplemented agrees with previous studies
which had shown that phlorglucinol was reduced to acetate
by rumen microorganisms using H2 or formate as e− donors
(Martinez-Fernandez et al., 2017).

Microbial additives can help removing constraints to the
incorporation of [H] into pathways alternative to methanogenesis
whose rate is enzyme-limited. Jeyanathan et al. (2014) reviewed
the use of direct-fed microbials to manipulate rumen biochemical
pathways to decrease CH4 emissions. They proposed two main

TABLE 2 | Apparent Km for dihydrogen of methanogens and fumarate reducers.

References Microorganism Km (µM)

Hungate et al. (1970) Methanogenesis by a mixed
rumen culture

1

Hungate et al. (1970) Methanobrevibacter
ruminantium

1

Pavlostathis et al. (1990) Methanobrevibacter smithii 1

Asanuma et al. (1999) Mixed rumen methanogens 1.6

Asanuma et al. (1999) Fibrobacter succinogenes 6.2

Asanuma et al. (1999) Selenomonas ruminantium 7.5

Asanuma et al. (1999) Selenomonas lactylica 4.7

Asanuma et al. (1999) Veillonella parvula 5.8

Asanuma et al. (1999) Wolinella succinogenes 4.0

avenues to decrease CH4 formation in the rumen through the use
of microbial additives: (i) Microbial additives that incorporate H2
into pathways alternative to methanogenesis, and (ii) Microbial
additives that do not produce H2 in fermentation.

Microbial additives that compete with methanogens for H2
could be dosed into the rumen (Jeyanathan et al., 2014). It may
also be possible to stimulate native rumen non-methanogenic
hydrogenotrophs. Some fumarate reducers (Asanuma et al.,
1999) and reductive acetogens (Chaucheyras et al., 1995; Joblin,
1999) were able to decrease CH4 production when grown in
co-culture with methanogens, but because those experiments
were conducted with elevated headspace H2, an ability of those
organisms to compete for H2 at low concentration cannot
be demonstrated (Figure 4). Methanogens would be expected
to prevail over reductive acetogens in a co-culture at low
H2 concentration due to their lower H2 thresholds (Cord-
Ruwisch et al., 1988). Boccazzi and Patterson (2011) isolated
rumen reductive acetogens with lower H2 thresholds than other
reductive acetogens previously isolated from the rumen and
with similar H2 thresholds to reductive acetogens from other
environments. Yet, they still had higher H2 thresholds compared
to methanogens (Table 3).

Supplementation of rumen batch cultures with succinate and
propionate producers caused mild to moderate decreases in CH4
production (Alazzeh et al., 2012; Mamuad et al., 2014). In another
study, supplementing rumen batch cultures with fumarate-
reducing enterococci caused large decreases in CH4 and increases
in propionate concentration (Kim et al., 2016). A slight decrease
in CH4 production per kilogram of ingested feed occurred when
supplementing Propionibacterium strains to heifers fed a high-
forage (Vyas et al., 2014a), but not a mixed (Vyas et al., 2016),
or a high-concentrate (Vyas et al., 2014b), diet. Rumen succinate
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TABLE 3 | Dihydrogen thresholds of methanogens and reductive acetogens from the rumen and other environments.

Microorganism Environment H2 threshold (ppm) References

Methanogens

Methanospirillum hungatei Sewage sludge 30 Cord-Ruwisch et al. (1988)

Methanobrevibacter smithii Primary sewage digester 100 Cord-Ruwisch et al. (1988)

Methanobrevibacter arboriphilus Digested sewage sludge 90 Cord-Ruwisch et al. (1988)

Methanobacterium formicicum Anaerobic sewage sludge digester 28 Cord-Ruwisch et al. (1988)

Methanococcus vannielii Marine mud 75 Cord-Ruwisch et al. (1988)

Isolate 10-16B Rumen 126 Le Van et al. (1998)

Isolate NI4A Rumen 90 - 92 Boccazzi and Patterson (2011)

Reductive acetogens

Sporomusa termitida Termite hindgut ∼800 Breznak et al. (1988)

Sporomusa termitida Termite hindgut 830 Cord-Ruwisch et al. (1988)

Acetobacterium woodii NZ Va 16 Not provided 520 Cord-Ruwisch et al. (1988)

Acetobacterium carbinolicum Freshwater mud 950 Cord-Ruwisch et al. (1988)

Acetitomaculum ruminis 190A4 Rumen 3830 Le Van et al. (1998)

Two reductive acetogenic isolates Rumen ∼750 Joblin (1999)

Isolate A2 Rumen 1383–2516 Boccazzi and Patterson (2011)

Isolate A4 Rumen 8007 Boccazzi and Patterson (2011)

Isolate A9 Rumen 1619–66157 Boccazzi and Patterson (2011)

Isolate A10 Rumen 208–1284 Boccazzi and Patterson (2011)

Isolate H3HH Rumen 1390 Boccazzi and Patterson (2011)

producers W. succinogenes and Mannheimia succiniciproducens
could be interesting candidates to compete with methanogens
at low H2 concentrations, as they possess [NiFe]-hydrogenases
for H2 uptake (Søndergaard et al., 2016). [NiFe]-hydrogenases
have Km for H2 about two orders of magnitude lower than
[FeFe] hydrogenases (Frey, 2002). However, the apparent Km of
W. succinogenes for H2 was still higher than that of methanogens
(Asanuma et al., 1999; Table 2). M. succiniciproducens has been
genetically engineered to improve its yield of succinate from
glucose (Lee et al., 2006; Choi et al., 2016), which could help
increasing its Vmax for H2 uptake.

Nitrate reduction is thermodynamically more favorable than
methanogenesis but may result in accumulation of the toxic
intermediate nitrite. The addition of nitrite reducers may
help avoiding nitrite toxicity while decreasing CH4 production
(Jeyanathan et al., 2014). Nitrate should replace other sources
of nitrogen on an isonitrogenous basis to avoid increasing
the elimination of nitrogen in urine and the formation
of nitrous oxide in the rumen, which is another potent
greenhouse gas (Petersen et al., 2015). Sulfate reduction can
also thermodynamically outcompete methanogenesis, although
it generates the toxic reduced end product hydrogen sulfide
(Jeyanathan et al., 2014).

Jeyanathan et al. (2014) also proposed that, by avoiding the
formation of H2, the combined use of added lactate producers
and the lactate utilizer Megasphaera elsdenii could channel [H]
into propionate production instead of CH4. In that regard, lactate
producers Sharpea and Kandleria were abundant in the rumens of
one of two low CH4-producing sheep microbiomes (Kittelmann
et al., 2014). Low CH4-producing sheep also had higher rumen
concentration of lactate, and the lactate dehydrogenases that
differed the most between the low- and the high-producing

CH4 sheep associated phylogenetically with S. azabuensis and
K. vitulina (Kamke et al., 2016). Several strains of Sharpea
and Kandleria that produced predominantly lactate and small
amounts of formate, ethanol and acetate, did not change
their fermentation products when growing with a methanogen
(Kumar et al., 2018).

Lactate produced by Sharpea and Kandleria did not
accumulate to high concentrations in the rumen because it
seemed to be metabolized by Megasphaera spp. mostly to
butyrate, and to propionate via the non-randomizing pathway.
The conversion of lactate to butyrate would result in less
H2 production compared to acetate production from glucose
(Kamke et al., 2016). It seems then that a dual mechanism resulted
in lower CH4 production in the low-CH4 producing sheep
(Kittelmann et al., 2014; Kamke et al., 2016): (i) Incorporation
of [H] in the reduction of pyruvate to lactate by Sharpea
and Kandleria instead of H2 release, and (ii) Uptake and
conversion of lactate to butyrate and propionate by Megasphaera.
In this regard, co-culture experiments comparing the kinetics
of uptake of lactate and conversion to acetate, propionate and
butyrate by Megasphaera and other microorganisms would be
of interest. M. elsdenii had a lower affinity for lactate than
for glucose (Russell and Baldwin, 1979), but its rate of lactate
uptake was not affected by glucose (Russell and Baldwin, 1978).
Interestingly, fermentation extracts of the probiotic Aspergillus
oryzae stimulated lactate uptake by M. elsdenii and did not affect
its fermentation profile (Waldrip and Martin, 1993).

This approach toward decreasing CH4 formation could thus
contemplate the addition of a “microbial team” composed
by a lactate producer and a lactate utilizer that metabolizes
lactate to propionate or butyrate. Another interesting microbial
species could be Fibrobacter succinogenes, a fiber degrader which
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does not produce H2 and would thus not contribute [H] to
methanogenesis and instead incorporate [H] into succinate
production (Morgavi et al., 2010). However, the higher Km
for H2 of F. succinogenes compared to methanogens (Asanuma
et al., 1999) would imply a lower uptake of H2 compared to
methanogens at low H2 concentration (Figure 4).

Another strategy would be to inhibit methanogenesis with a
chemical compound and simultaneously dose hydrogenotrophs
that incorporate H2 into a desirable pathway, or pathways. For
example, reductive acetogenesis was enhanced in batch cultures
through simultaneous inhibition of methanogenesis and addition
of reductive acetogens (Nollet et al., 1997; Le Van et al., 1998;
Lopez et al., 1999). The kinetic parameters for H2 and the
H2 threshold of the hydrogenotroph of choice would be very
important. Compared to the typical rumen fermentation with
CH4 as the main [H] sink (Figure 5A), inhibiting methanogenesis
results in an increase in the incorporation of [H] into alternative
sinks, but also in H2 as a [H] sink (Figure 5B). Adding a
hydrogenotroph with a high Vmax for H2 can allow a high
flow of H2 incorporation into a desirable fermentation product.
However, if the Km of the added hydrogenotroph for H2 were
high, H2 would still accumulate, and the magnitude of gaseous
H2 losses could be important. A low Km for H2 would also result
in H2 accumulation if the Vmax for H2 was low and the rate
of fermentation was high, unless the microorganism was dosed
in high numbers. Another possibility would be to combine a
hydrogenotroph with high Km and Vmax for H2 with another
hydrogenotroph with low Km and Vmax. A theoretically ideal

situation in which dissolved H2 concentration and H2 emission
are at the level of the rumen with functional methanogenesis is
depicted in Figure 5C.

A strategy employing chemical inhibitors of methanogenesis
to redirect [H] from CH4 toward nutritionally useful alternative
[H] sinks should evaluate possible direct effects of the chemical
inhibitors on non-methanogenic rumen microorganisms, so
as to avoid affecting processes such as fiber digestion or
propionate production. This aspect cannot be studied in mixed
cultures or in vivo, because in these systems, changes in non-
methanogenic populations can indirectly result from changes
in methanogens and CH4 production. The potential toxicity
of chemical inhibitors of methanogenesis to non-methanogens
should instead be studied in pure cultures. Mevastatin and
lovastatin inhibited the growth of methanogens but not of
major fermentative rumen bacteria, including major fiber
degraders and propionate and butyrate producers (Miller and
Wolin, 2001). Chloroform at 2 mM inhibited the growth of
reductive acetogens and six other rumen bacteria, including fiber
degraders and propionate and butyrate producers (Raju, 2016).
In contrast, none of the non-methanogenic microorganisms
examined were affected by acetylene at 1 mM (aqueous
concentration) or 2-bromoethanesulfonate at 10 mM. The effect
of n-butylisocyanide and 5,5′-dithio-bis-(2-nitrobenzoic acid) on
reductive acetogens was concentration- and species-dependent,
whilst 1,10-phenanthroline inhibited reductive acetogens at all
of the concentrations studied (Raju, 2016). 3-Nitrooxypropanol
at 0.1 mM did not inhibit the growth of 11 functionally

FIGURE 5 | Three hypothetical scenarios of manipulation of metabolic hydrogen ([H]) flows in rumen fermentation: (A) Non-intervened rumen fermentation with
functional methanogenesis. Methane (CH4) is the main sink of metabolic hydrogen; (B) Methanogenesis is inhibited with a chemical additive. Part of metabolic
hydrogen spared from methane formation is redirected toward alternative sinks that are final fermentation products in the rumen with functional methanogenesis.
Redirection of metabolic hydrogen toward alternative sinks is incomplete and the concentration of dissolved dihydrogen increases. The ratio of reduced to oxidized
cofactors increases and fermentation, understood as the flow of carbon and the rate of metabolic hydrogen production, is inhibited; (C) A theoretical successful
situation in which methanogenesis is inhibited with a chemical additive and an added live hydrogenotrophs redirects a greater proportion of metabolic hydrogen
toward alternative sinks potentially beneficial to the host animal. Accumulation of dihydrogen is relieved, cofactors can be re-oxidized as in the rumen with functional
methanogenesis, and fermentation is not inhibited.
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diverse rumen bacteria or Escherichia coli, whilst much lower
concentrations inhibited rumen and non-rumen methanogens
(Duin et al., 2016).

From an applied point of view, the addition of a
hydrogenotroph to the rumen would ideally target post-
feeding peaks of dissolved H2 with the added microorganism
at its exponential phase of growth. This might be difficult if the
microbial additive was administered with the feed, as the added
microorganism may be at its lag phase of growth at the peak
of feed fermentation and H2 release in the rumen. If adding
hydrogenotrophs at their exponential phase of growth in vitro
was successful at utilizing H2, further developments toward
practical application would need to optimize in vivo the timing,
means of administration, and doses of added hydrogenotrophs.

Recently, Muñoz-Tamayo et al. (2019) conducted a growth
and calorimetry experiment with three rumen methanogens.
They estimated kinetic, thermodynamic, and growth parameters
and predicted that in the long term only one methanogen
would survive in tri-cultures. Similar conclusions were reached
in another recent theoretical analysis (Lynch et al., 2019).
Muñoz-Tamayo et al. (2019) discussed that, as the rumen
harbors a diverse community of methanogens, ecological factors
such as sensitivity to pH, location in association to fluid or
particles, and endosymbiosis with protozoa can contribute to
explain the existence of diversity despite of thermodynamic
and kinetic advantages of some methanogens over others. Some
ecological aspects can cause temporal and spatial variations in H2
concentration (Smolenski and Robinson, 1988; Janssen, 2010),
which can affect the partition of H2 flows among different
hydrogenotrophs. In the conceptual model proposed by Leng
(2014), the organization of particle-colonizing microbiota in
biofilms results in close proximities between cells releasing and
taking up H2, resulting in ample variations in H2 concentration
within the rumen.

Greening et al. (2019) reported no differences in the
expression of the most abundant H2-evolving hydrogenases in
sheep selected by low and high CH4 production. In contrast,
there were differences between low- and high-CH4 producing
sheep in the expression of H2-incorporating hydrogenases.
The expression of methanogens hydrogenases and methyl-CoM
reductase were lower, and the expression of fumarate reductase
and acetyl-CoA synthase (which incorporate H2 into propionate
production and reductive acetogenesis, respectively) were higher,
in the low CH4-producing sheep. This can be interpreted
as those alternative pathways of [H] incorporation decreasing
CH4 formation in low CH4-producing sheep by competing
with [H] with methanogenesis. Alternatively, it can also be
interpreted as those pathways of [H] incorporation alternative
to methanogenesis becoming upregulated in low CH4-producing
animals as a response to less CH4 production, due perhaps to
animal factors such as greater rumen outflow rate or lower rumen
pH (Janssen, 2010).

Söllinger et al. (2018) reported that, among all bacterial
functional genes, the greatest increase in mRNA abundance
occurring 1 h after feeding corresponded to the fumarate
reductase subunit C transcript, denoting a stimulation of
propionate randomizing pathway associated to peaks of H2

emission after feeding. However, despite of the increase in the
abundance of fumarate reductase transcripts, H2 emissions still
increased and propionate concentration did not consistently
increase 1 h after feeding. It is possible that the Km of H2
incorporation into propionate production was relatively high, at
least under the conditions of that experiment, which would agree
with the higher Km for H2 of fumarate reducers compared to
methanogens reported by Asanuma et al. (1999) in pure cultures.

It should be considered that competition for intercellular
e− carriers other than H2 (and lactate) also occurs. For
example, the Km for formate was lower for fumarate reducers
compared to methanogens (Asanuma et al., 1999). In the rumen,
methanol and methylamines resulting from the metabolism
of pectin (Pol and Demeyer, 1988) and betaine and choline
(Neill et al., 1978; Mitchell et al., 1979) can be used by
methylotrophic methanogens as substrates for CH4 production.
Importantly, reductive acetogens have also been reported to
use methanol and methylamines as [H] donors (Ragsdale and
Pierce, 2008; Jeyanathan et al., 2014), including the rumen
acetogen Eubacterium limosum, a methanol-utilizer (Genthner
et al., 1981). It is thought that in the typical rumen fermentation,
methanogens drop H2 pressure below the threshold for reductive
acetogenesis (Ungerfeld and Kohn, 2006). However, it is
important to examine both in defined and in mixed cultures the
competition between methanogens and reductive acetogens for
methanol and methylamines.

Effects of Dihydrogen Accumulation on
the Rates of Fermentation and Digestion
The formation of CH4 in the rumen represents an important
loss of energy for the animal. Theoretically, inhibiting rumen
methanogenesis could divert [H] toward fermentation products
with a nutritional value for the animal, and improve animal
productivity (Czerkawski and Breckenridge, 1975b; Schulman
and Valentino, 1976), although this has not been consistently
realized (Ungerfeld, 2018). Compared to the rumen with
functional methanogenesis (Figure 5A), inhibiting rumen
methanogenesis results in accumulation of H2 in vitro
(Ungerfeld, 2015b) and increased H2 emissions in vivo
(Ungerfeld, 2018), increased ratio of NADH to NAD+ (Hino
and Russell, 1985; Figure 5B), and decreased reducing
potential (Sauer and Teather, 1987). These changes indicate
hindering in e− disposal and it is important to understand
the consequences that this can have on feed fermentation and
digestion. Conceptually, there is little doubt that an imbalance
between the rates of reduction and re-oxidation of cofactors
can halt fermentation (Wolin et al., 1997), because the turnover
rates of cofactors are very high compared to their intracellular
concentrations (de Graef et al., 1999). This principle has been
experimentally verified as an increase in cellulose degradation
when fibrolytic fungi were co-cultured with methanogens or with
S. ruminantium as hydrogenotrophs (Marvin-Sikkema et al.,
1990). The questions are, at which point increases in the ratios
of reduced to oxidized cofactors begin to impair fermentation,
and how these ratios are in turn affected by H2 pressure
(Figure 5B). Whether accumulated H2 can be re-channeled
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into other pathways (Figure 5C) has been discussed in the
preceding section.

High H2 pressure can thermodynamically inhibit NADH
oxidoreductases (Gottschalk, 1986). Van Lingen et al. (2016)
modeled the effect of H2 pressure on the thermodynamic
feasibility of NADH oxidation with and without electron
confurcation with reduced Fdred

2−. With an NAD+ to NADH
ratio of 3, similar to the NAD+ to NADH ratio reported by
Hino and Russell (1985) for their control treatments, and in
the absence of electron confurcation, NADH oxidation was
somewhat under thermodynamic control at H2 partial pressures
of between 2 × 10−4 and 2 × 10−3 bar, depending on the
intracellular pH (Van Lingen et al., 2016). If rumen headspace H2
was to be at equilibrium with dissolved H2, the corresponding
range of dissolved H2 concentrations would be as low as 0.15 to
1.5 µM approximately (calculations not shown), but given the
occurrence of H2 supersaturation (Wang et al., 2016) it would
likely be higher. The same calculation conducted with NADH
oxidation occurring through electron confurcation would yield a
considerable higher range of dissolved H2 concentration between
6 and 100 µM, again assuming equilibrium between gaseous and
aqueous H2. Therefore, with electron confurcation, the range of
dissolved H2 concentration at which NADH oxidation becomes
thermodynamically controlled coincides or is even higher than
previously reported peaks of dissolved H2 concentration after
feed ingestion, or the dissolved H2 concentration reported by
Melgar et al. (2019) for methanogenesis inhibition (Table 1). This
agrees with the findings by Greening et al. (2019) regarding the
importance of confurcating hydrogenases in H2 formation in the
rumen. The thermodynamic feasibility of NADH oxidation also
depends on the intracellular pH (Van Lingen et al., 2016), which
in turn depends on the extracellular pH and the bacterial species
(Russell, 1991).

Inhibiting methanogenesis in vitro results in H2 accumulation
and consistently inhibits hexoses fermentation as estimated
through the stoichiometry of VFA production (Ungerfeld,
2015b). However, the estimation of fermented hexoses from
the stoichiometry of VFA production does not consider carbon
in fermented hexoses utilized in microbial biomass accretion.
In an in vitro study with several inhibitors of methanogenesis,
no consistent effects on true organic matter digestibility were
found, with some decreases but also lack of effects with
other additives (Ungerfeld et al., 2019). Effects of inhibiting
methanogenesis in vivo on digestion and fermentation in the
rumen are complex to assess with most animal measurements, as
apparent digestibility determinations do not consider microbial
biomass and overall tract digestibility could be modified by
post-ruminal compensations (Ungerfeld, 2018), and rumen VFA
concentrations are affected by, apart from VFA production rates,
rates of VFA absorption, passage, incorporation into microbial
biomass, and by changes in rumen volume (Dijkstra et al., 1993;
Kristensen, 2001; Storm et al., 2012; Hall et al., 2015).

It is of course possible that negative effects of inhibiting
methanogenesis on fermentation (Ungerfeld, 2015b) are not
caused by H2 accumulation per se, and instead some of the
chemical inhibitors studied could be toxic to microorganisms
other than methanogens. An experimental approach to study the

effects of H2 accumulation on the rate of fermentation without
the addition of chemical inhibitors of methanogenesis is the
addition of H2 gas to the headspace of rumen incubations.
In general, adding external H2 to rumen cultures has not
consistently resulted in an inhibition of fermentation measured
as total VFA concentration or apparent digestibility (Schulman
and Valentino, 1976; Patra and Yu, 2013; Broudiscou et al.,
2014; Qiao et al., 2015). A factor potentially masking the effects
of H2 gas added to microbial cultures headspace is lack of
equilibrium with dissolved H2 (Wang et al., 2016). In that
regard, two in vivo studies in which dissolved H2 was indirectly
delivered through the reaction of elemental magnesium (Mg)
with water, reported decreases in total VFA concentration as
a result of the augmented dissolved H2 concentration (Wang
et al., 2017; Ma et al., 2019), although the limitations of VFA
concentration as a metric of rumen fermentation pointed out
above are again acknowledged.

Ultimately, if means to efficiently redirect [H] to useful
sinks (Figure 5C) could be designed, the extent to which
the accumulation of H2 can hinder NADH re-oxidation and
fermentation would be unimportant from a practical standpoint,
as H2 would not accumulate when inhibiting methanogenesis
(Figure 5C). A perhaps more realistic scenario intermediate
between Figures 5B,C in which dissolved H2 concentration was
only partially relieved, but the rate of digestion and fermentation
was not affected, can also be conceived.

Pathways of [H] flow alternative to H2 formation can result in
the production of other intercellular e− carriers, such as lactate,
ethanol, and formate, or final fermentation products such as
propionate, all of which also help NADH oxidation (Van Lingen
et al., 2016). Formate, succinate or ethanol have been shown to
accumulate along with H2 when methanogenesis was inhibited
in vitro (Slyter, 1979; Asanuma et al., 1998; Ungerfeld et al., 2003)
and in vivo (Martinez-Fernandez et al., 2016, 2017; Melgar et al.,
2019), so it is important to understand if the accumulation of
those metabolites could potentially inhibit cofactors re-oxidation
and fermentation. The effects of lactate, ethanol, formate and
propionate on fermentation and digestion are best studied in
experiments in which those metabolites are externally added to
rumen fermentation as pure compounds. Immig (1996) found
that adding formate or succinate to rumen batch cultures did not
affect total VFA production. Asanuma et al. (1998) found that
added formate was stoichiometrically recovered as CH4 and total
VFA production was unaffected. Infusion of formic acid into the
rumen of sheep did not affect overall tract apparent digestibility
(Vercoe and Blaxter, 1965). It is possible that as formate has a
high rate of diffusion and is rapidly converted to CH4 (Leng,
2014), its accumulation may not affect cofactors re-oxidation and
fermentation rate.

Lactate is metabolized to VFA in the rumen (Chen et al.,
2019). Even though excess lactate accumulation can inhibit
fermentation, this effect would likely be caused by low pH rather
than by an impairment of [H] transfer and co-factor re-oxidation.
A potential effect of lactate accumulation on fermentation
independent of pH would have to be evaluated through, for
example, a comparison of the addition of sodium lactate against
sodium chloride.
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The effects of adding ethanol to rumen cultures was dose-
depending, and a decrease in cellulose digestibility occurred
with the highest dose (Chalupa et al., 1964), whereas no effects
on total VFA concentration was found in another in vitro
experiment (Pradhan and Hemken, 1970). Emery et al. (1959)
found a tendency to decrease OM and N digestibility when
feeding ethanol to sheep. However, negative effects of high doses
of ethanol on rumen fermentation can be mediated through
direct toxicity related to bacterial membranes leakages caused
by ethanol (Ingram, 1990), rather than through impairing re-
oxidation of cofactors.

As an end product of fermentation, propionate is removed by
absorption, passage and incorporation into microbial biomass.
The removal of propionate would be thought to occur rapidly
enough so as to avoid accumulation causing inhibition of
fermentation. In agreement, in several experiments intrarruminal
infusion of propionate did not affect overall tract digestibility of
various feed fractions (Rook et al., 1963; Sheperd and Combs,
1998; Noziere et al., 2000; Oba and Allen, 2003).

Effects of Metabolic Hydrogen Flows on
Microbial Growth
Flows of [H] in the rumen can affect microbial growth through
at least three mechanisms: (i) Variation in the generation of
ATP; (ii) Provision of precursors for biosynthesis; (iii) Provision
of reducing power. The mechanisms through which this might
occur will be developed in this section.

Hydrolysis of ATP is necessary to drive otherwise
thermodynamically unfeasible anabolic processes, such as protein
synthesis. The rate of ATP generation in fermentation depends
on the rate of fermentation, the fermentation profile, and the ATP
generated in each fermentation pathway. Acetate production
generates ATP through substrate level phosphorylation, the
same as propionate non-randomizing pathway. In propionate
randomizing pathway, butyrate production, and methanogenesis,
ATP is also generated through ETLP (Russell and Wallace, 1997;
Hackmann and Firkins, 2015). Production of less reduced
fermentation products such as lactate and ethanol generates
ATP only in glycolysis and results in less microbial growth per
unit of substrate degraded compared to acetate production and
methanogenesis (Wolin et al., 1997).

One should bear in mind that increasing ATP generation
does not necessarily mean maximizing the “efficiency” of
fermentation. As the proportion of the 1G of a pathway coupled
to ATP generation increases, the net 1G approaches zero, and
the pathway slows down approaching equilibrium. For example,
methanogens possessing cytochromes can generate more ATP
per mole of CH4 produced and have higher growth yields when
growing on elevated H2 concentration compared to methanogens
without cytochromes, but on the other hand they have greater
H2 thresholds. Methylotrophic methanogens of the order
Methanosarcinales have cytochromes and they have evolved to
live in environments with low H2 concentration by acquiring
the capacity of using one carbon compounds as substrates for
methanogenesis (Thauer et al., 2008; Vanwonterghem et al., 2016;
Lynch et al., 2019).

Organic matter catabolized in the rumen is partitioned
into fermentation products i.e., VFA and gases, and microbial
biomass. The proportion of carbon in fermented carbohydrates
diverted toward microbial cell production increases as the
microbial biomass produced per mole of ATP hydrolyzed
(YATP) increases (Leng and Nolan, 1984) and as more moles
of ATP are generated per mole of hexoses fermented. Also,
each fermentation pathway can contribute different intermediate
compounds to microbial anabolism.

Microbial biomass is more reduced than substrate fermented,
and consequently, alterations in the flows of [H] could affect
[H] available for microbial biomass accretion. For example,
inhibiting methanogenesis could result in increased [H] disposal
into microbial biomass formation (Czerkawski, 1986). Anabolic
processes such as amino acids and fatty acids synthesis
demand [H] and may be stimulated as a consequence of the
inhibition of CH4 production (Chalupa, 1977; Ungerfeld, 2015b).
Deamination of reduced amino acids was inhibited by reducing
power in the form of NADH, and conversely, was stimulated
by methylene blue, an oxidizing agent (Hino and Russell,
1985). Later results, however, could not confirm an increase
in the incorporation of [H] into microbial amino acids when
methanogenesis was inhibited in vitro (Ungerfeld et al., 2019).

CONCLUSION AND FUTURE
DIRECTIONS

Early work in the past century established the foundations
to understand fermentation and [H] dynamics in the rumen.
Hungate (1967) demonstrated the central role of H2 in CH4
production. The principles and importance of interspecies H2
transfer was illustrated in several ingenious experiments in
which H2 producers were co-cultured with methanogens (Wolin
et al., 1997). A model to explain how the diet influences
the VFA profile and CH4 formation through changes in
methanogens rate of growth and H2 concentration (Janssen,
2010) has been an important advancement in this area. Electron
confurcation has been incorporated into rumen fermentation
models (Van Lingen et al., 2016, 2019), and recent experimental
work with comparative genomics and metatranscriptomics
revealed the importance of electron bifurcation and confurcation
in H2 dynamics in the rumen. Shifts in fermentation in
defined cultures were studied at the level of gene expression
(Greening et al., 2019).

In comparison, fewer studies (Chen and Wolin, 1977; Latham
and Wolin, 1977) have examined the competition for H2 between
methanogens and other hydrogenotrophs, such as succinate and
propionate producers, at the basal H2 concentrations resulting
from fermentation-evolving H2. A recent experiment studied
the competition for [H] between a methanogen and lactate
producers Sharpea and Kandleria (Kumar et al., 2018). Pure
cultures of rumen hydrogenotrophs, such as those isolated in
the Hungate 1000 Project (Kelly, 2016), could be screened
for kinetic parameters of H2 incorporation and H2 thresholds.
This information could be used to predict the outcome of
the competition for H2 between methanogens and other
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hydrogenotrophs with models similar to the ones generated
by Muñoz-Tamayo et al. (2019) and Lynch et al. (2019)
for competition between methanogens. The ability of non-
methanogenic hydrogenotrophs to compete for H2 could be
evaluated in co-culture with methanogens if they are also
fermentative H2 producers themselves (e.g., R. flavefaciens,
S. ruminantium), or in tri-cultures with methanogens and a H2-
producing organism if they incorporate H2 but do not produce it
(e.g., F. succinogenes, Succinivibrio dextrinosolvens, Succinimonas
amylolytica, reductive acetogens).

Understanding the physicochemical control of rumen
fermentation can help optimizing the design of strategies to direct
[H] from CH4 to other sinks. In this regard, H2 concentration
is highly influential on the thermodynamics and kinetics of
fermentation pathways (Janssen, 2010). Research is needed on
dissolved H2 concentration (Table 1) and H2 gradients under
different conditions, especially when methanogenesis is inhibited.
Dissolved H2 concentration has been generally estimated by
measuring the concentration of H2 gas in the gas phase and
assuming equilibrium with dissolved H2 in the fluid (Kohn and
Boston, 2000; Ungerfeld and Kohn, 2006; Janssen, 2010), but H2
has been shown to be supersaturated in the rumen (Wang et al.,
2016). It would be important to incorporate H2 supersaturation
factors in future models of rumen fermentation, but more results
with different diets, time after feeding, and other factors such as
methanogenesis inhibition, are needed so that H2 supersaturation
is not modeled as a constant.

The application of genomics and transcriptomics has
advanced our understanding of the relationships between
the abundance and expression of genes encoding for
hydrogenases and rumen [H] flows (Greening et al., 2019). The
combination of –omics techniques with classical biochemistry
and microbiology methods may make possible the isolation and
kinetic characterization of H2-incorporating hydrogenases. The

application of proteomics to understand methanogenesis and
flows of [H] through changes in hydrogenases and other enzymes
involved in [H] transactions is also of much interest (Snelling and
Wallace, 2017). Recently, metabolomics has been applied toward
the understanding of differences between dairy cows with high
and low feed utilization efficiency associated to high and low
CH4 production (Shabat et al., 2016) and toward understanding
the responses to methanogenesis inhibitors (Martinez-
Fernandez et al., 2018). Finally, experimental advances must
be interpreted in the light of basic physicochemical knowledge
of thermodynamics and kinetics to develop mathematical and
conceptual mechanistic models (Janssen, 2010; Van Lingen et al.,
2016) for designing new strategies of manipulation of [H] flows
in the rumen and predicting their outcomes.
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Identification of Complex Rumen
Microbiome Interaction Within
Diverse Functional Niches as
Mechanisms Affecting the Variation
of Methane Emissions in Bovine
Marina Martínez-Álvaro1,2*†, Marc D. Auffret1*†‡, Robert D. Stewart3,
Richard J. Dewhurst1, Carol-Anne Duthie1, John A. Rooke1, R. John Wallace4,
Barbara Shih5, Tom C. Freeman5, Mick Watson3,5 and Rainer Roehe1*

1 Scotland’s Rural College, Edinburgh, United Kingdom, 2 Institute for Animal Science and Technology, Polytechnic University
of Valencia, Valencia, Spain, 3 Edinburgh Genomics, The Roslin Institute and R(D)SVS, The University of Edinburgh,
Edinburgh, United Kingdom, 4 The Rowett Institute, University of Aberdeen, Aberdeen, United Kingdom, 5 Division
of Genetics and Genomics, The Roslin Institute and R(D)SVS, The University of Edinburgh, Edinburgh, United Kingdom

A network analysis including relative abundances of all ruminal microbial genera
(archaea, bacteria, fungi, and protists) and their genes was performed to improve
our understanding of how the interactions within the ruminal microbiome affects
methane emissions (CH4). Metagenomics and CH4 data were available from 63 bovines
of a two-breed rotational cross, offered two basal diets. Co-abundance network
analysis revealed 10 clusters of functional niches. The most abundant hydrogenotrophic
Methanobacteriales with key microbial genes involved in methanogenesis occupied
a different functional niche (i.e., “methanogenesis” cluster) than methylotrophic
Methanomassiliicoccales (Candidatus Methanomethylophylus) and acetogens (Blautia).
Fungi and protists clustered together and other plant fiber degraders like Fibrobacter
occupied a seperate cluster. A Partial Least Squares analysis approach to predict CH4

variation in each cluster showed the methanogenesis cluster had the best prediction
ability (57.3%). However, the most important explanatory variables in this cluster
were genes involved in complex carbohydrate degradation, metabolism of sugars and
amino acids and Candidatus Azobacteroides carrying nitrogen fixation genes, but not
methanogenic archaea and their genes. The cluster containing Fibrobacter, isolated
from other microorganisms, was positively associated with CH4 and explained 49.8%
of its variability, showing fermentative advantages compared to other bacteria and fungi
in providing substrates (e.g., formate) for methanogenesis. In other clusters, genes
with enhancing effect on CH4 were related to lactate and butyrate (Butyrivibrio and
Pseudobutyrivibrio) production and simple amino acids metabolism. In comparison,
ruminal genes negatively related to CH4 were involved in carbohydrate degradation via
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lactate and succinate and synthesis of more complex amino acids by γ-Proteobacteria.
When analyzing low- and high-methane emitters data in separate networks, competition
between methanogens in the methanogenesis cluster was uncovered by a broader
diversity of methanogens involved in the three methanogenesis pathways and larger
interactions within and between communities in low compared to high emitters.
Generally, our results suggest that differences in CH4 are mainly explained by other
microbial communities and their activities rather than being only methanogens-driven.
Our study provides insight into the interactions of the rumen microbial communities
and their genes by uncovering functional niches affecting CH4, which will benefit the
development of efficient CH4 mitigation strategies.

Keywords: rumen microbiome, network analysis, methane emissions, functional niches, metagenomics

INTRODUCTION

By 2050, the human population will grow to over 9 billion people,
and in the same time frame, global meat consumption is projected
to increase by 73% (FAO, 2011). Ruminant agriculture plays
a key role in maintaining and enhancing provision of protein
and essential micronutrients to humans. However, intensive
food production affects the environment with the release of
greenhouse gas (GHG) emissions (Johnson and Johnson, 1995).
Ruminants are major emitters of methane (CH4), a GHG being
28-fold more potent than carbon dioxide (IPCC, 2014) and
accounting for 37% of total GHG from agriculture in the
United Kingdom (Cottle et al., 2011).

Future ruminant production systems will need to capitalize
on their ability to utilize human inedible ligno-cellulose material
for animal production, but will also need to select animals
releasing less CH4 as an end product of anaerobic microbial
fermentation in the rumen.

A limited number of archaeal taxa within Euryarchaeota
are responsible for CH4 production in the rumen, using
substrates released from organic matter fermentation.
Methane can be synthesized following three different
pathways (hydrogenotrophy, methylotrophy, and acetoclastic
methanogenesis) and the genes involved in methanogenesis
are well characterized (Thauer et al., 2008; Leahy et al., 2010;
Borrel et al., 2013). However, new methanogens are still being
discovered (Poulsen et al., 2013; Vanwonterghem et al., 2017;
Stewart et al., 2018). In contrast with methanogenesis, microbial
fermentation is conducted by complex and diverse microbial
populations composed of bacteria, protozoa and fungi potentially
sharing similar genes and functions, interacting together,
adapting to different environments (e.g., diet change) and
playing a central role in the ability of ruminants to utilize fibrous
substrates. Bacterial populations interacting with methanogens
that utilize H2 or involved in different metabolic pathways
associated with amino acids, lactate or volatile fatty acids (VFA)
are known to have different effects on CH4 emissions (Moss et al.,
2000; Janssen, 2010; Wanapat et al., 2015; Kamke et al., 2016; Sa
et al., 2016). In addition, several authors revealed the importance
of interactions between bacteria, fungi, protists (protozoa and
micro-algae) and archaea in their effects on CH4 emissions
(Kumar et al., 2015; Wang et al., 2017; Huws et al., 2018).

Several authors have succeeded in using information about
microbial communities or microbial genes to predict CH4
emissions (Roehe et al., 2016; Shabat et al., 2016; Auffret
et al., 2018; Difford et al., 2018) but restricted to archaea and
bacteria communities. However, in order to develop efficient CH4
mitigation strategies using microbiome information, we need
improved knowledge about the rumen microbiome. In particular,
we need to apply microbial ecology principles including
niche occupancy potentially associated with a specific function,
selective pressure, adaptation, and interactions (Weimer, 1998)
that will help explain the relevance of each domain associated
with differences in CH4 emissions.

Recently, the ruminal microbiome was explored using a
combination of culturing and sequencing as in the Hungate 1000
collection (Seshadri et al., 2018). However, the limitations of
culturing techniques need to be alleviated prior to fully represent
the rumen microbiome (Seshadri et al., 2018). Alternatively,
the development of metagenomic binning as a bioinformatics
tool enabled near-complete microbial genomes to be assembled
directly from metagenomic sequencing data. This methodology
was successfully applied in different ecosystems (Parks et al.,
2017) including the bovine (Stewart et al., 2018) and moose
(Svartström et al., 2017) rumen and substantially improved the
coverage of rumen microbial genomes (Stewart et al., 2018, 2019).

Co-abundance network analysis helps to represent the
complexity behind intra- and inter-domain interactions within
the rumen microbiome as a whole, largely overcoming the
limitations of culture based or molecular genetic analysis
to study these interactions, and identify microbial groups
related to function (Janssen and Kirs, 2008; Gruninger
et al., 2014; Henderson et al., 2015; Taxis et al., 2015). Co-
abundance patterns between microbials have been previously
used as a prediction of microbial interactions (Faust and
Raes, 2012). Network-based analytical approaches have
helped disentangle complex polymicrobial and microbe–
host interactions in ruminants, humans and soil (Barberán
et al., 2012; Roehe et al., 2016; Sung et al., 2017; Auffret
et al., 2018) by identifying patterns of microbial interactions
in ecosystems occupied by highly diverse microorganisms.
Within a network, several clusters considered as a single
biological unit may provide information about the local
interaction patterns, the biological contribution of each cluster
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and therefore its function in the microbiome (reviewed in
Faust and Raes, 2012).

In the present study we are combining co-abundances
networks of the microbial communities, not only bacteria and
archaea but also fungi and protists, and their genes. This study
highlights the importance of microbial interactions of different
domains within functional niches compared to variation in
microbial composition or abundances. One highlight of this
analysis is the identification of functional niches within the
rumen microbiome differently explaining variations in methane
emissions and that microbial domains and functions other
than methanogenesis affect mainly the variation in methane
emissions from bovine.

MATERIALS AND METHODS

Animals, Experimental Design, and Diets
Our animal experiment was carried out in 2011 (Rooke
et al., 2014; Wallace et al., 2015; Roehe et al., 2016) and
used a 2 × 2 factorial design of breed types and diets,
with 72 crossbred Aberdeen Angus (AA) and Limousin (LIM)
steers. The animals were offered one of two complete diets
ad libitum consisting (g/kg DM) of 480 forage to 520
concentrate or 80 straw to 920 concentrate – which are
subsequently referred to as forage (FOR) and concentrate
(CONC) diets, respectively. Breed type and diet were balanced
within experiment. The detailed diet composition has been
reported previously by Rooke et al. (2014). Animals were
fed ad libitum and had free access to drinking water
throughout the experiment. The animals had an average age
of 521 ± 30 days and weight of 673 ± 35 kg before entering
individually in the six available respiration chambers. Further
descriptions of animal data and farm conditions [breed, diet,
experimental design, feeding, husbandry over the entire trial
are available in Rooke et al. (2014)]. Methane emissions were
successfully measured from 63 animals individually for 48 h
in respiration chambers (Rooke et al., 2014). The animals
were fed ad libitum until they left the farm and were
slaughtered within 3 h at a commercial abattoir where two
samples of rumen digesta (approximately 50 mL) were taken
immediately after the rumen was opened to be drained. The
main advantage of collecting rumen contents after slaughter
is to obtain samples that are representative of both solid
and liquid phases.

Genomic Analysis
DNA was extracted from the rumen digesta samples following
the protocol from Yu and Morrison (2004) and was based on
repeated bead beating with column filtration. The procedure
is fully described in Rooke et al. (2014). Sixty-three rumen
digesta samples including the eight animals used in Roehe
et al. (2016) selected for extreme CH4 emissions were
prepared for sequencing; the remaining nine animals of the
experiment did not yield rumen samples of sufficient quality for
metagenomics analysis or failed during methane measurements.

Therefore, there were samples from 63 animals left where
we had both methane measurements and high-quality rumen
digesta samples.

Illumina TruSeq libraries were prepared from DNA
from rumen samples and sequenced on an Illumina HiSeq
4000 instrument by Edinburgh Genomics (Edinburgh,
United Kingdom). Paired-end reads (2 × 100 bp) were
generated, resulting in between 8 and 15 GB per sample
(between 40 and 73 million paired sequence reads) with on
average 73% passing quality check and being subsequently
annotated. Bioinformatics analysis followed the same procedure
as previously described in Wallace et al. (2015) and Roehe et al.
(2016). In order to measure the abundance of known microbial
genes in the rumen samples, reads from whole metagenome
sequencing were aligned to the Kyoto Encyclopedia of Genes
and Genomes (KEGG1) database using Novoalign2. Parameters
were adjusted such that all hits reported were equal in quality to
the best hit for each read, and allowing up to a 10% mismatch
across the fragment. The KEGG Ortholog groups (KO) of all
hits that were equal to the best hit were examined. In the case
we were unable to resolve the sequence read to a single KO,
the read was ignored; otherwise, the read was assigned to the
unique KO. Statistical analysis of the metagenomics samples
was based on the complete sample profiles as expressed by
the pattern of metagenomic sequence reads classified within
KEGG ortholog groups with >90% similarity and belonging
to a single KEGG ortholog (KO) groups. The alignment of the
reads generated by whole metagenomic sequencing to the KEGG
genes database resulted in identification of 4,427 microbial genes
for each animal. Microbial genes were expressed in relative
abundance (percentage) within animal and only those with a
relative abundance greater than 0.001% (n = 1,936) were carried
forward for downstream analysis.

For phylogenetic annotation, the sequence reads were
aligned to a custom database using Kraken software combining
several databases including genomes from the Hungate 1000
collection and metagenome-assembled genomes (MAGs)
from beef rumen samples (Wood and Salzberg, 2014;
Stewart et al., 2018). In total, 1,178 genera were identified
and described as the genus having the highest similarity
with the identified microbial genome or MAG, applying
the same cutoff used in previous MAG studies (Parks
et al., 2017; Svartström et al., 2017; Stewart et al., 2018)
(estimated completeness ≥80% and estimated contamination
≤10%). As for microbial genes, microbial genera identified
were normalized between animals expressing them as
relative abundances.

Microbial KEGG genes and genera with zero counts in 3
or more of the 63 animals were removed from the analysis
to avoid statistical limitations due to interferences in the
study of co-abundances (Faust and Raes, 2012). Following
this step, 1,557 genes and 1,160 genera were selected for the
statistical analysis.

1http://www.kegg.jp
2www.novocraft.com
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FIGURE 1 | Functional clusters composed of microbial genera and genes generated using co-abundance network analysis in beef cattle. (A) Distribution of the
clusters in the network. (B) Distribution of genes and microbial genera (bacteria, archaea, fungi, and protist) among the clusters. Nodes represent microbial genera
and genes, and edges illustrate co-abundances between their relative abundances. Networks were clustered using the MCL algorithm, and clusters 1 to 10 are
shown. Only variables with correlation values greater than 0.70 between nodes were kept during the analysis. Cluster 1 containing most abundant methanogenic
archaea (Methanobrevibacter, Methanosphaera, and Methanosarcina), and microbial genes involved in methanogenesis pathway, and also bacteria (Sarcina), fungi
(Tremella) and genes in degradation pathways for amino acids (nitrogen fixation capacity of Candidatus Azobacteroides) and carbohydrates, was referred to as
methanogenesis cluster. Cluster 2 includes only genus Fibrobacter and microbial genes involved in the synthesis of central metabolic enzymes. Cluster 3 is mainly
comprised of bacteria of the phyla Firmicutes, Proteobacteria, and Acidobacteria with low abundant archaea, some of them methanogen. Cluster 4 is a small cluster
containing Butyrivibrio, Pseudobutyrivibrio and few microbial genes related to sugar metabolism. Cluster 5 is also a reduced cluster containing Bacillus, other
bacteria and genes related to sugar degradation. Cluster 6 is dominated by genera of the fungal community, and three hydrogenotrophic and/or acetoclastic
methanogens. Cluster 7 included Bifidobacterium and microbial genes relevant for carbohydrate degradation. Cluster 8 contained Prevotella with genes involved in
nitrogen metabolism and pentose phosphate pathway. Cluster 9 contained the methylotrophic Methanomassiliicoccales Candidatus Methanomethylophilus, the
acetogens Eubacterium, Blautia, and Acetitomaculum and a high diversity of Proteobacteria (mainly γ-Proteobacteria) and microbial genes involved in
carbohydrates, lipids, and aminoacids metabolism. Cluster 10 includes Selenomonas and few microbial genes related to oligosaccharide transport.

The raw sequencing data can be downloaded from
the European Nucleotide Archive under accession
PRJEB10338 and PRJEB31266.

Co-abundance Network Analysis
The interactions among all microbial genes and genera (2,717
variables in total) were investigated from the rumen microbiome
of the 63 animals in a co-abundance network analysis using Miru
software [Kajeka Ltd., Edinburgh, Freeman et al. (2007)]. The
applied procedure to generate the network is fully described in
Freeman et al. (2007). Briefly, the network grouped variables
based on Pearson correlation and a MCL algorithm is applied to
cluster the network according to connectivity and local structure.
The software receives back from MCL algorithm a list of nodes
and their cluster assignments. These cluster assignments are
added to the network as annotation data and provide a basis

for statistical analysis of annotation terms across clusters. In
our study, a positive correlation threshold of 0.70 filtered out
217 variables that were not correlated (r < 0.70) to any other
microbial variables, leaving 2,500 variables that constituted the
network with 43 clusters identified in total. The combination of
previous knowledge on variables associated with CH4 emissions
(Wallace et al., 2015; Roehe et al., 2016; Auffret et al., 2018) and
the results from the network analysis allowed us to identify 10
different functional niches potentially involved in CH4 emissions,
corresponding to different clusters (Supplementary Table S1A
and Figure 1).

Due to the compositional nature of the metagenomics
data, artefactual co-abundances between variables may appear.
Converting data into log ratio coordinates is an adequate
approach to attenuate this problem (Faust and Raes, 2012;
Greenacre, 2018). Then, we compared the network analysis
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results obtained using relative abundance data with those using
log ratio coordinates generated by SPARCC software (Friedman
and Alm, 2012) in order to identify the impact of potential
compositional bias on the results (Supplementary Table S1B and
Supplementary Figure S2).

Influence of Each Cluster in CH4
Emissions
The influence of each of the 10 clusters on CH4 emissions was
studied by Partial Least Squares analysis (PLS), performing a
different PLS model per cluster. Each model was built considering
CH4 emissions as dependent variable, diet and breed as fixed
effects and microbial genes and communities composing each
cluster as explanatory variables [PLS, R 3.4.3 statistical software,
mixOmics package (Le Cao et al., 2016)]. The most influential
variables from each cluster that were important in explaining
CH4 emissions were selected based on the variable importance
for projection (VIP) criterion (Wold, 1995) built on one latent
component whereby microbial parameters with a VIP <0.8
contribute little to the prediction, and on our previous biological
knowledge (Wallace et al., 2015; Roehe et al., 2016; Auffret
et al., 2018). Then, the importance of each cluster explaining the
variability of CH4 emissions was tested by a final PLS with CH4
as dependent variable and the variables selected per cluster as
explanatory variables, without fixed effects. We used the Search
Tool for the Retrieval of Interacting Genes (STRING) database
(Szklarczyk et al., 2017) to get insight about the role of genes
(metabolic pathways) identified as important by the final PLS
and previously detected in the genome of microbial species
within databases.

Microbial variables (genes and genera) selected by PLS were
analyzed with Linear Discriminant Analysis (LDA), performed in
R version 3.6.0 (2019-04-26) package MASS_7.3-51.4, to analyze
the accuracy of discrimination between high (HME) and low
CH4 emitters (LME).

Animal Grouping, Statistical Analysis,
and Separate Co-abundance Networks
Based on methane measurements recorded in respiration
chamber, 31 animals were considered as LME whilst the other
32 animals were classified as HME. Due to a final number of
63 animals studied, this classification based on CH4 emissions is
only partly balanced by breed type and diet with HME composed
of 10 AA and 7 LIM fed CONC and 7 AA and 8 LIM fed FOR
whilst LME comprised 7 AA and 7 LIM fed CONC and 10 AA
and 7 LIM fed FOR. The difference between HME and LME in
CH4 emissions (g/kg DMI), was estimated with a model including
group (HME and LME), breed (AA and LIM) and diet (FOR
and CONC) as fixed effects [GLM analysis, ‘lsmeans’ R package,
R version 3.6.0 (2019-04-26)]. Residuals were assumed to be
normally distributed.

Additionally, data from HME or LME animals were
analyzed in separate networks (correlation threshold of
0.70) to identify any differences in cluster composition and
microbiome interactions (genera and genes) by enrichment
analysis using the option in Miru. Enrichment analysis compared

variables/nodes significantly different (P < 0.05) between LME
and HME animals.

A Venn diagram was generated using Venny software
(Oliveros, 2007-2015) to compare the cluster composition
for the cluster containing most abundant methanogens
and microbial genes involved in methanogenesis between
HME or LME animals.

RESULTS

Systemic Factors Influencing CH4
Emissions
The distribution of CH4 emissions from 63 beef cattle overall
and for groups of high and low CH4 emitters (HME and
LME), forage and concentrate diets (FOR and CONC) and
crossbred Aberdeen Angus (AA) and Limousin (LIM) steers
are illustrated in Supplementary Figures S1A,B, respectively.
Average CH4 emissions were 17.56 g/kg dry matter intake (DMI),
with a coefficient of variation of 12.5%. High methane-emitting
animals had 5.73 g greater CH4/kg DMI than LME (P < 0.001),
which is equivalent to 2.61 standard deviations of this trait.
Methane emissions were also greater in animals fed with forage
in comparison to concentrate, with a difference of 8.48 g CH4/kg
DMI (P < 0.001). Breed type effect was not significant for CH4
emissions per kg DMI.

Composition of the 10 Clusters in the
Rumen Microbiome of 63 Beef Cattle
A co-abundance network analysis was applied on the relative
abundances of 1,557 microbial genes and 1,160 genera identified
by metagenomics sequencing. A positive correlation cutoff of 0.70
was applied (Figures 1A,B). Among the clusters generated by
network analysis, 10 individual clusters (1,565 variables within
these clusters) corresponding to different functional niches and
considered as important to explain differences in CH4 emissions
were selected for further analysis (Supplementary Table S1A). In
parallel, a network analysis was repeated with relative abundance
data transformed in log ratio coordinates using SPARCC. Such
strategy can help to reduce potential compositionality bias
yielding to artefactual correlations. Results obtained showed
a similar correlation structure between variables and similar
composition of larger clusters compared to the network obtained
with relative abundance data (Supplementary Table S1B and
Supplementary Figure S2). Therefore, the following description
of the 10 clusters will be based on results obtained with
relative abundance data.

The largest cluster identified was cluster 1 (Figure 1)
and contained 329 microbial genes, mostly involved in the
CH4 synthesis, degradation pathways for amino acids and
carbohydrates as confirmed using STRING database, as well as
98 genera (69 bacteria, 15 archaea, 13 fungi, and 1 protist).
In terms of abundance, archaea-related genera were the most
abundant in this cluster (5.81% of the total abundance of
microbes), represented the three methanogenic pathways and
were dominated by Methanobrevibacter (5.69%). The next most
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abundant genera belonged to bacteria (3.56%), mostly composed
of Sarcina (2.70%). Fungi and protist were less abundant (0.05
and 0.007%, respectively) in cluster 1. Cluster 1 is subsequently
referred to as “methanogenesis cluster”.

Others clusters (2–6) were highly connected with
cluster 1 in the network (Figure 1). These clusters were
associated with particular bacteria and functions. For
example, the small cluster 4 contained Butyrivibrio (2.51%)
and Pseudobutyrivibrio (0.49%), two Firmicutes producing
butyrate, and few genes related to sugar metabolism (glucose,
K05350; rhamnose, K05989; galactosamine, K02474 and
multiple sugar transport system, K10546) whilst small
cluster 5 comprised Bacillus (0.18%), as well as other
bacteria and genes related to sugar degradation (such as
K00163 and K00627).

Cluster 2 (Figure 1) included only one genus Fibrobacter
(1.74% of relative abundance), and 146 genes mainly involved
in the synthesis of central metabolic enzymes (for instance,
malate dehydrogenase K00029, alcohol dehydrogenase K00001,
glutamate-5-semialdehyde dehydrogenase K00147 or aldehyde
dehydrogenase K00128).

Furthermore, clusters 3 and 6 (composed of 409 and
143 nodes, respectively) mainly comprised microbial genera
accounting for 8.19 and 6.27%, respectively, of the total microbial
abundance in the rumen, and only few genes. In cluster 3, the
main genera were from α, β, δ, and γ Proteobacteria (181),
Actinobacteria (88) and Firmicutes (39) phyla, also interacting
with 31 different genera of archaea, some of them identified
as methanogens (such as Methanosphaerula, Methanocella,
Methanoculleus, or Methanolaicina). In contrast, cluster 6 was
dominated by genera of the fungal community (93) followed
by 20 protist genera, eight Cyanobacteria, five Proteobacteria
(γ and β) and three methanogen archaea (Methanococcus,
Methanocaldococcus, and Methanothermococcus). Methanogen
archaea in clusters 3 and 6 are capable of hydrogenotrophic
and/or acetoclastic methanogenesis.

Whereas clusters 1–6 were closely connected, clusters 7–
10 contained different microbial genera and were not directly
connected with cluster 1 (Figure 1). Within this group of
clusters, cluster 9 was the larger cluster combining 111
microbial genera (4.82% of the total microbial abundance in
the rumen), with 140 genes. Most of the genera identified in
these clusters belong to bacteria, within different phyla but
dominated by γ-Proteobacteria (41/111) such as Enterobacter
or Methylomonas, by other Proteobacteria (20/111), and by
Firmicutes (25/111) such as Lactobacillus or Eubacterium.
Genes in this cluster were involved in carbohydrate and
amino acid degradation and in lipid metabolism. This cluster
contained the genus Candidatus Methanomethylophilus following
the methylotrophic methanogenic pathway and the acetogenes
such as Eubacterium, Blautia, and Acetitomaculum. In cluster
10, Selenomonas genus (2.58%) was connected with 6 genes,
some of which are involved in oligosaccharide transport
(K10108 and K10110). Cluster 7 included Bifidobacterium
(1.64% of relative abundance), a main lactate producer and
oligosaccharide degrader, as well as 143 genes, some relevant
for carbohydrate degradation (such as K00873 or K01193).

The most abundant microbial genus in the rumen Prevotella
(38.6%) was classified in a small cluster 8 (Figure 1)
associated with 7 genes, some of which related to nitrogen
metabolism (K02600 and K13043) and the pentose phosphate
pathway (K01786).

Identification of the Main Clusters and
Variables Explaining Variability in CH4
Emissions
Partial Least Squares analysis models were performed per cluster
to compare them together and determine their importance
within the network at explaining variability in CH4 emissions
monitored over the 63 animals. A maximum of 5 variables
per cluster with the highest VIP values (>0.8) were selected.
These variables explained most of the variability in CH4
emissions (Tables 1, 2).

Variables selected from Clusters 1 to 6 showed positive
regression coefficients with CH4 emissions (Table 1). Most
of the variability observed in CH4 emissions was explained
by the 5 variables in cluster 1 (57.3%) including genera and
genes associated with nitrogen fixation capacity (Candidatus
Azobacteroides and K02585), lignin degradation (Tremella), or
genes involved in amino acid (glycine, K00639) or sugar (K00091)
metabolism. Although the most abundant methanogens (e.g.,
Methanobrevibacter or Methanosphaera) or the genes involved in
the CH4 synthesis pathway (e.g., K00399 for mcrA) composed
cluster 1, these variables were not identified by PLS with the
highest VIP values.

Within fiber degraders (clusters 2 and 6), Fibrobacter
and a gene encoding for xylan degradation (K01181)
explained more variability in CH4 emissions (49.8%) than
fungi and protists (38.3%). In clusters 3, 4, and 5, the most
important bacterial populations included the two butyrate
producers Butyrivibrio and Pseudobutyrivibrio (cluster
4), salt resistant bacteria (cluster 3) and Bacillus (cluster
5). Genes associated with glycine metabolism (K00281)
or sugar metabolism like glucose and rhamnose (K05350
and K05989) were also important. However, the ability of
these clusters to predict CH4 emissions was equivalent to
or below 36.0%.

Variables selected from clusters 7 to 10, not directly connected
to cluster 1 in the network, showed negative regression
coefficients (Table 2), indicating that their higher relative
abundance will result in a reduction in CH4 emissions. The
variability in CH4 emissions explained by these clusters ranges
between 14.9 and 31.8%, with cluster 9 showing the largest
effect. The results in cluster 9 are due to the presence of 3
relatively abundant γ-Proteobacteria (between 0.0036 and
0.0103%) including Leclercia, Moraxella, and Tolumonas,
the methylotrophic Methanomassiliicoccales Candidatus
Methanomethylophilus (average abundance of 0.0491%) and a
gene associated with lactate metabolism (K00016).

In cluster 7, the variables with high VIP values were
mostly genes encoding for amino acid metabolism activities
(K00651, K01995, K01998, and K14260). In cluster 10,
Selenomonas genus and genes involved in polysaccharide
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TABLE 1 | Microbial genera and genes that mainly explain the variability of methane (CH4) emissions within each cluster positively related to the trait.

Description of genus or functional genes identified PLS results1

Cluster 1: Variables explained 57.3% of the variation in CH4 emissions

Phylum/Class//gene Genus/KEGG gene id VIP Reg. Coef.

Bacteroidetes (Bacteria) Candidatus Azobacteroides 1.03 0.177

Basidiomycota (Fungi) Tremella 1.01 0.174

Nitrogen fixation protein NifB K02585 0.99 0.171

Glycine C-acetyltransferase K00639 0.99 0.17

Dihydroflavonol-4-reductase K00091 0.98 0.169

Cluster 2: Variables explained 49.8% of the variation in CH4 emissions

Phylum/gene Genus/KEGG gene id VIP Reg. Coef.

Endo-1,4-beta-xylanase K01181 1.02 0.154

Sulfonate/nitrate/taurine transport system ATP-binding protein K02049 1.01 0.153

Hypothetical protein K09702 1 0.151

Nitrogenase iron protein NifH K02588 0.99 0.151

Fibrobacteres (Bacteria) Fibrobacter 0.98 0.148

Cluster 3: Variables explained 36.0% of the variation in CH4 emissions

Phylum/gene Genus/KEGG gene id VIP Reg. Coef.

Bacteroidetes (Bacteria) Niastella 1.05 0.138

β-Proteobacteria (Bacteria) Polaromonas 1.04 0.136

Bacteroidetes (Bacteria) Salinibacter 1.02 0.134

Acidobacteria (Bacteria) Acidobacterium 0.99 0.129

Actinobacteria (Bacteria) Alloactinosynnema 0.88 0.116

Cluster 4: Variables explained 26.9% of the variation in CH4 emissions

Phylum/gene Genus/KEGG gene id VIP Reg. Coef.

Firmicutes (Bacteria) Butyrivibrio 1.25 0.152

Beta-glucosidase K05350 1.02 0.123

Alpha-L-rhamnosidase K05989 0.93 0.113

Firmicutes (Bacteria) Pseudobutyrivibrio 0.89 0.108

Aquificae (Bacteria) Hydrogenobacter 0.87 0.106

Cluster 5: Variables explained 13.2% of the variation in CH4 emissions

Phylum/gene Genus/KEGG gene id VIP Reg. Coef.

Spirochaetes (Bacteria) Sediminispirochaeta 1.23 0.175

2-oxoglutarate dehydrogenase E1 component K00164 1.23 0.175

Glycine dehydrogenase K00281 0.85 0.12

Actinobacteria (Bacteria) Saccharomonospora 0.81 0.115

Firmicutes (Bacteria) Bacillus 0.79 0.112

Cluster 6: Variables explained 38.3% of the variation in CH4 emissions

Phylum/gene Genus/KEGG gene id VIP Reg. Coef.

Heterokonta (Protist) Aphanomyces 1.06 0.159

Basidiomycota (Fungi) Tsuchiyaea 1.03 0.153

Ascomycota (Fungi) Pochonia 1.03 0.153

Euryarchaeota (Archaea) Methanocaldococcus 0.96 0.143

Basidiomycota (Fungi) Fomitiporia 0.92 0.138

VIP, variable importance for projection; Reg. Coef., Regression Coefficient. 1 In the PLS analysis CH4 emissions were fitted as dependent variable and microbial populations
and genes as independent variables and separately analyzed for each cluster. Only the first factor was considered in the PLS analysis.

transport (K10108 and K10110) and ammonia production
(K03735) were identified as the main variables resulting
in reduced CH4 emissions. The most dominant bacteria

in ruminant, Prevotella and two genes (K06950 and
K02600) in cluster 8 explained only 14.9% of variability in
CH4 emissions.
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TABLE 2 | Microbial genera and genes that mainly explain the variability of methane (CH4) emissions within each cluster negatively related to the trait.

Description of genus or functional genes identified PLS results1

Cluster 7: Variables explained 27.1% of the variation in CH4 emissions

Phylum/Class/gene Genus/KEGG gene id VIP Reg. Coef.

Pyruvate kinase K00873 1.16 −0.13

Homoserine O-succinyltransferase K00651 1.01 −0.112

Branched-chain amino acid transport system permease protein K01998 0.96 −0.107

Alanine-synthesizing transaminase K14260 0.93 −0.104

Branched-chain amino acid transport system ATP-binding protein K01995 0.92 −0.102

Cluster 8: Variables explained 14.9% of the variation in CH4 emissions

Phylum/gene Genus/KEGG gene id VIP Reg. Coef.

Uncharacterized protein K06950 1.19 −0.174

Bacteroidetes (Bacteria) Prevotella 0.97 −0.143

N utilization substance protein A K02600 0.8 −0.118

Cluster 9: Variables explained 31.8% of the variation in CH4 emissions

Phylum/gene Genus/KEGG gene id VIP Reg. Coef.

γ-Proteobacteria (Bacteria) Leclercia 1.05 −0.133

γ-Proteobacteria (Bacteria) Tolumonas 1.02 −0.129

Euryarchaeota (Archaea) Candidatus Methanomethylophilus 0.98 −0.125

γ-Proteobacteria (Bacteria) Moraxella 0.98 −0.125

L-lactate dehydrogenase K00016 0.97 −0.123

Cluster 10: Variables explained 24.6% of the variation in CH4 emissions

Phylum/gene Genus/KEGG gene id VIP Reg. Coef.

Maltose/maltodextrin transport system permease protein K10110 1.06 −0.12

Maltose/maltodextrin transport system substrate-binding protein K10108 1.04 −0.118

Firmicutes (Bacteria) Selenomonas 1.04 −0.118

Peroxiredoxin Q/BCP K03564 1 −0.114

Ethanolamine ammonia-lyase large subunit K03735 0.84 −0.096

VIP, variable importance for projection; Reg. Coef., Regression Coefficient. 1 In the PLS analysis CH4 emissions were fitted as dependent variable and microbial populations
and genes as independent variables and separately analyzed for each cluster. Only the first factor was considered in the PLS analysis.

A Linear Discriminant Analysis using all microbial genes and
genera selected by PLS within the 10 clusters confirmed the
capacity to discriminate between HME and LME animals with
a prediction accuracy of 100% (Figure 2).

Changes in Methanogenesis Cluster
Between HME and LME
Two network analyses were performed in parallel with HME
or LME data to compare the differences in the co-abundance
structure and variables (Figures 3A,B). The composition of
clusters between HME and LME networks was compared
by enrichment analysis, in both directions, using Miru
(Supplementary Tables S2A,B). The main differences (P < 0.01)
were explained by the cluster containing the most abundant
methanogens (Methanobrevibacter, Methanosarcina, and
Methanosphaera) and their genes involved in CH4 synthesis
(e.g., K00203, K00400, or K14128), corresponding to the
methanogenesis cluster 1 in Figure 1.

The methanogenesis cluster in LME contained more nodes and
edges than in HME (see Figure 3 and Supplementary Table S3).

This can be explained by the addition of nodes within this
cluster in LME related to other bacterial and archaeal genera
identified within the methanogenesis cluster and other clusters in
HME. Genes classified in the methanogenesis cluster and shared
between HME and LME animals were involved in amino acid
(e.g., K00186, K00187, and K00188) or carbohydrate degradation
(e.g., K01959 and K01622), nitrogen fixation capacity (e.g.,
K02585), and biosynthesis of cofactors and vitamins (e.g.,
K03750, K03752, or K03753; Supplementary Table S3A).

As a main result, only fourteen bacterial genera (e.g.,
Candidatus Azotobacteroides and Sarcina) and three fungal
genera (e.g., Tremella) clustered with the main methanogens
in HME (Figure 3A and Supplementary Tables S3A,B)
whilst a higher number of bacteria (n = 271), fungi
(n = 19), and other archaea (n = 37) including other
methanogens such as Methanomicrobium or Methanosaeta
were identified in LME (Figure 3B and Supplementary
Tables S3A,C). These additional populations in LME mostly
belonged to the phyla Proteobacteria (e.g., Gluconobacter),
Firmicutes (e.g., Butyrivibrio) and Actinobacteria (e.g.,
Pseudopropionibacterium), also carrying genes (n = 29)
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FIGURE 2 | Linear Discriminant Analysis (LDA) density plot performed with
microbial genera and functional genes previously selected by PLS showing
their ability to discriminate between high (HME) and low (LME) methane
emitters. HME, high methane emitters (light red color); LME, low methane
emitters (light blue color). *LDA showed an accuracy value on prediction of
100%, all animals correctly assigned as HME or LME.

identified in their genome and highly correlated to
methanogens in LME. For example, genes encoding for multiple
carbohydrate degradation like starch and sucrose (K05350
and K05989) were identified in the genome of Butyrivibrio or
Gluconobacter (K02474).

Other clusters showed limited changes between LME and
HME networks based on enrichment analysis.

DISCUSSION

Functional Niches in the Rumen
Microbiome
The novelty of this study lies in the capacity to unprecedently
identify 10 microbial functional niches associated with different
functions in the rumen. In addition of quantifying their impact
on CH4 emissions, our results highlight the importance of
microbial interaction and their change explaining variability
in CH4 emissions. Previous studies focused on change in
microbial community structure, taxa or genes directly involved
in methanogenesis and showing conflicting associations
with CH4 emissions (Mosoni et al., 2011; Morgavi et al.,
2012; Auffret et al., 2018). Moreover, most of these studies
did not address inter-domain microbial interactions (Roehe
et al., 2016). Identification of functional niches and complex
microbial interactions in the rumen microbiome was possible
using co-abundance network analysis. This approach was
successfully applied for the study of the gut microbiome and
other ecosystems (Coutinho et al., 2015; Xiao et al., 2017;
Bauer et al., 2018).

Importance of Methanogens Explaining
Differences in CH4 Emissions Between
HME and LME
When comparing the cluster for methanogenesis between
HME and LME, several mechanisms could explain changes in
CH4 emissions.

As previous studies only focusing on methanogenesis have
shown, most of the genes involved in the three methanogenic
pathways (hydrogenotrophic, methylotrophic, and acetoclastic)
grouped together in the methanogenesis cluster with the
most abundant methanogens including the hydrogenotrophic
Methanobrevibacter (Roehe et al., 2016; Auffret et al., 2018).
In this study, one main novelty is that a lower number of
hydrogenotrophic methanogenic genera with limited interaction
dominated in HME whilst LME animals had more diverse
methanogens involved in the three methanogenic pathways
and interacting more with other communities. Competition for,
e.g., substrates (mainly H2) and space (Morgavi et al., 2010)
combined with thermodynamics differences for the synthesis of
methane (Hydrogenotrophy > Methylotrophy > Acetoclasty;
Sprenger et al., 2007; Molenaar et al., 2017) seemed to reduce
the importance of Methanobrevibacter explaining CH4 emissions
in LME. For example, the hydrogenotrophic Methanobacterium
could directly compete for substrates with Methanobrevibacter.

Methylotrophic Methanomassiliicoccales Candidatus
Methanomethylophilus known to occupy a different functional
niche (cluster 9) than other methanogens (Poulsen et al., 2013)
was negatively correlated with CH4 emissions. In addition,
its relative abundance seemed to be favored (e.g., substrate
and thermodynamics) in LME animals (Auffret et al., 2018).
Candidatus Methanomethylophilus was previously identified as
metabolically active in ruminants (Wang et al., 2017; Mann et al.,
2018). In the same cluster as Candidatus Methanomethylophilus
are the acetogens Eubacterium, Blautia, and Acetitomaculum,
which are highly active H2 sinks as recently shown in sheep
(Greening et al., 2019).

Change in relative abundance of most of the methanogens or
genes involved in CH4 production did not seem important to
explain differences between HME and LME. Similar results were
previously shown in cattle and sheep (Béra-Maillet et al., 2004;
Pandit et al., 2018) and also showed a lack of co-abundances
between methanogenic populations, genes and CH4 emissions
(Zhou et al., 2011; Danielsson et al., 2012; Shi et al., 2014;
Wallace et al., 2014; Tapio et al., 2017; Zheng et al., 2018). One
explanation for this is the identification of different clades of
Methanobrevibacter known to differ in their production of CH4
(Tapio et al., 2017).

Alternative new CH4 synthesis pathway has recently been
described in bacteria carrying genes encoding for iron-only
nitrogenase (Zheng et al., 2018). Interestingly, Candidatus
Azobacteroides carrying in its genome the nitrifying gene
K02588 had both a strong and positive relationship with CH4
emissions. Moreover, this genus was shown to be highly active by
metatranscriptomics in the rumen of Bos indicus across different
dietary treatments confirming its importance in the rumen
microbiome (Pandit et al., 2018). Such new result confirmed the
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FIGURE 3 | Focus on the “methanogenesis” cluster in co-abundance networks (correlation threshold of 0.70) in (A) high (HME) and (B) low (LME) methane emitters
of beef cattle. This cluster contains the main methanogens and genes involved in methane synthesis. Larger nodes represent microbial genera whilst smaller ones
represent microbial genes. Edges represent the correlation between their abundances. (C) Venn diagram showing 329 genera and genes present in both groups,
whereas 22 and 347 are exclusively in HME or LME, respectively.

diversity of ruminal CH4 synthesis pathways and further work
on nitrogen-fixing bacteria that also produce CH4 is needed to
validate these results.

Importance of the Network Structuring
Organic Matter Metabolic Pathways
Contrasting with the general idea, the main variables
explaining variability in CH4 emissions were bacterial genus
(Candidatus Azobacteroides) and fungal genus (Tremella) or
genes involved in specific and limited metabolic pathways
(e.g., xylan degradation) but not directly associated with
methanogenesis. A more complex microbial network composed
of more diverse bacterial and fungal genera and genes were
detected in the methanogenesis cluster in LME compared
to HME. These results reinforce the hypothesis that CH4
production in the rumen is also driven by other microbial
communities and their metabolism than methanogens
(Vanwonterghem et al., 2017).

In our study, ruminal fiber degraders were identified in
different functional niches. For example, Fibrobacter (cluster 2)
one of the main plant fiber degraders in the rumen (Rychlik
and May, 2000), carried genes encoding for xylan degradation
(e.g., K01181), and explaining more variability in CH4 emissions
(49.8%) than other fiber digesting microbes (e.g., fungi or
protists). Ruminococcus, which is also a well-known bacterial
plant fiber degrader in the rumen (Danielsson et al., 2017),
was not detected in the network. Such result can be explained
by Fibrobacter showing fermentation advantages compared
to Ruminococcus (Danielsson et al., 2017) during diculture
experiment with Methanobrevibacter and enhancing CH4
emissions (Rychlik and May, 2000).

Most of fungi and protist genera were highly correlated
with each other (cluster 6), suggesting a close interdependence,
in agreement with other studies (Tokura et al., 1997; Miltko
et al., 2016). This interaction can be explained by the effect of
protist impacting on pH in rumen, enhancing CH4 emissions
(Eugène et al., 2004; Newbold et al., 2015) as well as their
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capacity to create anaerobic conditions that favor fungal
zoospores development (Ellis et al., 1989). The fungi identified
positively correlated with CH4 emissions (Aydin et al., 2017)
were phylogenetically distant from previously identified fungi
within Chytridiomycota (Gruninger et al., 2014). This result
and the limited number of genes found associated with fungi
or protists can be partly explained by the current limitation
when sequencing genome with low GC content (<20%) like
in some fungi and protists (Chen et al., 2013) supporting
the need for methodological improvement in the study of
eukaryotes in the rumen.

Importance of Clusters Involved in
Metabolite Pathways Impacting on CH4
Emissions
It is known that microbial metabolites released after the
degradation of plant fiber can differently impact CH4 emissions
(Janssen, 2010; Kamke et al., 2016). For example, Butyrivibrio
and Pseudobutyrivibrio (cluster 4) previously identified as
biomarkers of CH4 emissions (Auffret et al., 2018) played
an important role in the release of substrates (lactate or
butyrate) enhancing CH4 emissions (Kamke et al., 2016). In
contrast, the lactic acid producer Bifidobacterium in cluster 7
was negatively correlated (PLS) with CH4 emissions (Kamke
et al., 2016). Furthermore, Butyrivibrio and Pseudobutyrivibrio
are also formate producers (Tokura et al., 1997; Tapio et al.,
2017) as Fibrobacter. The importance of formate metabolism
associated with changes in CH4 emissions need further
work (Tapio et al., 2017), especially when the quantity of
formate produced seems to be several times greater than H2
(Rychlik and May, 2000).

This study refined the importance of Proteobacteria (Tapio
et al., 2017), by focusing on γ-Proteobacteria genera (mostly
grouping in cluster 9) that showed negative impact on CH4
emissions (Wallace et al., 2015; Danielsson et al., 2017).
Moreover, some mechanistic explanations for LME involved
the presence of some γ-Proteobacteria producing succinate
as intermediate of propionate or carrying gene for lactate
degradation (K00016), releasing less H2 in comparison to other
VFA, which may explain a lower synthesis of CH4 (Janssen, 2010).
In addition, some other γ-Proteobacteria and genes involved in
branched chain or aromatic amino acid biosynthesis (shikimate
pathway) were previously considered as strong indicator of LME
in sheep (Kamke et al., 2016).

Another explanation is the possible impact of H2-consuming
bacteria like Selenomonas in cluster 10 or genes involved in
ammonia metabolism; these are all negatively correlated with
CH4 emissions (PLS) and known to reduce CH4 emissions
(Olijhoek et al., 2015; Kamke et al., 2016; Sa et al., 2016).

Our study characterizes functional niches in the rumen
microbiome by applying network analysis and identifying
potential mechanisms having an impact on CH4 emissions.
Methane emissions variability was mainly explained by
variables involved in organic matter degradation pathways,
like Fibrobacter, or alternative CH4 emission pathway. A more
complex microbiome involving more interaction between

communities or methanogens and involving more metabolic
pathways reduced CH4 emissions. New CH4 mitigation strategies
can be developed based on the microbial ecology information
obtained in this study, like enhancing populations within
γ-Proteobacteria through nutrition intervention, without
impacting on animal feed conversion efficiency.
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Anum Ali Ahmad1,2†, Chao Yang1,3†, Jianbo Zhang1, Qudratullah Kalwar1, Zeyi Liang1,
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University, Lanzhou, China, 3 CAS Key Laboratory for Agro-Ecological Processes in Subtropical Region, National Engineering
Laboratory for Pollution Control and Waste Utilization in Livestock and Poultry Production, Hunan Provincial Engineering
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Hunan, China, 4 CAAS-ILRI Joint Laboratory on Livestock and Forage Genetic Resources, Institute of Animal Science,
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The microbial community of the yak (Bos grunniens) rumen plays an important role in
surviving the harsh Tibetan environment where seasonal dynamic changes in pasture
cause nutrient supply imbalances, resulting in weight loss in yaks during the cold
season. A better understanding of rumen microbiota under different feeding regimes is
critical for exploiting the microbiota to enhance feed efficiency and growth performance.
This study explored the impact of different dietary energy levels on feed efficiency,
rumen fermentation, bacterial community, and abundance of volatile fatty acid (VFA)
transporter transcripts in the rumen epithelium of yaks. Fifteen healthy castrated male
yaks were divided into three groups and fed with low (YL), medium (YM), and high
energy (YH) levels diet having different NEg of 5.5, 6.2, and 6.9 MJ/kg, respectively. The
increase in feed efficiency was recorded with an increase in dietary energy levels. The
increase in dietary energy levels decreased the pH and increased the concentrations
of acetate, propionate, butyrate, and valerate in yak rumens. The increase in the
mRNA abundance of VFA transporter genes (MCT1, DRA, PAT1, and AE2) in the
rumen epithelium of yaks was recorded as dietary energy level increased. High relative
abundances of Firmicutes and Bacteroidetes were recorded with the increase in dietary
energy levels. Significant population shifts at the genus level were recorded among
the three treatments. This study provides new insights into the dietary energy-derived
variations in rumen microbial community.

Keywords: yak, dietary energy, rumen microbiota, volatile fatty acid, feed efficiency, growth performance
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INTRODUCTION

During recent years, the manipulation of rumen microbiota by
altering diet to improve animal growth performance has gained
increasing attention. The rumen is a complex environment
containing diverse microbes that assist the host in digesting
and utilizing feed energy. Rumen microbes produce various
glucanases and xylanases to digest solid fiber by adhering to its
surface, finally converting it into volatile fatty acids (VFAs), that
is, acetate, propionate, and butyrate (Luo et al., 2001; Kamra,
2005). VFAs are the main source of energy in ruminants, as
they provide 70–80% of the body’s energy needs and aid in
growth and production performance. The VFAs produced in
the rumen are absorbed and transported through the rumen
epithelium into the blood by VFA transporters (Van Houtert,
1993; Yohe et al., 2019). So far, VFA transporters, including
monocarboxylic acid transporters (MCT1), anion exchange
carriers (AE2), downregulated in adenoma (DRA) proteins, and
putative anion transporters (PAT1) are reported to be actively
involved in VFA transportation through the rumen epithelium
(Rajendran et al., 2000; Foltz et al., 2004).

Yak rumen microbiome coevolved with the host genome
to adapt to extreme environmental conditions in the Qinghai
Tibetan Plateau, where dynamic seasonal changes in the pasture
cause nutrient supply imbalances, resulting in weight loss in
yaks (Xue et al., 2005). Yaks greatly depend on metabolites
produced by microbes in the rumen for their growth and
survival (Saleem et al., 2013). Therefore, a better understanding of
rumen microbiota under different feeding regimes is important
for exploiting the microbiota to enhance feed efficiency (Jami
and Mizrahi, 2012; Bannink et al., 2016). Feed efficiency is
an important management tool in yak husbandry to improve
economics of meat and milk production (Xu et al., 2017).

An increase in dietary energy levels displayed promising
results in the performance of 3-year-old male yaks. Yaks showed
average daily weight gains of 286.91, 446.75, and 770.42 g/day
when fed with diets of 3.72, 4.52, and 5.32 MJ/kg, respectively
(Hongze, 2015). A study conducted on yaks reported the
difference in rumen microbiota and certain metabolites when
fed different feed types divided into forage and concentrate
groups (Liu et al., 2019). However, little information is available
regarding the impact of different dietary energy levels on dynamic
changes in the rumen fermentation and microbiota and their
influence on transporter genes in the rumen epithelium of yaks.
The objectives of this study were to evaluate the effect of three
dietary energy levels on feed efficiency, rumen fermentation,
and bacterial composition of yak. Moreover, we also studied the
effects of different dietary energy levels on transcript abundance
of VFA transporter genes in the rumen epithelium of yaks.

MATERIALS AND METHODS

Ethics Statement
All procedures involving animal care and use were in
strict accordance with the Guide for the Care and Use of
Laboratory Animals, Lanzhou Institute of Husbandry and

Pharmaceutical Sciences, CAAS, China [SCXK (Gan) 2014-
0002]. After experiment completion, all yaks were transferred
to a facility where they were humanely slaughtered by electrical
stunning and exsanguination.

Animals, Diets, and Experimental Design
The feeding trial was conducted from February to May 2016
at Hongtu Yak Breeding Cooperatives of Tibetan Autonomous
Prefecture in Gannan, Gansu Province, China. In brief, 15
adult castrated male yaks with similar body conditions were
randomly divided into three treatment groups. Three diets of
different net energy levels and a concentrate-to-forage ratio of
30:70 (DM basis) were formulated, containing similar roughage
mixtures (40% microbial corn stalk silage, 40% oat silage, and
20% highland barley hay) and different energy concentrates: low
(YL: 5.5 MJ/kg), medium (YM: 6.2 MJ/kg), and high energy levels
(YH: 6.9 MJ/kg). The ingredients and nutrient compositions
of the three diets are shown in Table 1 (Yang et al., 2017).
The experiment lasted for 60 days after a 14-day adaptation

TABLE 1 | Ingredients and nutrient composition of three concentrates used
during the experiment.

Item Treatment1

YL YM YH

Ingredient, g/kg of DM

Corn 290 448 560

Corn germ 300 200 120

Wheat bran 40 40 –

DDGS2 150 70 63

Prickly ash seed 100 20 40

Cottonseed meal 60 120 160

Soybean meal – 50 –

Salt 8 8 8

White stone powder 20 20 20

Dicalcium phosphate 6 6 6

Urea 8 – 5

Sodium bicarbonate 10 10 10

Premix3 8 8 8

Nutrient composition, g/kg of DM

Crude protein 165.3 167.4 172.1

Crude fat 37.3 41.8 55.7

NEg4 (MJ/kg DM) 55 62 69

Neutral detergent fiber 159.3 131.5 123.2

Acid detergent fiber 45.4 41.4 37.2

Calcium 6.4 8.4 7.5

Phosphorus 3.1 3.4 3.6

1LE, low energy level; ME, medium energy level; HE, high energy level. 2DDGS,
distillers dried grains with solubles. 3Premix was provided per kilogram of total diet
DM, and the composition was as follows: 22,520 IU of vitamin A, 1920 IU of vitamin
D3, 18 IU of vitamin E, 0.36 IU of vitamin K3, 5.28 mg of vitamin B2, 0.008 mg of
vitamin B12, 21.2 mg of D-calcium pantothenate, 9 mg of Cu, 132.8 mg of Zn,
240 mg of Fe, 8 mg of Mn, and 0.28 mg of Co. 4NEg, net energy for gain, is
calculated according to Feeding Standard of Beef Cattle (NY/T 815-2004); others
were measured values.
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period. The animals were fed ad libitum twice daily at 08:00–
09:00 and 17:00–18:00 with a total of 2.45-kg concentrate and
5.75-kg roughage mixtures with free access to water. The orts
were recorded to calculate average daily feed intake (ADFI), and
ADFI was determined as the total feed intake/60 (Yang et al.,
2017, 2019). Animals of each group were weighed before the
morning feeding on the first and 60th days of the trial; feed
efficiency was calculated as average daily gain/ADFI during the
experimental period.

Sample Collection
At the end of the experiment, rumen fluid (20 ml) from yaks of
each group was extracted via an oral stomach tube before the
morning feeding on day 60. The tube was thoroughly cleaned
using fresh warm water between sample collections, and 10–
15 ml of the sample from each yak was always discarded to avoid
contamination from saliva. The rumen fluid was immediately
frozen in liquid nitrogen and then stored at −80◦C for later
analysis of VFA and bacterial diversity. Yaks were then transferred
to a facility and humanely slaughtered by electrical stunning
and exsanguination. The rumen was immediately separated and
placed on dry ice; the rumen epithelial tissues of ∼10-cm2 size
were excised from the caudoventral sac and washed with ice-cold
phosphate buffer saline (pH = 7.0) to remove plant particles. The
samples were snap frozen in liquid nitrogen and later stored at
−80◦C for total RNA isolation.

Determination of Rumen Fermentation
Parameters
The rumen fluid pH was measured using a portable pH meter
(Sartorius PB-10, Sartorius, Göttingen, Germany) during fluid
collection. The cryopreserved rumen fluid sample was thawed
at 4◦C and thoroughly mixed by vortexing. Next, 10 ml of the
rumen fluid was taken and centrifuged at 3000 × g for 10 min;
then, 1 ml of supernatant was placed in a 1.5-ml centrifuge tube,
and 0.2 ml of a metaphosphoric acid solution containing the
internal standard 2-ethylbutyric acid was added. The sample was
mixed, placed in an ice water bath for 30 min, and centrifuged
at 10,000 × g at 4◦C. The supernatant was placed in a new 1.5-
ml centrifuge tube and stored in a 4◦C refrigerator for testing.
The VFA concentration was determined by gas chromatography
(Varian 450, Agilent Technologies China, Co., Ltd., China). The
gas chromatographic conditions and subsequent test procedures
were conducted as described previously (Horwitz, 2010).

Rumen Bacterial Diversity Analysis
Genomic DNA was extracted from rumen fluid samples by the
cetyltrimethylammonium bromide method (William et al., 2012).
The DNA concentration was determined by NanoDrop 2000
(Thermo Fisher Scientific, Waltham, MA, United States), and
its integrity was checked by 1.2% agarose gel electrophoresis.
The extracted DNA was used for PCR amplification of the V4
region of the 16S rRNA gene using universal primer pairs (515F–
806R) with barcodes. PCR amplification was performed using the
Phusion R© High-Fidelity PCR Master Mix with GC Buffer (New
England BioLabs, Ipswich, MA, United States). The amplified

products were subjected to 1.5% agarose gel electrophoresis
and gel purified by using the QIAquick PCR Purification Kit
to construct libraries. The libraries were constructed using the
TruSeq R© DNA PCR-Free Sample Preparation Kit (Illumina,
San Diego, CA, United States) according to the manufacturer’s
protocol. The constructed libraries were quantified by the Qubit
dsDNA High-Sensitivity Assay Kit (Invitrogen, Carlsbad, CA,
United States), and paired-end sequencing was performed using
the Illumina HiSeq 2500 PE250 system (Illumina, San Diego, CA,
United States) according to standard protocol. The sequencing
data were analyzed by using the QIIME (Quantitative Insights
Into Microbial Ecology, Version 1.7.0) pipeline. All sequence
reads were trimmed and assigned to each sample based on their
barcodes. High-quality sequences were clustered into operational
taxonomic units (OTUs) at 97% identity using UCLUST software
Version 7.11. The QIIME software was used to calculate Chao1,
Shannon, Simpson, ACE, and Good’s coverage indices, while R
software (Version 2.15.3) was used to construct weighted UniFrac
distance-based principal coordinates analysis (PCoA) plot to
illustrate significance differences between samples.

Analysis of the Transcripts Abundance of
VFA Transporter Genes
Total RNA was isolated from the rumen epithelium by
the TaKaRa MiniBEST Universal RNA Extraction Kit
(code no. 9767; TaKaRa, Dalian, China) according to the
manufacturer’s instructions. The quality and integrity of total
RNA were determined by NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, United States) and 1.2% agarose
gel electrophoresis, respectively. The RNA samples were
reverse transcribed using the PrimeScriptTM RT Reagent Kit
(TaKaRa, Dalian, China) according to the manufacturer’s
instructions. Primers were designed using the Primer Premier 5
software (PREMIER Biosoft International, San Francisco, CA,
United States) for VFA transporter genes MCT1, DRA, PAT1,
and AE2 (Supplementary Table S1). Quantitative real-time
PCR (qRT-PCR) was performed in triplicate to determine
the transcripts’ relative abundances using SYBR1 Premix Ex
TaqTM II (TaKaRa, Dalian, China) relative to transcript levels
of reference gene β-actin. Reactions were run on a fluorescence
thermal cycler (CFX96, Bio-Rad, Hercules, CA, United States),
and the program was as follows: 95◦C for 30 s, 40 cycles of 95◦C
for 5 s and annealing at 60◦C for 30 s, and a melting curve with
a temperature increase of 0.5◦C every 5 s starting at 65◦C. qRT-
PCR analysis for each studied gene was performed using cDNA
from five biological replicates with three technical replicates per
biological replicate. The threshold cycle (CT) resulting from
qRT-PCR was analyzed using the 2−1 1 Ct method, and all data
were normalized with the reference gene β-actin.

Statistical Analysis
The R software (Version 2.15.3) was used to perform variation
tests among three treatments at various classification levels
(phylum and genus) to obtain P-values. The lm function
of the Estimability package in R was used to evaluate the

1https://www.drive5.com/usearch/manual/uclust_algo.html
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linear and quadratic effects of the dietary energy levels on
the bacterial abundance. Analysis of similarities (Anosim) was
executed using the Anosim function of the R vegan package.
The growth parameters, VFA concentration data, and abundance
of transcripts of VFA transporter genes were processed by one-
way analysis of variance using the least significant difference
procedure to perform multiple comparisons in the SPSS
software. Significance was declared at P < 0.05. Pearson
correlations analysis was performed to calculate relations of VFA
concentration and abundance of transcripts of VFA transporter
genes with relative abundance of top bacterial genera having
a relative abundance of ≥0.1% in at least one of the samples
using GraphPad Prism 8.0.2, and a heatmap was generated by
R software (Version 2.15.3). P-values were adjusted with false
discovery rate, and the corrected P-values < 0.05 were regarded
as statistically significant.

Data Availability
The data for this study have been deposited in the European
Nucleotide Archive (ENA) at EMBL-EBI under accession number
PRJEB342982.

RESULTS

Yak Growth Performance
The growth performance of yaks has been previously reported
(Yang et al., 2019). The final body weights of YM and YH group
animals were significantly higher than those in the YL group
(P < 0.05). However, no significant increase in the final body
weight was observed between YM and YH groups (P < 0.05).
Feed efficiency was significantly affected (P < 0.001) by an
increased dietary energy level and was higher in the YM and YH
groups than in the YL group; however, no significant difference
was observed between YH and YM groups (Table 2).

Rumen VFA Concentrations and
Transcript Abundances of VFA
Transporter Genes
The increase in dietary energy level significantly decreased the
pH of yak rumen fluid (P < 0.05), and significant increases in

2http://www.ebi.ac.uk/ena/data/view/PRJEB34298

the concentrations of acetate, propionate, butyrate, valerate, and
total VFA were observed (P < 0.05) (Table 3). The influence of
different dietary energy levels was investigated by examining the
transcript abundance of VFA transporter genes (Figure 1). The
increase in dietary energy levels significantly enhanced (P < 0.05)
the mRNA abundance of MCT1, DRA, and PAT1 in the yak
rumen epithelium. Abundance of AE2 transcripts showed no
difference between YL and YM groups (P > 0.05) but was
significantly higher in the YH group (P < 0.05).

Bacterial 16S rRNA Gene Sequencing
In total, 911,966 raw reads (average 59,192 sequences per sample)
were obtained from bacterial 16S rRNA sequencing of 15 samples.
After quality filtering, 895,658 sequences were obtained, of which
7783 were chimeric reads that were removed from further
analysis. The mean sequence read length was 253 bp. The non-
chimeric reads were clustered into 2662 OTUs at 97% similarity
levels, of which 2118 were identified as low-abundance OTUs
(79.6%) having less than 10 reads, and 749 OTUs were present
in all three treatment groups (28%). The qualified sequences were
clustered at 97% similarity levels. Good’s coverage for all samples
was more than 99%. The sequencing depth to describe the OTU-
level bacterial diversity was evaluated by a rarefaction curve of
observed species of all samples (Supplementary Figure S1). The
curves of all samples reached a plateau, indicating that a sufficient
number of sequences had been generated to investigate bacterial
diversity in the rumen. OTU analysis identified 1828 common
OTUs in three groups, while 314, 67, and 69 unique OTUs were
discovered in the YL, YM, and YH groups, respectively.

Of the 26 identified bacterial phyla in the rumen samples,
Firmicutes, Bacteroidetes, Tenericutes, and Lentisphaerae
showed high relative abundance among the three groups. The
mean relative abundances of Firmicutes and Bacteroidetes were
48.4 ± 5.7 and 39.4 ± 5.4%, respectively, accounting for 87.8% of
the total phyla (Supplementary Figure S2), and were higher in
YM and YL groups, respectively. A high Firmicutes: Bacteroidetes
F:B ratio (1.41) was recorded in the YM group, followed by YH
(1.27) and YL (1.12); however, these changes were not significant
among the three groups (Table 4). Other phyla, that is,
Proteobacteria, Chloroflexi, Fibrobacteres, and Spirochaetes had
relative abundances of ≥0.1% in all groups. These predominant
phyla displayed different relative abundances and compositions
among the three groups (Supplementary Figure S2). Different

TABLE 2 | Effects of dietary energy levels on growth performance of yak.

Parameters Treatment groups SEM P-value

YL YM YH

Initial BW (kg) 276.0 277.0 275.2 2.55 0.78

Final BW (kg) 313.4b 330.0a 326.8a 4.35 0.037

Average daily gain (kg/d) 0.63 b 0.88a 0.86a 0.034 <0.001

Average daily feed intake (ADFI) (kg/d) 8.12a 7.96 7.78b 0.05 0.01

Feed efficiency 0.076a 0.11b 0.11b 0.01 <0.001

YL, low energy; YM, medium energy; YH, high energy; SEM, standard error of the mean. Values are presented as mean ± SEM. Means in a row with different small letter
superscripts differ significantly (P < 0.05); those with the same letter superscripts present no difference (P > 0.05).
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TABLE 3 | Effects of different dietary energy levels on rumen VFA concentrations of yak.

Parameters Treatment groups SEM P-value

YL YM YH

pH 6.90a 6.66b 6.47c 0.05 <0.001

Total VFA (mM) 51.4c 60.9b 72.1a 2.41 <0.001

Acetate (mM) 37.4c 44.9b 51.9a 1.71 <0.001

Propionate (mM) 8.7c 9.7b 11.4a 0.36 0.001

Butyrate (mM) 4.02c 4.98b 7.11a 0.45 <0.01

Isobutyrate (mM) 0.32 0.33 0.37 0.01 0.08

Valerate (mM) 0.26c 0.31b 0.44a 0.02 <0.01

Isovalerate (mM) 0.66 0.66 0.77 0.02 0.09

YL, low energy; YM, medium energy; YH, high energy; SEM, standard error of the mean. Values are presented as mean ± SEM. Means in a row with different small letter
superscripts differ significantly (P < 0.05); those with the same letter superscripts present no difference (P > 0.05).

FIGURE 1 | The transcript abundances of VFA transporter genes in the rumen
epithelium of yak among three dietary energy treatments. Within a panel,
means without a common letter differ (P < 0.05). MCT1, monocarboxylate
transporter 1; DRA, downregulated in adenoma; AE2, anion exchanger 2;
PAT1, putative anion transporter 1.

dietary energy levels had little influence on relative abundances of
the major phyla; however, Tenericutes (P = 0.04), Lentisphaerae
(P = 0.02), Spirochaetes (P = 0.02), and SHA-109 (P = 0.02)
showed significant differences. Lentisphaerae, Spirochaetes,
and SHA-109 were linearly increased as the diet energy level
changed from low to high, while Tenericutes showed a quadratic
relationship (Table 4).

At the genus level, 274 genera were identified
in all samples, of which Christensenellaceae_R-
7_group, Rikenellaceae_RC9_gut_group, Prevotella_1,
Ruminococcaceae_NK4A214_group, and Prevotellaceae_UCG-
003 were the most abundant. The mean relative
abundances of Christensenellaceae_R-7_group and
Rikenellaceae_RC9_gut_group were 12.4 ± 4 and 10.9 ± 3.2%,
respectively, accounting for 23.3% of the total genera (Figure 2).
A heatmap was constructed to examine the relative abundance
of different genera in the three treatment groups (Figure 2).
The relative abundances of Bacteroides and Pseudobutyrivibrio
were higher in YL than in YM and YH groups. High relative
abundances of Rikenellaceae_RC9_gut_group, Ruminococcaceae,
Ruminococcus, Lachnoclostridium, and Saccharofermentans

were recorded in the YM group, while Erysipelotrichaceae,
U29-B03, Succiniclasticum, Prevotella, Treponema, Victivallis,
and Papillibacter were the most abundant in the YH group.

Bacterial Diversity Analysis
Significant differences were found in the bacterial communities
at the OTU level between YH and YL (Anosim, P < 0.05) groups
and YH and YM (P < 0.01) groups, while no significant difference
was observed between the YM and YL (P > 0.05) groups. For
alpha diversity analysis, we calculated the Shannon diversity,
Simpson, ACE, and Chao1 indices for each treatment. Alpha
diversity analysis showed no significant (P > 0.05) difference in
the rumen bacterial community as dietary energy levels increased
(Table 5). The rumen bacterial diversity of each group tended to
be stable, but YM group diversity indices were slightly higher than
those of the YL and YH groups.

Principal coordinates analysis for beta diversity showed that
the bacterial composition and structure under different energy
diets were significantly different, as indicated by the first two
principal component scores that accounted for 29.44 and 17.83%
of the total variations (Figure 3).

Correlation of Bacterial Genera With VFA
Concentrations and Transcript
Abundances of VFA Transporter Genes
Pearson correlation analysis was performed in order to
check the relationships of the relative abundance of selected
bacterial genera identified by 16S rRNA sequencing with
rumen VFA concentration and abundance of VFA transporter
transcripts (Figure 4). Erysipelotrichaceae UCG-004, Lachnospira,
Prevotellaceae UCG-003, SP3-e08, Prevotella, U29-B03, and
Christensenellaceae_R-7 showed positive correlations with VFA
and VFA transporter genes. Papillibacter displayed a strong
positive correlation with VFA, weak positive correlation with
PAT-1 and MCT-1, and weak negative correlation with DRA
and AE2. Eubacterium ruminantium and Victivallis showed
strong positive correlations with VFA and strong negative
correlations with VFA transporter genes. Saccharofermentans
showed weak positive correlations with acetate, propionate,
butyrate, PAT-1, DRA, and MCT-1 and weak negative
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TABLE 4 | Main phylum of the rumen samples from different dietary treatment groups of yak.

Phylum Treatment groups SEM P-value

YL YM YH

Firmicutes 0.46 0.51 0.48 0.014 0.52

Bacteroidetes 0.43 0.36 0.38 0.014 0.16

Tenericutes 0.03ab 0.05a 0.02b 0.004 0.04

Lentisphaerae 0.026b 0.03b 0.04a 0.003 0.02

Proteobacteria 0.015 0.012 0.012 0.001 0.72

Chloroflexi 0.004 0.002 0.007 0.001 0.31

Fibrobacteres 0.005 0.006 0.004 0.0008 0.70

Spirochaetes 0.003b 0.004b 0.008a 0.0008 0.02

SHA-109 0.0004b 0.0005b 0.001a 0.0002 0.02

F:B 1.12 1.41 1.27 0.082 0.39

YL, low energy; YM, medium energy; YH, high energy; SEM, standard error of mean. Means in a row with different small letter superscripts differ significantly (P < 0.05).

FIGURE 2 | Heatmap showing the rumen bacterial composition at genus level in yak fed different dietary energy levels. YL, low energy; YM, medium energy; YH,
high energy.

correlations with isobutyrate, valerate, isovalerate, and
AE2. Butyrivibrio and Fibrobacter displayed strong negative
correlations with both VFA and VFA transporter genes.

Eubacterium_coprostanoligenes, Bacteroides, Ruminococcus, and
Rikenellaceae_RC9 exhibited negative correlations with VFA and
VFA transporter genes.
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TABLE 5 | Alpha diversity indices for different dietary treatment groups of yak.

Indices Treatment groups SEM P-value

YL YM YH

Shannon 8.09 8.18 8.17 0.03 0.49

Simpson 0.99 0.99 0.99 0.0006 0.05

Chao1 1721.6 1732.4 1624.3 32.50 0.35

ACE 1720.4 1736.6 1646.5 27.07 0.37

YL, low energy; YM, medium energy; YH, high energy; SEM, standard error of the mean.

FIGURE 3 | Principal coordinate analysis (PCoA) for three dietary energy treatments. X-axis, first principal component, and Y-axis, second principal component.
Different colors represent different groups.

DISCUSSION

Feed efficiency is an important trait for yak husbandry and
economic income. Feed efficiency is influenced by many factors
such as management practices, physiological mechanism,
nutrition, host genetics, and rumen microbiota. Rumen
microbiota provides feed energy to the animal through
fermentation in the form of VFA. Studies have shown that
rumen microbiota can be manipulated by diet to enhance feed
efficiency of animals (Jiao et al., 2015; Yang et al., 2017). So, in this
study, we evaluated feed efficiency, rumen bacterial community,
and microbial fermentation of yak fed with different dietary
energy levels. Moreover, we also checked the effects of different

dietary energy levels on VFA transporter genes in the rumen
epithelium of yak.

We observed significant increases in acetate, propionate,
butyrate, and valerate concentrations as dietary energy levels
increased; however, no significant increase in the concentrations
of isobutyrate and isovalerate was observed. Among all VFAs,
acetate, propionate, and butyrate are particularly known to be
associated with animal feed efficiency. Acetate and butyrate are
used for fat synthesis and energy supply, while propionate is
the main source of glucose for ruminants (Den Besten et al.,
2013). We recorded high feed efficiency in yaks from YM
and YH groups, which could be explained by a significant
increase in concentrations of VFA with the resulting increase of
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FIGURE 4 | Pearson correlation coefficients for microbial genera with rumen VFA concentrations and transcript abundances of VFA transporter genes in yak. Color
intensity represents correlation coefficient. Significant difference (P < 0.05) is represented by an asterisk (*).

metabolizable energy content of the feed (Yang et al., 2019). High
concentrations of acetate, propionate, and valerate in rumen of
high milk-producing Holstein dairy cows were reported (Xue
et al., 2019). High concentrations of butyrate and a tendency for
greater total VFA concentration and acetate have been reported
in efficient animals (Guan et al., 2008). A study conducted
on beef cattle reported the association of concentrations of
rumen VFA and feed efficiency (Li et al., 2019). Increase in
concentrations of rumen VFA is known to be associated with
lower rumen pH and decrease in animal performance (Koike
and Kobayashi, 2001; Klieve et al., 2003). We recorded a decline
in rumen pH with an increase in VFA concentrations, but no
significant difference in feed efficiency was recorded between
YM and YH groups. One reason could be that rumen pH in this
study did not cross the threshold value for rumen acidosis that
is associated with low feed efficiency in ruminants (Krause and
Oetzel, 2006). To maintain rumen pH, VFAs are transported
from the rumen to the blood through VFA transporters. The
increase in VFA concentrations in yak rumen presumably
enhanced the mRNA expression of transporter genes that are
involved in VFA absorption and transportation, that is, MCT1,
AE2, DRA, and PAT1, in the rumen epithelium. The increases in
transcripts abundances of MCT1, AE2, DRA, and PAT1 were also
reported in goats fed a high-energy diet (Yan et al., 2014). The
concentrations of different VFAs in the rumen associate with the
composition of microbial community (Griswold et al., 1999). We

then evaluated the differences in rumen bacterial community
of yak and their association in improving feed efficiency. In
this study, alpha diversity indices did not differ significantly
between treatments. Studies have shown host specificity of
rumen bacterial community, which might have played an
important role in this study (Wiener et al., 2006; Clemmons
et al., 2019; Li et al., 2019). However, we recorded significant
differences in beta diversity supporting the variations between
the microbial communities of each group. Of the 26 bacterial
phyla identified in yak rumens, Firmicutes and Bacteroidetes
showed high relative abundances. The presence of these phyla
has also been reported in the rumen of different ruminants,
indicating their importance in the rumen (Ley et al., 2008). These
two phyla are considered as an important microbial parameter
to assess the energy requirements of ruminants (Xue et al., 2017).
Firmicutes are known to be involved in cellulose, hemicellulose,
starch, and oligosaccharide degradation as well as in acetate,
propionate, and butyrate production. Moreover, Bacteroidetes
are known for their role in oligosaccharide hydrolysis and
acetate and propionate production. Yaks fed with different feed
types showed high relative abundances of Bacteroidetes and
Firmicutes in forage and concentrate groups, respectively (Liu
et al., 2019). Grazing yaks with low feed efficiency displayed
high Bacteroidetes and less Firmicutes abundances in rumen
(Zou et al., 2019). The high relative abundance of Firmicutes,
increasing the Firmicutes-to-Bacteroidetes ratio, was reported
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to be associated with efficient feed utilization in animals (Ley
et al., 2005; Turnbaugh et al., 2006; Myer et al., 2015). In
this study, the high abundance of Firmicutes in the rumen
suggests that this shift might have played an important role in
affecting feed efficiency. The lack of significant differences in the
major phyla between groups might indicate the importance of
variations in microbial communities at the genus level. Many
of the changes were identified within the phylum Firmicutes
at the genus level, which included Christensenellaceae_R-
7_group, Ruminococcaceae_NK4A214_group, Ruminococcaceae,
Ruminococcus, Lachnoclostridium, Saccharofermentans,
Erysipelotrichaceae, Succiniclasticum, and Papillibacter. We
recorded significant differences in the relative abundances of
phyla Lentisphaerae and Tenericutes with the increase in dietary
energy levels. The phylum Lentisphaerae is reported to be
associated with changes in feed efficiency, and Tenericutes is
essential for rumen homeostasis and health of the host (Mao
et al., 2013; Guan et al., 2017). However, little data have been
presented on the role of these phyla in improving feed efficiency
in the rumen, and the significance of their role in the rumen
remains to be determined.

Heatmap analysis revealed significant differences in the
relative abundance of specific genera between different dietary
energy groups. The relative abundance of genus Bacteroides
was higher in the YL group. The relative abundance of
Bacteroides in the rumen is associated with dietary crude
fiber content, and their main role is to degrade hemicellulose
(Thomas et al., 2011). YL group yaks utilized more roughage,
so Bacteroides were abundant in their rumen and presumably
conducted fiber decomposition. A high relative abundance of
Bacteroides was also reported in the rumens of goats fed
with a low-concentrate diet (Hua et al., 2017). The relative
abundances of Rikenellaceae_RC9_gut_group, Ruminococcaceae,
Ruminococcus, Lachnoclostridium, and Saccharofermentans were
higher in the YM group. Rikenellaceae_RC9_gut_group are
known to indicate animal health and associated with obesity
(Clarke et al., 2013). Rikenellaceae_RC9_gut_group are known for
their role in producing acetate and propionate as fermentation
end products (Holman and Gzyl, 2019). Studies showed the
involvement of Ruminococcaceae in fiber degradation and
biohydrogenation in the rumen (Gagen et al., 2015; Opdahl
et al., 2018). Diet supplemented with linseed oil reported the
increase in relative abundance of genus Ruminococcus in the
rumen of Yanbian Yellow Cattle (Li et al., 2015). Ruminococcus
is also known as an important genus involved in acetate
production (Jeyanathan et al., 2014). In this study, Ruminococcus
showed a negative correlation with acetate, although a high
relative abundance of Ruminococcus was identified in the YM
group. The increase in the relative abundance of Ruminococcus
might be stimulated by resistant starch and crude fat present
in the diet due to its characteristic amylolytic and lipolytic
activities (Krause et al., 2003; Ferrario et al., 2017). In the YH
group, Erysipelotrichaceae, U29-B03, Succiniclasticum, Prevotella,
Treponema, Victivallis, and Papillibacter were the most dominant
genera. Treponema is mainly involved in the degradation process
of soluble carbohydrates (Stanton and Canale-Parola, 1980), and
Succiniclasticum is a starch-degrading bacterium that degrades

dietary starch, produces acetic acid, and succinic acid, and
converts succinic acid to propionic acid (Fernando et al.,
2010; Huws et al., 2015). In beef cow rumens, Treponema
and Ruminobacter showed high abundances when a high-
grain diet was provided, which suggested that these bacteria
were present in response to adaptation to the high-grain diet
(Chen et al., 2011). Prevotella, another important genus in
the rumen, utilizes hemicellulose and plays important roles in
protein metabolism and starch degradation (Griswold et al.,
1999; Ramšak et al., 2000). The replacement of Ruminococcus
and Butyrivibrio by Prevotella has been broadly reported
during adaptations of rumen microbiota to high-energy diets
(Callaway et al., 2010; Fernando et al., 2010; Pitta et al.,
2014; Derakhshani et al., 2017). The high relative abundance
of Prevotella was also reported in a high-energy-diet group
compared to groups fed medium- and low-energy diets in white
Cashmere goats (Xufeng, 2015). In cows, Prevotella abundance
was significantly increased when the diet was switched from
low grain to high grain (Fernando et al., 2010). An in vitro
study conducted with sheep rumen fluid reported the increase
in Prevotella with supplementation with plant and marine oils
(Vargas et al., 2017). In this study, YH yaks had the highest
rumen starch contents; furthermore, the high abundance of
Prevotella and rapid starch degradation in the rumen, which
increased acetic acid and propionic acid yields, indicated
a positive correlation of Prevotella with VFA production.
Dietary energy levels clearly influenced the rumen bacterial
community and increased the relative abundances of non-
structural carbohydrate-degrading bacteria. Here, we studied
rumen bacterial community by using rumen fluid which lacks
undigested solid fiber particles. Whole rumen content including
liquid and solid fractions should be studied to better explore the
bacterial composition.

Correlation analysis indicated a cluster of bacteria
positively correlated with VFA and transcript abundance
of VFA transporters mainly belonging to Firmicutes and
Bacteroidetes, including Erysipelotrichaceae UCG-004,
Lachnospira, Prevotellaceae UCG-003, SP3-e08, Prevotella, U29-
B03, and Christensenellaceae_R-7, signifying their importance in
VFA synthesis and energy generation. Christensenellaceae_R-7
and Rikenellaceae_RC9, the dominant genera in this study,
displayed positive and negative correlations with all ruminal
VFAs, respectively. We also identified that E. ruminantium
and Victivallis displayed positive correlations with VFAs and
negative correlation with VFA transporter genes. The correlation
analysis in this study was based on a combined dataset; the
lack of significant correlations between some bacterial taxa
with VFA and their transporter genes does not suggest that
those bacterial taxa are unimportant. More work is needed to
explore the correlations, because a small number of species
might have a strong impact on rumen fermentation parameters
(Hanage, 2014; Patra and Yu, 2014; Shabat et al., 2016). It
must be taken into account that although the variations in
genera and their putative functions in the rumen could be
correlated with the observed differences in the phenotypes,
their contribution in feed efficiency is still not clear and
require more study.
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CONCLUSION

In conclusion, the results presented here provide new
information regarding the effects of different dietary energy levels
on feed efficiency, rumen fermentation, transcript abundance
of VFA transporters, and microbial communities. The increase
in dietary energy levels enhanced the feed efficiency of yaks.
Increase in the concentration of VFAs and transcript abundance
of VFA transporters was also recorded with an increase in dietary
energy levels. The dietary energy levels affected the microbial
diversity, and the increase in energy levels increased the relative
abundance of Lentisphaerae and Tenericutes at the phylum level
and increased the relative abundance of Erysipelotrichaceae,
U29-B03, Succiniclasticum, Prevotella, Treponema, Victivallis,
and Papillibacter at the genus level. These findings are of
great importance for the targeted improvement of nutrient
levels in ruminants.
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The objective of this study was to investigate the effects of different dietary rumen
degradable starch (RDS) on the diversity of carbohydrate-active enzymes (CAZymes)
and Kyoto Encyclopedia of Genes and Genomes Orthology functional categories
to explore carbohydrate degradation in dairy goats. Eighteen dairy goats (second
lactation, 45.8 ± 1.54 kg) were divided in three groups fed low RDS (LRDS),
medium RDS (MRDS), and high RDS (HRDS) diets. The results showed that, HRDS
treatment group significantly decreased the ruminal pH (P < 0.05), and increased the
propionate proportion (P < 0.05), fumarate and succinate concentrations (P < 0.05),
trended to increase lactate concentration (P = 0.50) compared with LRDS group. The
relative abundance of acetogens, such as family Clostridiaceae and Ruminococcaceae,
genera Clostridium and Blautia were higher in HRDS than LRDS feeding goats. The
GH9 family (responsible for cellulose degradation) genes were lower in HRDS than
MRDS diet samples, and mainly produced by Prevotellaceae, Ruminococcaceae,
and Bacteroidaceae. Amylose (EC3.2.1.3) genes under HRDS treatment were more
abundant than under LRDS treatment. However, the abundance of GH13_9 and
CBM48 (responsible for starch degradation) were reduced in HRDS group indicating
the decreased binding activity from catalytic modules to starch. This study revealed
that HRDS-fed dairy goats had decreased CAZymes, which encode enzymes degrade
cellulose and starch in the dairy goats.

Keywords: metagenomics, microbiome, CAZymes, rumen degradable starch, dairy goats

INTRODUCTION

The rumen is recognized as a natural bioreactor for highly efficient carbohydrates degradation
(Codron and Clauss, 2010), because it harbors large numbers of microorganisms, including
bacteria, archaea, fungi and protozoa. The bacteria are most abundant with an estimated population
density of 1010−11 mL−1 of rumen fluid, followed by archaea (108−9 mL−1), ciliate protozoa
(106 mL−1) which contribute up to half of the rumen microbial biomass due to their large size,
and fungi with 106 mL−1 contributing less than 8% to total biomass (Wang et al., 2017). Rumen
microorganisms produce a series of enzymes known as carbohydrate-active enzymes (CAZymes)
which break down plant polysaccharides into their oligomers and monomers, then were fermented
to yield volatile fatty acids (VFAs) (Vincent et al., 2014). CAZymes control the diversity of complex
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carbohydrates involved in their assembly (glycosyltransferases,
GTs) and their breakdown (glycoside hydrolases, GHs;
polysaccharidelyases, PLs; carbohydrate esterases, CEs).
Furthermore, the non-enzymatic species carbohydrate-binding
modules (CBMs) can increase the catalytic activity by specially
binding polysaccharides (Boraston et al., 2004; Jones et al.,
2018). These CAZymes cooperatively contribute to dietary
carbohydrate deconstruction, such as cellulose, hemicellulose,
and starch (Lim et al., 2013; Kala et al., 2017).

For ruminants, starch an important energy source is often
used to improve rumen fermentation, optimizing digestion of
carbohydrates and increasing protein flow to the small intestine.
Compared with corn starch, wheat starch has higher amylopectin
content, and less bound with insoluble protein, resulting in more
accessible to enzymatic hydrolysis in wheat starch (Luis et al.,
2016). Increasing dietary rumen degradable starch (RDS) can
increase the potential risk for sub-acute ruminal acidosis in goats
by decreasing the ruminal pH (Gozho et al., 2007; Li et al., 2014b).
Meanwhile, increasing RDS can decrease the ratio of acetate
to propionate, changing the abundance of cellulolytic bacteria
and amylolytic bacteria (Li et al., 2014a,b). However, these
studies only focused on the rumen fermentation and microbial
community composition and did not provide information on
microbial metabolic functions.

Metagenomics are approaches that can be used to study
functional aspects of the microbial community at the genomic
level, specially the microbial metabolic functions. To date,
most research has been conducted on CAZymes and digestive
microbiota in ruminants (Dai et al., 2015; Jose et al., 2017;
Kala et al., 2017), but few studies have evaluated the effects of
different RDS on the diversity of CAZymes and taxonomic profile
of rumen microbial communities by metagenomics analyses in
dairy goats. Therefore, this study analyzed CAZymes and Kyoto
Encyclopedia of Genes and Genomes (KEGG) Orthology (KO)
functional categories to explore carbohydrate degradation under
different RDS in dairy goats.

MATERIALS AND METHODS

Ethics
In this study, all animal procedures were approved by the
Institutional Animal Care and Use Committee of Northwest
A&F University.

Animals and Diets
Briefly, eighteen Guanzhong lactating goats (second lactation) of
45.8 ± 1.54 kg body weight were paired and randomly allocated
to three groups according to body weight and milk yield after
receiving a basal diet with a forage-to-concentration ratio of
45:55 for 2 weeks before this study. The three treatments diets
were formulated to be isoenergetic, isonitrogenous, iso-starch,
and different in the RDS through replacing corn with wheat: low
RDS (LRDS = 20.52%), medium RDS (MRDS = 22.15%) and high
RDS (HRDS = 24.88%). The composition and nutrient contents
of the diets were given in Table 1. During the experimental
period, the animals were fed separately twice daily at 0800 and

1630 h, and the water was available ad libitum. All goats were
milked twice daily at 0800 and 1600 h. The feed intake and
milk composition and yield for those goats have been published
elsewhere (Zheng et al., 2020).

Sample Collection and Analysis
All goats were killed under anesthesia 3 h after morning feeding
at day 36. Rumen fluid was collected and strained through four
layers of sterile cheesecloth and pH was immediately measured
by using a mobile pH meter (Ohaus Instruments Co., Ltd.,
Shanghai, China). Collected rumen fluid was kept in lipid
nitrogen until being stored at −80◦C. The detection of ruminal
VFAs (acetate, propionate, butyrate, valerate, isobutyrate, and
isovalerate) concentrations referred to the previous study (Li
et al., 2014b). Briefly, 4 mL rumen liquid was mixed with 1 mL
metaphosphoric acid (250 g/L), then were centrifuged for 15 min
at 10,000 × g at 4◦C. Two milliliters of the supernatant were
mixed with 200 µL crotonic acid (10 g/L) and then filtered
through a 0.45 µm filter. The ruminal VFAs were separated and
quantified by Agilent 7820A GC system. The chromatograms of
GC for analytical standard and ruminal samples of the study
groups were shown in Supplementary Figure S1.

The detailed procedures of fumarate, succinate, and lactate
concentrations analysis referred to the previous study (Shurubor
et al., 2016). Briefly, 550 µL rumen fluid was mixed with 200 µL
ice-cold 10% perchloric acid. The acid-treated rumen fluid was
then vortexed for 1 min and incubated on ice for 10 min. The

TABLE 1 | The composition and ingredients of experimental diets.

Item Treatments

LRDS MRDS HRDS

Ingredient, (% of DM)

Alfalfa hay 17.50 17.50 17.50

Corn silage 27.50 27.50 27.50

Corn 40.00 23.50 8.00

Wheat – 18.00 36.00

Soybean meal 13.00 7.60 5.00

Corn gluten meal – 1.90 2.00

Wheat bran – 2.00 2.00

Calcium phosphate 0.25 0.25 0.25

Limestone 0.75 0.75 0.75

Salt 0.50 0.50 0.50

Vitamin-mineral mix1 0.50 0.50 0.50

Nutrient composition2

DM,% 50.58 50.27 50.21

ADF% 18.88 18.58 18.22

NDF% 34.38 33.76 32.90

CP% 16.40 16.71 16.59

Starch% 27.66 27.54 28.58

RDS% 20.52 22.15 24.88

1Vitamin-mineral mix (per kilogram): 450 mg of nicotinic acid, 600 mg of Mn,
950 mg of Zn, 430 mg of Fe, 650 mg of Cu, 30 mg of Se, 45 mg of I, 20 mg
of Co, 800 mg of vitamin E, 45,000 IU of vitamin D, and 120,000 IU of vitamin A.
2DM, dry matter; ADF, acid detergent fiber; NDF, neutral detergent fiber; CP, crude
protein; RDS, rumen degradable starch. Assuming a rumen outflow rate of 6%/h.
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precipitated protein was removed by centrifugation at 14, 000× g
for 20 min at 4◦C. The protein-free supernatant was transferred
to another polypropylene tube and a second centrifugation
was performed under the same conditions. The protein-free
extract was analyzed by Agilent 1260 high-performance liquid
chromatography system. The chromatograms of HPLC for
analytical standard and ruminal samples of the study groups were
shown in Supplementary Figure S2.

DNA Extraction, Metagenome Library
Preparation and Sequencing
The total DNA was extracted by CTAB/SDS method (Kumar
et al., 2014). The DNA concentration was determined by using
a Nanodrop 1000 (Thermo Fisher Scientific, Wilmington, DE,
United States), and the purity was monitored on 1% agarose gels.
The DNA was stored at−80◦C until further processing.

DNA extract was fragmented to an average size of about 300 bp
using Covaris M220 (Gene Company Limited, China) for paired-
end library construction. Paired-end library was constructed
using TruSeqTM DNA Sample Prep Kit (Illumina, San Diego,
CA, United States). Adapters containing the full complement
of sequencing primer hybridization sites were ligated to the
blunt-end of fragments. Paired-end sequencing was performed
on Illumina HiSeq4000 platform (Illumina Inc., San Diego,
CA, United States) at Majorbio Bio-Pharm Technology Co.,
Ltd., (Shanghai, China) using HiSeq 3000/4000 PE Cluster Kit
and HiSeq 3000/4000 SBS Kit according to the manufacturer’s
instructions1.

Sequence Quality Control and Genome
Assembly
Adapter sequence were stripped from the 3′ and 5′ end of paired
end Illumina reads using SeqPrep (Verision 1.1). Low-quality
reads (length < 50 bp or with a quality value < 20 or having
N bases) were removed by Sickle (Verision 1.33). Reads were
aligned to the Capra hircus genome by BWA (Version 0.7.9a)
and any hit associated with the reads and their mated reads
were removed. Metagenomics data were assembled by multiple_
megahit using Megahit (Version 1.1.2), which makes use of
succinct de Bruijn graphs. Contigs with the length being or over
300 bp were selected as the final assembling result, and then the
contigs were used for further gene prediction and annotation.
The summary statistics for multiple_megahit was shown in
Supplementary Table S1. The scaftigs length distribution was
shown in Supplementary Figure S3.

Gene Prediction, Taxonomy, and
Functional Annotation
Open reading frames (ORFs) from each assembled contig were
predicted using MetaGene (Noguchi et al., 2006). The predicted
ORFs with length being or over 100 bp were retrieved and
translated into amino acid sequences using the NCBI translation
table. All predicted genes with a 95% sequence identity
(90% coverage) were clustered using CD-HIT (Version 4.6.1)

1www.illumina.com

(Fu et al., 2012), the longest sequences from each cluster were
selected as representative sequences to construct non-redundant
gene catalog. Reads after quality control were mapped to the
representative sequences with 95% identity using SOAPaligner
Version 2.2.1 (Li et al., 2008), and gene abundance in each
sample were evaluated via reads per kilobase per million
mapped (RPKM). Representative sequences of non-redundant
gene catalog were aligned to NCBI NR database (Version: 2017-
12-26) using Diamond (blsatp 2.3.0 with default parameter
values, except e-value ≤ 1e-5) for taxonomic annotations using
Best-hit method (Altschul et al., 1997). The KEGG annotation
was conducted using Diamond against the Kyoto Encyclopedia
of Genes and Genomes database (Version: 2018-07-30) (Xie
et al., 2011) with an e-value cutoff of 1e-5. Carbohydrate-
active enzymes annotation was conducted using hmmscan
(Version 3.1b2) against CAZy database Version 6.0 with an
e-value cutoff of 1e-5.

Pyrosequencing Data Accession Number
The Illumina sequencing raw data for our samples have been
deposited in the NCBI Sequence Read Archive (SRA) under
accession numbers: PRJNA622867.

Statistical Analysis
The data of rumen metabolites were presented as mean± SE and
the difference between two groups was analyzed by Student’s t test
using the SPSS software (version20.0; Chicago, IL, United States).
Taxonomic and functional data were analyzed on the online
platform of Majorbio Cloud Platform2. Differential abundance of
phylum, family, genus, CAZymes and KO modules was tested
by Wilcoxon test using stats R package in R software (version
3.3.1). The Differences were statistically significant at P < 0.05
or a tendency of difference at 0.05 ≤ P < 0.10.

RESULTS

Ruminal Parameters
The effect of dietary RDS on the rumen fermentation parameter
were shown in Figure 1. The ruminal pH was significantly
decreased in MRDS (5.66 ± 0.046, P < 0.05) and HRDS
(5.62 ± 0.072, P < 0.01) groups, compared to LRDS group
(5.91 ± 0.057). The concentration of fumarate was significantly
increased in HRDS group (0.13 ± 0.01), compared to LRDS
(0.06± 0.01, P < 0.05) and MRDS (0.08± 0.01, P < 0.05) groups.
The concentration of succinate was significantly increased in
HRDS group (1.38 ± 0.15), compared to LRDS (0.73 ± 0.09,
P < 0.05) and MRDS (0.94 ± 0.10, P < 0.05) groups. The
concentration of lactate trended to be increased in HRDS
group (1.38 ± 0.12, P = 0.05), compared to LRDS group
(0.83 ± 0.22). The propionate proportion was significantly
increased in HRDS group (20.34%± 0.59%), compared to LRDS
group (18.43% ± 0.45%, P < 0.05). The butyrate proportion
was significantly increased in HRDS group (11.28% ± 0.21%),
compared to MRDS group (10.06% ± 0.28%, P < 0.05). The

2www.majorbio.com
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FIGURE 1 | Effect of dietary RDS on the rumen fermentation parameter. (A) Ruminal pH. (B) Concentrations of fumarate, succinate, and lactate. (C) Proportion of
VFA. (n = 6 per group) *P < 0.05, **P < 0.01, #0.05 ≤ P < 0.10.

valerate proportion was significantly increased in HRDS group
(1.48% ± 0.09%), compared to LRDS group (1.17% ± 0.03%,
P < 0.05).

Ruminal Microbial Composition
Metagenome sequencing of the total DNA from 18 rumen
samples generated approximately 248 gigabases of raw sequences
data. At the phyla level, Bacteroidetes, Firmicutes, Proteobacteria,
and Spirochetes were the dominant phyla (Figure 2A).
Compared with LRDS group, HRDS group significantly
decreased the relative abundance of Tenericutes (P < 0.05)
(Figure 2B). At the family level, Prevotellaceae, Bacteroidaceae,
Lachnospiraceae, Clostridiaceae, and Ruminococcaceae were the
dominant family. Compared with LRDS group, HRDS group
significantly decreased the relative abundance of Clostridiaceae,
and Ruminococcaceae (Figure 2C). At the genus level, compared
with LRDS group, HRDS group significantly decreased the
relative abundance of Clostridium, Blautia, Mycoplasma,
Bacillus, Succinivibrio, and Pseudobutyrivibrio (Figure 2D).

Functions of the Rumen Microbiome
Carbohydrate Genes Related to Carbohydrate
Degradation Pathway
Rumen microorganisms produce a range of enzymes collectively
known as CAZymes, including cellulases, hemicellulases, and
amylases attributed to dietary degradation. To specifically

explore the microbial potential for dietary degradation in
ruminal metagenomes, we screened for CAZymes in the
assembled contigs. CAZymes were determined to belong to
different classes (GHs, GTs, CEs, CBMs, PLs, and AAs) were
shown in Figure 3A. Among these six classes of CAZymes
families, GHs and GTs were the most families, and no
differences were found among the treatments. Phylogenetic
analysis of CAZyme contigs showed that Prevotella, Bacteroides,
and Clostridium primarily contributed CAZyme-encoding gene
fragments of the GH, GT, CE, CBM, PL, and AA families
in the dairy goats’ rumen metagenome, followed by Aliptipes,
unclassified_f_Lachnospiraceae, and Ruminococcus (Figure 3B).

To further provide support for the pivotal carbohydrate
biodegradation process, we compared the GH families
responsible for cellulose, hemicellulose, and starch degradation.
The CBM domain helps in binding of a CAZyme to its
carbohydrate substrate, thereby facilitating the enzyme’s activity.
In the present study, five GH families (GH97, GH9, GH5, GH88,
and GH45) were mainly found to be associated with cellulolytic
functions (Figure 4A). The abundances of GH9 was significantly
decreased in HRDS group compared to LRDS group (P < 0.05).
Notably, the GH9 genes were mainly phylogenetically assigned
to Prevotellaceae, Ruminococcaceae, and Bacteroidaceae at
the family level (Figure 4A). Five GH families (GH10, GH11,
GH30, and GH43) were mainly found to be associated with
hemicellulolytic functions. In the present study, we found that
the abundance of GH43_4 and GH43_5 genes were significantly
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FIGURE 2 | (A) Stacked bar graphs showing relative abundance of dominant phylum. (B) Relative abundance of Tenericutes were compared. (C) Top 15 family were
compared between each two groups. (D) Top 15 genera that different between LRDS and HRDS group. (n = 6 per group) *P < 0.05.

FIGURE 3 | (A) Percent of CAZymes in each group. (B) Percent contributions of CAZymes from the major microbial communities in dairy goats. GH stands for
glycoside hydrolase, GT for glycosyltransferase, PL for polysaccharide lyase. CE for carbohydrate esterases, CBM for carbohydrate-binding module, and AA for
auxiliary activity.

increased in HRDS group compared to LRDS group (P < 0.05)
(Figure 4B). Four GH families (GH31, GH13, GH57, and GH77)
were mainly found to be associated with starch degradation, the
abundance of GH13_9 was significantly decreased in MRDS
(P < 0.05) and HRDS (P < 0.05) groups compared with LRDS
group (Figure 4C). CBM48-GH13 is a documented architecture
for starch-degrading enzymes (Machovic and Janecek, 2008). We
found that MRDS group significantly increased the abundance

of CBM 48 compared to LRDS (P < 0.05) and HRDS group
(P < 0.05) (Figure 4C).

The abundance of the KO genes related to carbohydrates
degradation was compared between the treatments. The
relative abundances of the cellulases including endoglucanases,
exoglucanases, and β-glucosidases; hemicellulases including
endoxylanases, exoxylanases, and 1,4-β-xylosidase; and amylase
including α-amylase, amyloglucosidase, starch phosphorylase,
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FIGURE 4 | (A) Comparisons of the gene abundance of the GH family gene-coded cellulase. Phylogenetic distribution of sequences in GH9 assigned to the
identified family. (B) Comparisons of the gene abundance of the GH family gene-coded hemicellulase. (C) Comparisons of the gene abundance of the GH family
gene-coded amylase. Comparisons of the gene abundance of CBM48. (n = 6 per group) *P < 0.05.

isoamylase, and pullulanase were shown in Figure 5. Among
the gene encoding enzymes, HRDS group significantly increased
the relative abundance of the amyloglucosidase (EC3.2.1.3)
compared to LRDS group (P < 0.05). The relative abundance of
isoamylase (EC 3.2.1.68) genes were trended to decrease in HRDS
compared with MRDS group (P = 0.066).

The Fermentation Pathways From Pyruvate Into
Acetate and Propionate by Microorganisms
Many gene coding enzymes participate in the acetate and
propionate fermentation pathways by rumen microorganisms.
The fermentation pathways from pyruvate to propionate include
succinate pathway and acrylate pathway. The genes encoding
pyruvate fermentation to acetate and propionate were compared
between the treatments. Among these encoding enzymes, no
differences were found among the treatments (Figure 5D).

DISCUSSION

Ruminal pH and its daily fluctuation characteristics are
influenced by rumen degradable carbohydrates. Crystal pattern,
granule size and shape, amylose and amylopectin content,
presence of a protein matrix are the main factors characterizing
starch for each plant species (French, 1973). Compared with corn
starch, wheat starch has higher amylopectin content, and less
bound with insoluble protein, resulting in more accessible to
enzymatic hydrolysis in wheat starch (Li et al., 2014a; Luis et al.,
2016). In the current study, we conduct higher RDS by replacing
corn with wheat. We have reported the effect of dietary RDS

on milk production and found that high RDS diets significantly
decreased the milk fat composition and yield in the dairy goats
(Zheng et al., 2020). The milk fat synthesis in mammary gland
can be affect by rumen metabolites that derived from rumen
microorganisms, such as acetate, butyrate, trans fatty acids, and
so on. In the present study, we analyzed the rumen fermentation,
and the rumen microbial metabolic functions by metagenomics
analyses to explore carbohydrate degradation under different
RDS in dairy goats.

Previous studies reported that wheat decreased the ruminal
pH because of the higher degradability of starch in wheat (Li et al.,
2014b). The HRDS and MRDS group significantly decreased
the ruminal pH, which is consistent with previous study (Li
et al., 2014b). The higher proportion of propionate in HRDS
group indicated that more starch was fermented in the rumen
compared with the LRDS group. The higher concentration of
fumarate, succinate, and lactate indicated that HRDS feeding
enhanced the succinate pathway and acrylate pathway to produce
propionate. The pH of lactate is lower than that of the VFA, can
decrease the ruminal pH.

Previous studies showed that some taxa of Clostridiales,
Ruminococcaceae, and Blautia contain acetogens (Yang et al.,
2016; Mi et al., 2018). In the present study, order Clostridiales,
family Clostridiaceae and Ruminococcaceae, genera Clostridium
and Blautia were significantly lower in the HRDS group than in
the LRDS group, which might indicate that HRDS feeding goats
decrease the capacity to produce acetate.

Accumulated rumen metagenomic studies have shown
physical functional genes in rumen samples, which provided
a way to evaluate the function of rumen microorganisms
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FIGURE 5 | Comparisons of the relative abundance of KO enzymes for cellulase (A), xylanase (B), and amylase (C). (D) Metabolic routes for propionate and acetate
production by direct conversion from pyruvate. Comparisons of the relative abundance of KO enzymes related to the propionate and acetate production pathway.
(n = 6 per group) *P < 0.05, #0.05 ≤ P < 0.10. EC 3.2.1.21, β-glucosidases; EC3.2.1.4, endoglucanases; EC3.2.1.91, exoglucanases; EC3.2.1.8, endoxylanases;
EC3.2.1.37, 1,4-β-xylosidase; EC2.4.1.1, starch phosphorylase; EC3.2.1.1, α-amylase; EC3.2.1.3, amyloglucosidase; EC3.2.1.68, isoamylase; EC3.2.1.41,
pullulanase.

(Hess et al., 2011; Madiajagan, 2015). Metagenomic analysis of
CAZyme-encoding gene abundance and KEGG pathways gene
abundance could help characterize carbohydrate degradation in
rumen of dairy goats. The abundance of CAZyme-encoding
genes and KO genes related to fiber and starch degradation
were analyzed in rumens in response to different dietary RDS
level. Rumen metagenomic analysis showed that GH families
were most abundance in dairy goats, which was consistent with
previous studies (Berlemont et al., 2015; Stewart et al., 2018). The
GH families comprise a large number of enzymes involved in the
degradation of polysaccharides such as cellulose, hemicellulose,
starch, and chitin (Stewart et al., 2018). The high abundant of
GHs showed the capacity of dairy goat rumen to break down
plant cell wall polysaccharides.

Starch is the main energy component used in ruminants feed
to improve ruminal fermentation. In rumen, starch is degraded
mainly by the α-1,4 and α-1,6 amylases produced by rumen
microorganisms to release different oligosaccharides. Previous
study showed that wheat-induced SARA don’t affect effect
ruminal degradability (ERD) of corn starch, but significantly
decrease the rapidly degradable fraction of corn starch (Li et al.,
2014a). We found that HRDS group significantly increased
the amyloglucosidase (EC3.2.1.3) which can hydrolyze both
α-1,4 and α-1,6 glycosyl, and produce glucose. Regarding
the CAZymes, dramatically, family GH13 at high abundance
is known as an α-amylase family that binds and degrades
starch (Zhang et al., 2017; Sophie et al., 2018). CBM48-
GH13 is a documented architecture for starch-degrading

enzymes (Machovic and Janecek, 2008). The family CBM48
contains the putative starch-binding domains present in
the four enzyme specificities from the α-amylase enzyme
family: pullulanase (GH13_12, GH13_13, GH13_14), isoamylase
(GH13_11), maltooligosyl trehalohydrolase (GH13_10), as well
as the glycogen branching enzyme and the starch branching
enzyme (GH13_8, GH13_9). In the present study, we found
that HRDS significantly decreased the GH13_9 and CBM48
genes abundance. In the current study, the relative abundance of
isoamylase (EC 3.2.1.68) genes were trended to decrease in HRDS
compared with LRDS group. From these, we can speculate that
HRDS group increased the RDS because of the easily accessible to
enzymatic hydrolysis, but decrease the starch branching enzyme
by altering the binding activity from catalytic modules to starch
substrates. Further studies are needed to explore the mechanisms
for the decreased binding activity.

During cellulose degradation, the cellulose fibrils are attacked
at the ends of the chain by exoglucanases (EC3.2.1.91) that are
generally from GH families 6, 7, and 48 (Morais and Mizrahi,
2019). The endoglucanases (EC 3.2.1.4) cleave the cellulose chain
internally that are from GH families 5, 6, 7, 9, and 45 (Morais
and Mizrahi, 2019). In the present study, we found that the
genes that encode cellulases mainly belonged to GH95, GH9,
GH5, GH88, and GH45 families, which were also determined
by previous studies (Patel et al., 2014; Solden et al., 2018; Wang
et al., 2019). Among these, GH95 and GH9 were most abundance,
GH9 is well known with endoglucanase activity (Naas et al.,
2014; Maharjan et al., 2018). The relative abundance of GH9 was
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decreased in high dietary concentrate-to-forage ration (Wang
et al., 2019). In consistent with that, we found the abundance of
GH9 family was lower under HRDS treatment. At the family
level, the GH9 genes were mainly phylogenetically assigned
to Prevotellaceae, Ruminococcaceae, and Bacteroidaceae.
Meanwhile, Ruminococcaceae relative abundance was lower
under HRDS treatment than LRDS treatment. Ruminococcaceae
is the mainly cellulolytic bacteria. Cellulolytic bacteria are
generally believed to be sensitive to ruminal pH, and a low
pH compromises their growth (Khafipour et al., 2009). We
can speculate that HRDS decreased the cellulase activity by
decreasing the endoglucanases.

The second major component of the plant cell wall
is hemicellulose. Hemicellulose is comprised of virous
polysaccharides, with xylan being the most abundant. Xylanases
are generally from GH families 10, 11, and 30 for the
endoxylanases (EC3.2.1.8: cleaving the main chain internally)
and 43 for exoxylanases (EC3.2.1.92: cleaving at the chain ends)
(Morais and Mizrahi, 2019). In the present study, we found that
the abundance of GH43_4 and GH43_5 genes were significantly
increased in HRDS group compared to LRDS group. The corn
bran xylans, which have the higher number and complexity of the
side chains are more recalcitrant to breakdown by know xylan-
degrading enzyme system than wheat flour xylans (Rogowski
et al., 2016). These may explain the increment of the abundance of
GH43_4 and GH43_5 in HRDS group which have higher wheat
proportion compared with LRDS group.

The abundance of CAZyme-encoding genes and KO genes
related to fiber and starch degradation indicate the degradation
from fiber and starch to glucose, which in turn was fermented
to VFA by microorganisms. The fermentation processes from
glucose to the acetate and propionate are catalyzed by various
enzymes. No differences in the abundance of these enzymes were
observed at the metagenome level between groups. Therefore, the
increased RDS content and decreased abundances of GH9 and
acetogens altered the rumen fermentation in HRDS feeding goats.
Altogether, these findings indicate that high RDS diets altered the
composition and function of ruminal microbiota.

CONCLUSION

In conclusion, this study investigated changes in rumen
fermentation, microbial composition variation, and CAZyme-
encoding genes and KO genes related to fiber and starch
degradation in response to the dietary RDS in dairy goats. We
revealed that dietary RDS significantly affect rumen fermentation
and carbohydrate degradation. The HRDS group decreased
ruminal pH, then inhibited dominant acetogens, and the genes

abundance of endoglucanase. The HRDS group increased the
propionate proportion by increased RDS content and the genes
abundance of amylase, but decreased the starch branching
enzyme by altering the binding activity from catalytic modules
to starch substrates. Therefore, this study can enhance our
understanding of starch and cellulose degradation in response
to the changes of dietary RDS in the rumen of dairy goats,
which contributes to the improvement of starch utilization in
ruminant nutrition.
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The present study aims to evaluate the effects of different early weaning paradigms,
which supplied with extra alfalfa hay, or starter feeding, or both alfalfa hay and starter
feeding, along with the milk replacer, on the gastrointestinal microbial community,
growth, and immune performance of yak calves. Twenty 30-day-old male yak calves
were randomly assigned to four groups, including the control (CON), alfalfa hay (A),
starter feeding (S), and starter plus alfalfa hay (SA) groups. The gastrointestinal microbial
colonization, the gastrointestinal development and function, and the growth and
immune performance of all the yak calves were separately measured. Supplementation
with alfalfa and starter feeding during the pre-weaning period significantly increased
body weight, body height, body length, and chest girth. The significantly improved
rumen fermentation and promoted intestinal digestion-absorption function in alfalfa and
starter feeding groups, including the identified significantly increased concentrations
of ruminal total volatile fatty acid (VFA); the significantly increased concentrations and
proportions of acetate, butyrate, and isovalerate; the increased α-amylase activities
in the duodenum, jejunum, and ileum; the increased papillae length and width of
rumen epithelium and rumen wall thickness; and the increased villus height and crypt
depth of the duodenum, jejunum, and ileum, could all contribute to promote the
growth of calves. These significant improvements on rumen fermentation and intestinal
digestion-absorption function could be further attributed to the increased proliferation of
starch-decomposing, and cellulose- or hemicellulose-decomposing bacteria identified
in the rumen, jejunum, and ileum. Furthermore, based on the expression of intestinal
inflammatory cytokines and the rumen epithelial RNA sequencing results, alfalfa
supplementation reduced the occurrence of ruminal and intestinal inflammation,
whereas starter feeding supplementation was mainly beneficial to the differentiation of
immune cells and the improved immune function. Meanwhile, the significantly altered
relative abundances of genera in the SA group, including increased relative abundance
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of Limnobacter, Escherichia/Shigella, and Aquabacterium in the rumen and increased
relative abundance of Coprococcus, Pseudobutyrivibrio, Flavonifractor, Synergistes,
and Sutterella in jejunum, were able to reduce gastrointestinal inflammation and enhance
the immune function, which enhanced the immune function of the yak calves fed with
alfalfa and starter feeding. Overall, milk replacer supplemented with alfalfa and starter
feeding during the pre-weaning period could alter gastrointestinal microbiota and then
benefit the gastrointestinal development, digestion-absorption function, growth, and
immune performance of the yak calves.

Keywords: yak calves, alfalfa, starter feeding, gastrointestinal microbiota, immune homeostasis, growth
performance

INTRODUCTION

The yak, which is the major indigenous ruminant on the Qinghai-
Tibetan Plateau in China, has been grazed and used by local
herdsmen for meat, milk, and fuel for several centuries (Xue et al.,
2005). Calves are important for the sustainable development
of the yak industry. The quality of calf cultivation directly
determines the performance of adults. However, the pre-weaning
period for yak calves mainly occurs during maternal grazing and
nursing, which lasts for 120–180 days on the Qinghai-Tibetan
Plateau and is not beneficial to the estrus and mating of female
yaks or the survival and growth of the calves. Adequate nutrition
supplementation in the calves’ early life can have a long-term
impact on the dairy calves. For instance, the gastrointestinal
development, the functional transition from metabolizing milk
glucose to metabolizing short-chain fatty acids, growth, and
the immunity of the calves could all be affected by the intake
of starter feeding and alfalfa hay during the pre- and post-
weaning phases (3–70 days after birth) (Kargar and Kanani,
2019). Considering the nutrition deficiency of the yak calf by
long-term (120–180 days) maternal grazing and nursing on
Qinghai-Tibetan Plateau and the growing demand to improve the
growth performance of yaks, early weaning with mixed rations of
available roughage or grains in barn feeding paradigms, whose
effects on the growth and health of lambs and dairy calves have
been widely suggested (Khan et al., 2016), was presented as an
alternative to natural grazing and was supposed to be beneficial
to the growth and carcass characteristics of yaks.

Individually supplying alfalfa hay or starter feeding to the
ruminants during the pre-weaning period is controversial, due
to their differential roles in promoting rumen development
(Norouzian et al., 2011) and maintaining gastrointestinal
immune homeostasis (Liu et al., 2017) in lambs and dairy
calves during the pre- and post-weaning phases. Briefly, it has

Abbreviations: ALB, albumin; ALP, alkaline; ALT, glutamic-pyruvic
transaminase; AST, glutamic oxalacetic transaminase; DEGs, differentially
expressed genes; FPKM, Fragments per kilobase of exon per million mapped
reads; GLO, globulin; IFN-γ, interferon-γ; IgA/IgG/IgM, immunoglobulin;
A/G/M IL-1β, interleukin-1β; IL-2, interleukin-2; IL-4, interleukin-4; IL-10,
interleukin-10; KEGG, Kyoto Encyclopedia of Genes and Genomes; LDA, linear
discriminant analysis; LDH, lactic dehydrogenase phosphatase; LEfSe, linear
discriminant analysis effect size; NO, nitric oxide; OTUs, operational taxonomic
units; PCoA, principal coordinated analysis; qRT-PCR, quantitative real-time
PCR; sIgA, secreted immunoglobulin A; TNF-α, tumor necrosis factor-α; TP, total
protein; VFA, volatile fatty acid.

been noted that alfalfa hay promotes epithelium and muscular
development of the rumen in dairy calves. However, alfalfa
hay digestion by microorganisms does not provide sufficient
concentrations of ruminal volatile fatty acids (VFAs), especially
butyrate, required for optimal papillae development in dairy
calves until 2 weeks later after weaning (Jahani-Moghadam
et al., 2015; Mirzaei et al., 2015; Hosseini et al., 2016). The
starter feeding provides readily fermentable carbohydrates for
the production of VFAs, especially butyrate, which is necessary
to stimulate papillae development. However, ruminants that are
only fed starter feeding are at a greater risk of developing ruminal
or metabolic acidosis and parakeratosis, which may severely
compromise gastrointestinal functions and lead to harmful
effects on the development and health of the pre- and post-
weaning lambs from 10 to 56 days (Liu et al., 2017; Wang
et al., 2017). Overall, considering their potentially unique and
complementary effects on rumen development, gastrointestinal
immune homeostasis, and the microbial colonization of calves,
the present research focuses on the most suitable weaning feeding
paradigm for yak calves, which were fed with extra alfalfa hay, or
starter feeding, or both of alfalfa hay and starter feeding along
with the milk replacer during their early lives.

Alfalfa hay and starter feeding supplementation during the
pre-weaning period have a crucial and long-term impact on
various biological functions (Saro et al., 2018), which could
result from the altered gastrointestinal microbiota and enhanced
rumen fermentation or intestinal nutrients utilization during
early life. In dairy calves during the pre-weaning (7 weeks of
age), weaning transition (8 weeks of age), and post-weaning (9–
11 weeks of age) phases, the supplementation of alfalfa hay and
other fiber carbohydrates could increase the ruminal abundance
of Bacteroidetes, which is an important cellulose-decomposing
bacteria, and further increase the rumen pH and contribute to
rumen health and rumen epithelium development (Kim et al.,
2016). Meanwhile, in dairy calves during the pre-weaning phase
(7, 28, 49, and 63 days), supplementation with starter feeding
could increase Megasphaera, Sharpea, and Succinivribrio, which
respond by utilizing the rumen fermentable carbohydrates (Dias
et al., 2017), and further enhance the rumen fermentation and
promote growth of ruminants. Considering that the characteristic
ruminal and intestinal microbiota of yak result from a history
of long-term grazing (Long et al., 2008; Xue et al., 2017; Huang
and Li, 2018), barn feeding with alfalfa hay, starter feeding, and
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milk replacer has the potential to influence the gut microbiota
and further contribute to tremendous gastrointestinal functional
alterations, which have rarely been studied in the yak calves.

Along with the supplementation of milk replacer, by
supplying with extra alfalfa hay, or starter feeding, or alfalfa
hay and starter feeding, the present study aims (1) to
compare the effects of different early weaning paradigms on
gastrointestinal development, nutrient utilization, and immune
homeostasis in yak calves and screen out the most suitable
weaning feeding paradigm for yak calves, (2) to reveal the
roles of the altered gastrointestinal microbiota in regulating
the gastrointestinal function, nutrient utilization, immune
homeostasis, and development of pre-weaning yaks that reflect
the individual or simultaneous supplementation with alfalfa and
starter feeding.

MATERIALS AND METHODS

Ethics Approval Statement
This study was carried out in accordance with the
recommendations of the Administration of Affairs Concerning
Experimental Animals (Ministry of Science and Technology,
China, revised 2004). The protocol was approved by the
Institutional Animal Care and Use Committee of the Northwest
A&F University (protocol number NWAFAC1118).

Animals and Experimental Design
Before the commencement of the trial, all the yak calves were
fed with the maternal milk by maternal nursing only at the
Datong Yak Breeding Farm of Qinghai Province. Meanwhile,
we have performed a power analysis to justify the sample size
by using the pwr.anova.test [k = 4, n = 5, f = 1 (large effect
sizes), sig.level = 0.05] in the pwr package according to Cohen
(1988), where k is the number of groups and n is the common
sample size in each group. The results indicated that the power is
0.927, which indicated that n = 5 is enough to obtain the credible
result. Herein, 20 male yak calves at the age of 30 days [Body
weight (BW) of 34.86 ± 2.06 kg, mean ± standard deviation
(SD)] were then randomly selected and assigned to four groups,
with five calves per group. The five calves in each group were
individually feeding in five different pens. The control group
was supplied with the milk replacer; the alfalfa (A) group was
supplied with milk replacer and alfalfa; the starter feeding (S)
group was supplied with milk replacer and starter; and the
starter plus alfalfa (SA) group was supplied with milk replacer,
starter, and alfalfa hay. The yak calves in each group were fed
twice a day at 08:00 h and 16:30 h. All yak calves in the four
treatments, in addition to their respective access to the starter
feed and/or alfalfa hay, were supplied twice a day at 08:00 and
16:30 with milk replacer constituted from 100 to 350 g milk
replacer powder (the supplementation of milk replacer were
increased along with the increasing body weight) dissolved in
1 L 60◦C water. Water was supplied ad libitum to the yak
calves during the experimental period. The experiment was
performed from June to October and lasted for 90 days. At the
end of the experiment, all yak calves were weighed, and the

body size indexes, including the body height, body length, and
chest girth, were recorded. Meanwhile, during the experimental
period, the feed offered was recorded daily, and the residue was
collected daily, pooled, and weighed at 3-day intervals for the
calculation of the averaged daily feed intake over the 3 days.
This approach resulted in a total of 30 measures of the feed
intakes for each of the calves over the whole period, and the
mean of those 30 intakes was used an individual replicate for
the statistical analysis on the difference of feed intake between
four treatments.

Composites of the starter feed, alfalfa hay, and milk replacer
were measured (AOAC International, 2000) for dry matter (oven
method 930.15), sugar (colorimetric method), crude protein
(Kjeldahl method 988.05), ether extract (alkaline treatment with
Röse-Gottlieb method 932.06 for MR; diethyl ether extraction
method 2003.05 for starter and alfalfa hay), NDF with ash without
sodium sulfite or α-amylase, ADF with ash, starch (α-amylase
method), Calcium (Ca) and Phosphorus (P) (dry ashing, acid
digestion, and analysis by inductively coupled plasma, method
985.01), and the details of the nutrient composition were given
in Table 1.

Sample Collection
After the calves had been fed for 90 days, the jugular venous
blood samples of all yak calves were collected before morning
feeding, and the plasma samples were prepared. Briefly, the blood
samples were collected into 5 mL vacutainer tubes with the
chelating agent EDTA-K2, and then the samples were centrifuged
at 3500 × g for 15 min at 4◦C for plasma collection. Then
the calves were weighted, euthanized by exsanguination after
intravenous administration of 10% chloral hydrate solution
(100 mg chloral hydrate/kg body weight; Sigma, United States),
and immediately dissected.

First, the 30 cm2 ruminal epithelial tissue samples at the
same position were also collected for determination of ruminal
morphology (Ishii et al., 2005). Then, following removal of

TABLE 1 | Nutrient composition of the alfalfa, starter, and milk replacer used in
the present study.

Items (% of dry matter) Milk replacera Alfalfa hay Starter feed

Dry matter (% as-fed) 94.00 93.80 87.90

Sugar – – 6.50

Starch – – 40.50

Crude protein 24.00 12.50 20.00

Ether extract 16.00 0.90 4.70

Neutral detergent fiber – 56.45 10.90

Acid detergent fiber – 40.40 4.10

Calcium 0.60∼3.00 0.98 0.80

Phosphorus 0.50∼2.00 0.18 0.45

Lysine 2.20 0.85 1.06

Methionine 1.00 0.17 0.33

aThe milk replacer was stored in powder, and was consisted with the whole milk
powder, whey powder, protein concentrate, vitamin A (VA), VD3, VE, nicotinic
acid, pantothenic acid, lysine, methionine, threonine, sodium chloride, copper, zinc
manganese, and iron.
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the intestinal contents to prevent contamination, the middle
complete duodenal, jejunal, and ileal segments were collected in
lengths of 3 cm for further intestinal histological processing. The
above ruminal epithelial tissue samples and intestinal segments
were all fixed in 10% buffered formalin for at least 48 h before the
determination of rumen and intestinal morphology. Specifically,
to ensure that the sampling sites of intestines were consistent, we
segmented the intestine into duodenum, jejunum, and ileum as
following criterions: the duodenum tissue was the first 15 cm of
the small intestine beginning at the pyloric sphincter; the ileum
tissue was the distal 15 cm portion of the small intestine that
ended at the ileocecocolic junction. About 15 cm from the middle
of the small intestine was sampled as the jejunum tissue. Then
the middle complete intestinal segments in lengths of 3 cm were
separately collected for intestinal morphology.

Second, the residual 12 cm sampled duodenal, jejunal, and
ileal segments were used to collect duodenal, jejunal, and ileal
mucosal samples. The duodenal, jejunal, and ileal mucosal
samples and the rumen dorsal epithelial tissue samples at the
same position were used for further RNA sequencing and
enzyme-linked immunosorbent assay (ELISA) tests. Briefly, the
duodenal, jejunal, and ileal sections were cut along the dorsal
line, and the contents were emptied. The fundic region of these
tissues was washed with ice-cold 0.9% saline, and the mucosal
was scraped using a sterile glass slide. Specifically, in order to
avoid the potential influence of Payer’s patch on the subsequent
measurement, the presence of Payer’s patch was checked first,
and only the patch-free segment of jejunum was used for sample
collection and further analysis.

Third, rumen fluid was collected and strained through
4 layers of sterile cheesecloth. The pH of the rumen fluid
was measured immediately with a mobile pH meter (HI
9024C; HANNA Instruments, Woonsocket, RI, United States);
meanwhile, another 5 mL of rumen fluid was collected for VFAs
and NH3-N analyses. Specifically, a solute with metaphosphoric
acid and crotonic acid was added to 2 mL of these 5 mL rumen
fluid samples before further analyses of the VFA concentrations.

At last, the rumen fluid, abomasumal content, duodenal
content, jejunal content, and ileal content samples were collected
for digestive enzyme analyses. Meanwhile, more tubes of rumen
fluid, jejunal content, and ileal content samples were collected for
DNA extraction and further 16S rRNA gene sequencing.

The duodenal, jejunal, and ileal segments and the rumen
dorsal epithelial tissue samples were fixed in 10% buffered
formalin and stored at 4◦C until the analysis of ruminal and
intestinal morphology. Besides, all the other collected samples
were first stored in liquid nitrogen for 24 h and then stored in
−80◦C until analyses.

Measurement of Blood and Plasma
Biochemical and Immune Indexes
The glutamic-pyruvic transaminase (ALT), glutamic oxalacetic
transaminase (AST), total protein (TP), albumin (ALB), globulin
(GLO), lactic dehydrogenase (LDH), and alkaline phosphatase
(ALP) contents in the blood were determined using an automatic
biochemical analyzer (Cobas 601, Roche, Germany) with the

help of Qinghai Provincial People’s Hospital. Meanwhile, the
immune globulin G (IgG), immune globulin A (IgA), immune
globulin M (IgM), nitric oxide (NO), and lysozyme contents were
measured by spectrophotometric methods (Jiancheng Biological
Engineering Research Institute, Nanjing, China). The tumor
necrosis factor α (TNFα), interleukin 1β (IL-1β), IL-2, IL-4, alexin
C3, and cortisol contents were measured by ELISA (Cloud-Clone
Corporation, Houston, TX, United States).

Determination of Rumen and Intestinal
Morphology
After being fixed in 10% buffered formalin, the duodenal,
jejunal, and ileal segments and the rumen dorsal epithelial tissue
samples were dehydrated and cleared. Then, the rumen and
intestinal samples were cut and inserted into cassettes, which
were embedded in liquid paraffin. Next, 5 µm paraffin sections
were cut using the microtome and stained with hematoxylin-
eosin. The papillae length and width of the rumen epithelium,
the thickness of the rumen base, and the height and crypt depth
of the intestinal villus were determined using a phase contrast
microscope (Nikon NiE200, Japan) (Wu et al., 2018).

Determination of VFAs in Rumen Fluid
For the VFA and NH3-N measurements, the rumen fluid was
centrifuged at 13,000 × g for 10 min. The VFAs were analyzed
by an Agilent 6850 gas chromatograph (Agilent Technologies
Inc., Santa Clara, CA, United States) equipped with a polar
capillary column (HP-FFAP, 30 m × 0.25 mm × 0.25 µm)
and a flame ionization detector (FID), as previously described
(Xue et al., 2017). The NH3-N in the supernatant was
quantified using a continuous-flow analyzer (SKALAR San,
Skalar Co., Netherlands).

Measurement of the Activities of
Gastrointestinal Digestive Enzymes and
Immune Cytokines
The activities of the gastrointestinal digestive enzymes, including
the carboxymethyl cellulase, xylanase, and pectinase in the
rumen; the pepsase and chymosin in the abomasum; and the
α-amylase, trypsin, and lipase in the duodenum, jejunum, and
ileum, were measured by spectrophotometric methods according
to the manufacturer’s instructions (Jiancheng Biological
Engineering Research Institute, Nanjing, China). Moreover,
the sIgA, IL-2, IL-4, IL-10, TNF-α, and IFN-γ contents of the
mucous membrane samples of the duodenum, jejunum, and
ileum were measured by the microplate reader (Varioskan Flash,
Thermo, United States) using ELISA kits (YuanMu Biological
Technology Co. Ltd., Shanghai, China).

Microbial DNA Extraction, 16S rRNA
Gene Amplification of the V3 + V4
Region, Sequencing, and Bioinformatics
Analysis
The rumen fluid, jejunal content, and ileal content samples
of yak calves from four different treatments were used for

Frontiers in Microbiology | www.frontiersin.org 4 June 2020 | Volume 11 | Article 994360

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00994 June 3, 2020 Time: 18:6 # 5

Cui et al. Gastrointestinal Microbiota in Yak Calves

DNA extraction using QIAamp DNA Stool Mini Kit (Qiagen,
Germany). The integrity of the DNA was assessed using 1%
agarosegel electrophoresis and the purity was assessed from
the 260:280 nm ration (>1.8) using a NanoDrop ND2000
spectrophotometer (Thermo Scientific, United States).
Furthermore, the concentration and amount of DNA
samples were further detected by using Qbit fluorometer
(Life Technologies, Mulgrave, VIC, Australia), and the DNA was
stored at−80◦C until it was used in sequencing analysis. Only the
DNA samples with an optical density ratio at 260/280 nm > 1.8,
with a concentration of 20 ng/µL (total volume was greater than
20 µL), and with ideal integrity were used in further analyses.

The amplicon library was prepared by polymerase chain
reaction amplification of the V3–V4 region of the 16S rRNA gene
using the primer set 341F (5′-CCTAYGGGRBGCASCAG-3′) and
806R (5′-GGACTACNNGGGTATCTAAT-3′) with barcodes (Yu
et al., 2005; Sundberg et al., 2013). Briefly, considering that a large
amount of archaeal such as methanogens were also colonized
and play important roles in the rumen and gut of ruminant
(Yu et al., 2005; Sundberg et al., 2013), the primer set 341F
and 806R was selected to meanwhile obtain the information
from the bacteria and archaeal. PCR reactions were performed
in triplicate 20 µL mixture containing 4 µL of 5 × FastPfu
Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of each primer (5 µM),
0.4 µL of FastPfu Polymerase, and 10 ng of template DNA.
Amplicons were extracted and purified from 2% agarose gels
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
United States) and were quantified using QuantiFluorTM-ST
(Promega, United States).

The 16S rRNA gene amplicons were used to determine
the diversity of and to perform structural comparisons of the
bacterial species present in each of the samples using a paired-
end sequence (2 × 250) on an Illumina HiSeq 2500 platform
according to the standard protocols. The sequence data was
deposited and is available in the Sequence Read Archive (SRA)
of NCBI with the accession project numbers PRJNA543073.

Raw fastq files were demultiplexed using the barcode sequence
with the exact barcode matching parameter. The quality-filtering
of raw tags was performed using Trimmomatic (version 0.36)
(Bolger et al., 2014) with the following criteria: (i) bases off the
start and end of a read below a threshold quality (Score< 2) were
removed. (ii) The reads were truncated at any site receiving an
average quality score < 2 over a 4 bp sliding window, discarding
the truncated reads that were shorter than 100 bp.

Paired-end reads were merged using USEARCH (version
9.2.64)1 (Edgar and Flyvbjerg, 2015) with the default parameters.
The primer sequences were identified and removed from
the merged reads by using the subcommand “search_pcr” of
USEARCH. Then reads that could not be merged were discarded,
and the merged reads with more than two nucleotide mismatches
in primer matching were removed.

These sequences were classified into operational taxonomic
units (OTUs) at an identity threshold of a 97% similarity
using the UPARSE software (Edgar, 2013). For each OTU,
a representative sequence was screened and used to assign

1http://drive5.com

taxonomic composition by comparison with the RDP 16S
Training set (v16) and the core set using the SINTA (Usearch
V9.2.64) and PyNAST programed algorithms (Caporaso et al.,
2010; Edgar, 2016). Specially, we performed the “otutab rare”
program by using USEARCH to keep the uniformization of
data from different groups before these analyses. Subsequent
analysis of alpha and beta diversity was performed based on the
output of this normalized data by separately using USEARCH
alpha_div (Edgar, 2010) and UniFrac metrics (Lozupone and
Knight, 2005) in QIIME (version 1.9.1) (Caporaso et al., 2010).
The relative abundance of different taxon for each sample
was determined according to phylum, class, order, family, and
genus. The microbiota was compared for beta diversity using
the distance matrices generated from weighted UniFrac analysis
and principal coordinated analysis (PCoA) (Lozupone et al.,
2013). Linear discriminant analysis (LDA) and effect size (LEfSe)
analysis (Paulson et al., 2013) was performed to estimate the effect
size of species that contributed to the differences between the
samples. The threshold of the LDA score was set at a default
value of 2.0. The correlation between the identified genera and
significantly altered performance of calves were analyzed by using
spearman analysis.

Rumen Epithelial RNA Isolation,
Sequencing, and Bioinformatics Analysis
By using the Scotty website2 (Busby et al., 2013), the power
analysis for the RNAseq experiment was also performed
to identify the reliability of the RNA sequence by using
five replications for each group in the present study. In
brief, with expectation to detect more than 50% of accurate
differentially expressed genes, five replicates sequenced to a
depth of 40 million reads aligned to genes per replicate
could obtain the most powerful results. These results indicated
that five replicates sequenced to a depth of 40 million reads
aligned to genes per replicate in the present study is enough
to obtain the credible result of RNA sequencing as well.
Total RNA from the rumen epithelial tissue samples of 20
yak calves (five from each treatment group) was extracted
using the TRIzol reagent (Invitrogen, CA, United States).
Specifically, DNase I was used during the RNA isolation
process to remove contamination with genomic DNA. The
quantity and purity of the total RNA was analyzed by a
NanoDrop R© ND-1000 spectrophotometer (Thermo Scientific,
MA, United States), and the integrity of the RNA was assessed
with the Bioanalyzer 2100 and RNA Nano6000 LabChip
Kit (Agilent, CA, United States). Only samples that had an
OD260/280 > 1.8, OD260/230 > 2.0, and an RNA Integrity
Number> 7.0 were used for further sequencing.

Approximately 3 µg of the total RNA from each sample was
used to prepare an mRNA library according to the Illumina R©

TruSeqTM RNA sample preparation protocol. Then, the paired-
end sequencing (2 × 125 bp) was performed on an Illumina
HiSeq 2500. The 125 bp paired-end raw reads were first processed
through SOAPnuke filter to obtain the clean data (Chen et al.,
2017) by removing the reads that contain sequencing adapter

2http://scotty.genetics.utah.edu/
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contaminations or poly-N and the low-quality reads with Q
values less than 20. At the same time, the Q20 and Q30
(note: Q20 and Q30 were widely used to adjust the quality of
sequencing data. Q20 indicates the probability of an incorrect
base call is 1 in 100, and Q30 indicates the probability of an
incorrect base call is 1 in 1000.) of the clean data were calculated
(Supplementary Table S1), and all of them indicated that our
data were in good quality (with Q20 > 97% and Q30 > 92%).
The index of the reference genome was built using Bowtie v2.2.3
(Langmead and Salzberg, 2012), and the sequences were aligned
to the yak genome (Bos mutus, assembly BosGru_v2.0) using
HISAT (Kim et al., 2015). Sequence segments were spliced and
annotated, and transcript expressions were calculated by RSEM
function (Li and Dewey, 2011). Fragments per kilobase of exon
per million mapped reads (FPKM) was employed to quantify
the gene expression. Based on negative binomial distribution,
DEGs were screened out based on the expected read counts
(fifth column of the output results) from the RSEM by using
DESeq with an adjusted P < 0.05 and fold change > 2 or
<0.5. In brief, the RSEM runs Bowtie to find all alignments
of a read with at most two mismatches in its first 25 bases,
to obtain the expected read count of each library. Then we
combined differential comparison library to obtain the raw count
matrix of gene expression. At last, the raw count matrix of gene
expression was set as the raw count to DESeq2 to analyze and
obtain the DEG (Li and Dewey, 2011). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis for
the DEGs was performed by using KOBAS 2.0 software (Xie
et al., 2011). P < 0.05 was used to define KEGG pathways as
significantly enriched.

Quantitative Real-Time PCR (qRT-PCR)
Analysis
Approximately 1 µg of total RNA was reverse transcribed using
the PrimeScriptTM RT reagent Kit with gDNA eraser (TaKaRa,
Dalian, China). qRT-PCR was performed using SYBR R© Green
PCR Master Mix (TaKaRa, Dalian, China). A 20 µL PCR mixture
was quickly prepared. Primers for GAPDH (internal control
genes) and tested mRNAs [syndecan 4 (SDC4), selenoprotein W
(SEPW1), Fos proto-oncogene (FOS), and FOS like 1 (FOSL1),
which selected by RNA sequencing] were designed using Primer-
BLAST3 and listed in Table 2. The PCR was conducted in
an iCycler iQ5 multicolor real-time PCR detection system
(Bio-Rad Laboratories) and programed as follows: 95◦C for
10 min; 40 cycles of 95◦C for 10 s; 60◦C for 30 s; 72◦C for
30 s; and 72◦C for 5 min. All the samples were examined in
triplicate. All the data was analyzed using the 2−11Ct method
(Livak and Schmittgen, 2001).

Statistical Analysis
The statistical evaluation of the mRNA sequencing and 16S
rRNA gene sequencing results were analyzed by using the
bioinformatics methods described as above.

The statistical analyses on all the measures (except for the
mRNA sequencing, 16S rRNA gene sequencing), including the

3http://www.ncbi.nlm.nih.gov/tools/primer-blast/

TABLE 2 | Primer sequences for GAPDH (internal control genes) and tested
mRNAs (DEGs selected by RNA sequencing).

Gene name/abbreviation Primer sequences (5′to 3′) Production
size

Glyceraldehyde-3-
phosphate dehydrogenase
GAPDH

F: CGACTTCAACAGCGACACTCA

R: GGTCCAGGGACCTTACTCCTT

160

Syndecan 4
SDC4

F: CTATGCAGAGAGGAGAGGCC
R: AGAGGAAAAGGGACATGGGG

170

Selenoprotein W
SEPW1

F: GGACACGGAGAGCAAGTTTC
R: GAGATGAGGGATGGGGAAGG

288

Fos proto-oncogene
FOS

F:TTTGACTGCTCGCGATCATG
R:CAGATCGGTGCAGTAGTCCT

176

FOS like 1
FOSL1

F: CCCTGCTCATTTGATCCAGC
R: GATTAGGGCTCCAGAGGACC

261

mean of the individual feed intakes for the whole experimental
period, were analyzed using the one-way ANOVA procedure
by SPSS 21.0. If a significant treatment effect was indicated by
ANOVA, the significance between the treatment differences was
further identified by Duncan’s multiple comparisons test. All the
data is expressed as the least square means with the standard
error of the means. Differences were declared to be statistically
significant at P < 0.05.

RESULTS

Simultaneous Supplementation of Alfalfa
and Starter Feeding Significantly
Promoted the Growth of Yak Calves
The significant differences between the treatments in the daily
DMI of the yak calves over the whole experimental period
were identified in the present study, where the highest intake
was found for calves in the SA group, followed with the S
group, the A group, and the CON group, had the lowest
feed intake (P < 0.05, Figure 1A). The DMIs of the calves
were gradually increased with the gain of body weight of
the calves, and the differences between the treatments in feed
intake were persistent over the whole period (Figure 1B).
Furthermore, among these three groups, which were supplied
with starter feed or alfalfa hay, the intake of starter feed
in the S group was significantly higher than the intake of
starter feed in the SA group, and the intake of alfalfa hay
in the A group was significantly higher than the intake of
alfalfa hay in the SA group over the whole experimental
period (Figure 1C).

Compared with the yak calves in the control group,
significantly increased body weight, body height, body length,
and chest girth were all identified in the 120-day-old yaks
from the S, A, and SA groups (Figure 1D). Of these three
groups, the yak calves from the SA group exhibited the most
significantly improved growth performance based on the indexes
of body weight, body height, body length, and chest girth when
compared with those indexes in the yak calves from the A and S
groups (Figure 1D).
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FIGURE 1 | Effects of individual and simultaneous supplementation with alfalfa and starter feeding during pre-weaning period on average dry matter intakes (DMI) of
overall experiment (A), daily DMI of each measured day (B), individual daily DMI of alfalfa hay and starter feed (C), and body weight and body size traits (D) of yak
calves. a–bDifferent superscripts above the error bars for the same index indicated significant differences among different groups (P < 0.05); CON, supplemented
with milk replacer only; S, supplemented with milk replacer and starter feed; A, supplemented with milk replacer and alfalfa hay; SA, supplemented with milk
replacer, starter feed, and alfalfa hay.

Simultaneous Supplementation of Alfalfa
and Starter Feeding Significantly
Enhanced the Ruminal Fermentation and
Epithelium Development, and Increased
Ruminal and Abomasal Enzymic
Activities
The ruminal fermentation characteristics of yak calves of
these four groups were significantly altered (Table 3). The
supplementation with starter feeding (the S and SA groups)
could significantly reduce the rumen pH compared with that of
the CON and A groups. The supplementation with alfalfa and
starter feeding could significantly increase the ruminal NH3-
N concentration compared with the CON group; specifically,
the individual supplementation of starter feeding (the S group)

had the ruminal highest NH3-N concentration. The total VFA
concentration was significantly higher in yak calves of the SA,
S, and A groups when compared to the CON group, whereas
yak calves in the SA group had the highest concentration of
VFA, followed by the S group, and the A group was lower than
the SA and S groups. Furthermore, those calves supplied with
extra alfalfa hay, or starter feeding, or both alfalfa hay and starter
feeding along with the milk replacer could significantly increase
the butyrate, isobutyrate, acetate, and isovalerate contents
compared with those contents in the CON group. Meanwhile,
compared with the CON and A groups, the significantly increased
ruminal propionate and valerate were identified in the calves
from the SA and S groups. Of these, the supplementation of
alfalfa could significantly increase the content of the acetate,
and the supplementation of starter feeding could significantly
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increase the content of the propionate. Furthermore, compared
with the CON group, the starter feeding supplementation could
significantly increase the proportions of butyrate and isovalerate,
and the alfalfa hay supplementation and the co-supplementation
of starter and alfalfa hay could both significantly increase the
proportions of acetate, butyrate, and isovalerate.

Furthermore, rumen epithelium development was also
measured (Figures 2A,C). The papillae length and width of
rumen epithelium and the thickness of the rumen base were all
significantly increased in yak calves, which were individually or
simultaneously fed with alfalfa and starter feeding, and the rumen

epithelium development of the yak calves in the SA group was the
most significantly enhanced (P < 0.001). Meanwhile, compared
with the A group, the significantly increased papillae length of
rumen epithelium and the thickness of the rumen base were
identified in the S group, whereas the co-supplementation with
alfalfa and starter feeding was beneficial to the rumen epithelium
development compared with the S and A groups (P < 0.001).

Meanwhile, the ruminal enzymic activities were also tested.
Compared with the CON group, the carboxymethyl cellulase
activity was significantly increased in the SA and A groups,
whereas it was decreased in the S group. Meanwhile, the

TABLE 3 | Effects of individual and simultaneous supplementation with alfalfa and starter feeding on the rumen fermentation characteristics of yak calves.

Rumen fermentation indexes Starter feeding + Alfalfa Starter feeding Alfalfa CON SEM P-value

pH value 6.86b 6.90b 7.54a 7.68a 0.117 0.007

NH3-N (mg/dL) 6.91b 8.17a 6.40b 4.81c 0.315 <0.001

Acetate (mmol/L) 42.09a 34.47c 36.86b 16.31d 2.249 <0.001

Propionate (mmol/L) 11.53b 15.4a 8.49c 9.42c 0.626 <0.001

Isobutyrate (mmol/L) 1.56a 1.49a 1.16b 0.57c 0.099 <0.001

Butyrate (mmol/L) 8.60a 6.42b 5.21c 1.36d 0.623 <0.001

Isovalerate (mmol/L) 1.87a 2.11a 1.44b 0.61c 0.143 <0.001

Valerate (mmol/L) 1.18a 1.10a 0.81b 0.72b 0.060 0.005

Acetate/Total VFA 0.63b 0.57c 0.68a 0.56c 0.012 <0.001

Propionate/Total VFA 0.17c 0.25b 0.15c 0.32a 0.016 <0.001

Butyrate/Total VFA 0.13a 0.11b 0.10b 0.05c 0.007 <0.001

Isobutyrate/Total VFA 0.023 0.024 0.022 0.020 0.008 0.131

Valerate/Total VFA 0.018b 0.018b 0.015b 0.025a 0.001 0.001

Isovalerate/Total VFA 0.028b 0.035a 0.027bc 0.021c 0.001 0.002

Total VFA (mmol/L) 66.82a 60.99b 53.97c 28.98d 0.991 <0.001

a-b within a row with different superscripts means significantly difference which tested by One-way ANOVA test (P < 0.05); VFA, volatile fatty acid; NH3-N,
ammoniacal nitrogen.

FIGURE 2 | Effects of individual and simultaneous supplementation with alfalfa and starter feeding during the pre-weaning period on the ruminal (A,C) and intestinal
morphology of yak calves (B,D–F). a–bDifferent superscripts above the error bars for the same index indicated significant differences among different groups
(P < 0.05); CON, supplemented with milk replacer only; S, supplemented with milk replacer and starter feed; A, supplemented with milk replacer and alfalfa hay; SA,
supplemented with milk replacer, starter feed, and alfalfa hay.
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supplementation of alfalfa (the SA and A groups) could increase
the pectinase activity, and the supplementation with the starter
feeding (the SA and S groups) could increase the xylanase
activity (Figure 3A). In the abomasum, the pepsase activity was
significantly decreased in the S, A, and SA groups compared with
the CON group, and the chymosin activity in the SA and A
groups was significantly decreased compared with the CON and
S groups (Figure 3B).

Simultaneous Supplementation of Alfalfa
and Starter Feeding Significantly
Increased Intestinal Enzymic Activities
and Promoted Intestinal Epithelium
Development
The intestinal morphology of the yak calves was measured
(Figures 2B,D–F). In the S, A, and SA groups, the villus height
and crypt depth of the duodenum, jejunum, and ileum were
significantly increased compared with those measures in the
CON groups (P < 0.001). Among the SA, S, and A groups, the
simultaneous supplementation of alfalfa and starter feeding could
significantly promote the development of intestinal villus height
and crypt depth (Figures 2B,2D–F).

The intestinal digestion functions of yak calves from the
four groups were further examined (Figure 3). In the intestine
(Figures 3C–E), when the starter feeding group (S group) was
compared with the three other groups, the α-amylase activity of
the duodenum, jejunum, and ileum was significantly increased
in the yak calves. Compared with the CON group, the S, A, and

SA groups, except for showing increased trypsin activity in the
jejunum, showed significantly decreased trypsin activity with the
individual or simultaneous supplementations. Meanwhile, the
simultaneous supplementation of the alfalfa and starter feeding
could significantly decrease the lipase activity of the duodenum,
jejunum, and ileum compared with the CON group.

Simultaneous Supplementation of Alfalfa
and Starter Feeding Significantly
Enhanced Health Condition of Yak
Calves
The immune- and antioxidant-capacity-related indexes of blood
and plasma, including ALT, AST, AST/ALT, ALP, TP, ALB, GLO,
ALB/GLO, LDH, IgG, NO, lysozyme, TNFα, IFN-γ, IL-1β, IL-
2, IL-4, IL-10, and alexine C3, were established to determine the
health conditions of yak calves from the four groups (Table 4).
As a result, the individual or simultaneous supplementation
of starter feeding and alfalfa was able to significantly decrease
the AST/ALT and increase the content of ALB. Furthermore,
the content of NO in the S group was significantly increased
compared with that in the other three groups, and the content
of TNF-α in the A group was significantly decreased compared
with that in the CON and S groups. The IFN-γ contents in the
SA and S groups were significantly increased compared with that
in the CON and A groups. Meanwhile, the co-supplementation
with alfalfa and starter feeding could significantly decrease the
lysozyme content compared with that of the CON group.

The intestinal immune functions were further evaluated. In
the present study, the sIgA, IL-1β, IL-2, IL-4, IL-10, TNF-α,

FIGURE 3 | Effects of individual and simultaneous supplementation with alfalfa and starter feeding during the pre-weaning period on the ruminal (A), abomasum (B),
and intestinal enzymic activities (C–E) of yak calves. a–bDifferent superscripts above the error bars for the same index indicated significant differences among
different groups (P < 0.05); CON, supplemented with milk replacer only; S, supplemented with milk replacer and starter feed; A, supplemented with milk replacer
and alfalfa hay; SA, supplemented with milk replacer, starter feed, and alfalfa hay.
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TABLE 4 | Effects of individual and simultaneous supplementation with alfalfa and starter feeding on the plasma indexes related to immune conditions of yak calves.

Plasma indexes Starter feeding + Alfalfa Starter feeding Alfalfa CON SEM P-value

ALT (U/L) 29.2 26.4 30.8 22.4 1.26 0.081

AST (U/L) 85.0 88.2 87.4 102.6 3.86 0.383

AST/ALT 2.96b 3.36b 2.86b 4.57a 0.177 <0.001

ALP (U/L) 144.1a 121.4bc 126.4b 111.5c 3.34 0.001

TP (g/L) 62.86 62.24 66.30 60.04 1.12 0.274

ALB (g/L) 36.24a 35.70a 36.06a 30.98b 0.65 0.002

GLO (g/L) 26.62 26.54 30.24 27.26 0.74 0.252

A/G 1.38 1.36 1.22 1.16 0.038 0.113

LDH (IU/L) 1249.40 1308.80 1201.60 1143.60 41.224 0.572

IgG (g/L) 12.99 12.91 11.89 12.50 0.284 0.536

NO (µmol/mL) 49.21b 58.28a 48.03b 49.88b 1.177 0.001

Lysozyme (µg/mL) 3.44 3.82 3.72 3.92 0.078 0.130

TNF-α (pg/mL) 72.30ab 74.37a 69.91b 73.01a 0.57 0.027

IFN-γ (pg/mL) 337.58a 323.55b 282.57c 278.25c 5.99 <0.001

IL-1β (pg/mL) 128.33 127.62 136.97 134.93 1.70 0.120

IL-2 (pg/mL) 152.85 152.01 159.80 161.76 1.79 0.122

IL-4 (pg/mL) 20.84 21.14 17.80 18.48 0.61 0.122

IL-10 (pg/mL) 23.32 23.56 20.89 21.44 0.49 0.120

Alexine C3 (g/L) 0.672 0.666 0.726 0.760 0.019 0.250

a- b within a row with different superscripts means significantly difference which tested by One-way ANOVA test (P < 0.05); ALT, alanine aminotransferase; AST, aspartate
aminotransferase; ALP, alkaline phosphatase; TP, total protein; ALB, albumin; GLO, globulin; LDH, lactic dehydrogenase; IgG, immune globulin G; NO, nitric oxide; TNF-α,
tumor necrosis factor α; IFN-γ , interferon γ ; IL, interleukin.

and IFN-γ contents of the mucous membrane samples of the
duodenum, jejunum, and ileum were first measured by ELISA
(Figure 4). In the duodenum, the IL-1β and IL-2 contents were
significantly increased in the SA and S groups compared with
those of the A and CON groups, and the contents of the TNF-α
and IFN-γ were significantly increased in the S group while being
decreased in the A group. In the jejunum, the IL-1β and IL-2
contents were significantly increased in the SA groups compared
with those in the S and CON groups; meanwhile, the IL-1β

content was significantly increased in the A group compared
with that of the CON group, whereas the content of IL-2 was
significantly decreased in the A group compared with that of the
CON group. Furthermore, the TNF-α content in the A group was
significantly increased compared with that in the S group, and
the IFN-γ content in the SA group was significantly decreased
compared with that in the CON group. In the ileum, the IL-
1β content was significantly increased in the SA and S groups
compared with that in the A and CON groups, and the IFN-γ
content was significantly increased in the SA group compared
with that in the S, A, and CON groups. Meanwhile, the TNF-α
contents in the SA, S, and A groups were significantly increased
compared with that in the CON group, whereas the TNF-α
content in the SA group was significantly decreased compared
with that in the S and A groups.

RNA sequencing was performed to study the effects of
individual or simultaneous supplementation of starter feeding
and alfalfa on the mRNA profiles of rumen epithelial tissue
(Figure 5). In brief, based on 45.8 million of average obtained
reads and the 42.7 million of average clean reads (Supplementary
Table S1), 812, 1023, 1877, 532, 930, and 1194 DEGs were
identified in compared groups as follows: SA vs. S, SA vs. A, SA

vs. CON, S vs. A, S vs. CON, and A vs. CON (Figure 5A), and
the count of each compared DEGs of different group is shown
in Supplementary Table S3. The qRT-PCR verification analyses
proved that the transcriptomic analyses were reproducible and
reliable (Figure 5D). Based on these identified DEGs, the KEGG
enrichment analyses further identified 57, 53, and 64 significantly
enriched KEGG pathways (Supplementary Table S2) based on
the DESs from the compared groups of SA vs. CON, S vs. CON,
and A vs. CON (the 30 most significantly enriched pathways were
shown as Supplementary Figure S1), respectively, and most of
these significantly enriched pathways were related to the immune
regulation process. Accordingly, our results indicated that the
individual or simultaneous supplementation with starter feeding
and alfalfa could significantly enhance the ruminal immune
function by regulating the NF-kappa B signaling pathway, the
intestinal immune network for IgA production, Th1 and Th2
cell differentiation, inflammatory bowel disease (IBD), the T
cell receptor signaling pathway, Th17 cell differentiation, the
B cell receptor signaling pathway, and the natural killer cell–
mediated cytotoxicity pathway (Figure 5B). Meanwhile, we
found that the supplementation with starter feeding, which
acted as the grain feed in the ruminal diets, contributed more
to regulate the immune function by influencing the gene
expression involved in the intestinal immune network for IgA
production, the NF-kappa B signaling pathway, inflammatory
bowel disease (IBD), Th1 and Th2 cell differentiation, Th17 cell
differentiation, the T cell receptor signaling pathway, the B cell
receptor signaling pathway, and the natural killer cell–mediated
cytotoxicity pathway (Figure 5C). Comparably, supplementation
with alfalfa, which acted as roughage in the ruminal feed,
could regulate the immune function by influencing the genes
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FIGURE 4 | Effects of individual and simultaneous supplementation with alfalfa and starter feeding during the pre-weaning period on the sIgA and immune cell
cytokine content of mucous membrane samples of the duodenum (A), jejunum (B), and ileum (C). a–bDifferent superscripts above the error bars for the same index
indicated significant differences among different groups (P < 0.05); CON, supplemented with milk replacer only; S, supplemented with milk replacer and starter feed;
A, supplemented with milk replacer and alfalfa hay; SA, supplemented with milk replacer, starter feed, and alfalfa hay.

involved in the TNF signaling pathway and the Cytokine-
cytokine receptor interaction pathway (Figure 5D).

Significantly Altered Gastrointestinal
Microbiota Induced by Simultaneous
Supplementation of Alfalfa and Starter
Feeding
The gastrointestinal microbiota, including the microbiota in the
rumen, jejunum, and ileum, were further analyzed. According
to the alpha diversity analyses, chao1 indexes indicated that the
SA and S groups were both beneficial to the diversity of the
jejunal microbiota when compared with the A and CON groups
(Figures 6A, 7A). Meanwhile, the S and CON groups could
significantly increase the Chao index of ileal microbiota when
compared with the A and SA groups (Figure 8A). Moreover,
the beta diversity analyses revealed that the compositions of
the gastrointestinal prokaryotic community of the yak calves in
different feeding groups were significantly different (P < 0.05) in
rumen, jejunum, and ileum (Figures 6B, 7B, 8B).

Based on the identified microbiota of the rumen, jejunum,
and ileum, the differential genera based on the relative
abundance of genera were further identified by using LEfSe

analyses (Figures 6–8). In the present study, we failed to
identify the rumen microbiota of calves from the CON
group. Herein, we only identified the differentially abundant
microbiota among the another three groups, and 10, 10, and
20 differentially abundant genera were respectively identified
based on the group comparisons of SA vs. S, SA vs. A,
and S vs. A (Figures 6C–E). On this basis, the Spearman
correlation between the identified differential genera and
the significantly changed performance indexes were further
tested (Figure 6F). Of these, in the compared group of
SA vs. S, the significantly increased relative abundances of
Kandleria, Syntrophococcus, and Olsenella in the SA group
were significantly positively correlated with the increased
growth performance, ruminal fermentation parameters, ruminal
enzymic activities, and ruminal epithelium development.
Similarly, in the compared group of SA vs. A, the significantly
increased relative abundances of Escherichia/Shigella, Dialister,
Kandleria, Vulcaniibacterium, Sphingomonas, Limnobacter,
Ralstonia, and Aquabacterium in the SA group were significantly
positively correlated with the increased growth performance,
ruminal fermentation parameters, ruminal enzymic activities,
and ruminal epithelium development as well, but the increased
Limnobacter, Escherichia/Shigella, and Aquabacterium were
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FIGURE 5 | Differentially expressed genes (DEGs) of rumen epithelium between the yak calves induced by individual and simultaneous supplementation with alfalfa
and starter feeding. (A–C) The top 30 mostly significantly enriched pathways based on the identified DEGs of different compared groups includes SA vs. CON, S vs.
CON, and A vs. CON; (D) validation of the accuracy of RNA-seq data by qRT-PCR. CON, supplemented with milk replacer only; S, supplemented with milk replacer
and starter feed; A, supplemented with milk replacer and alfalfa hay; SA, supplemented with milk replacer, starter feed, and alfalfa hay. a-bwithin a row with different
superscripts means significantly difference.

positively correlated with the IFN-γ content but negatively
correlated with the IL-1β and TNF-α contents (Figure 6F and
Supplementary Table S4).

In the jejunum, 8, 3, 6, 10, 17, and 3 differential microbiota
were identified in six group comparisons, including SA vs. S,
SA vs. A, SA vs. CON, S vs. A, S vs. CON, and A vs. CON
(Figures 7C–H). Of these, the significantly increased relative
abundances of Elusimicrobium, Clostridium IV, and Selenomonas
in the SA group when compared with the S, A, and CON
groups were significantly positively correlated with the increased
growth performance, jejunal enzymic activities, and jejunal
epithelium development, while the significantly increased relative
abundances of Coprococcus, Pseudobutyrivibrio, Flavonifractor,
Synergistes, and Sutterella were positively correlated with the
content of anti-inflammatory cytokines or negatively correlated
with the content of pro-inflammatory cytokines (Figure 7I and
Supplementary Table S4).

Similarly, in the ileum, 16, 7, 47, 11, 10, and 18 differential
microbiota were further identified in the six group comparisons
(Figures 8C–H). Of these, the significantly increased relative
abundances of Akkermansia, Anaerovibrio, Anaerovorax,
Barnesiella, Akkermansia, Bilophila, Blautia, Brachybacterium,
Butyricicoccus, Clostridium_XlVb, Coprobacter, Delftia,
Desulfovibrio, Enterococcus, Eubacterium, Flavonifractor,
Gp16, Haemophilus, Methanosphaera, Micrococcus, Microvirga,

Mycobacterium, Parabacteroides, Paracoccus, Parasutterella,
Petrimonas, Propionibacterium, Pseudoflavonifractor,
Rubrobacter, Saccharibacteria genera incertae sedis, Selenomonas,
Serratia, Sphingomonas, Staphylococcus, Stenotrophomonas,
Succiniclasticum, Syntrophomonas, and Youngiibacter in the SA
group, when compared with the S, A, and CON groups were
significantly positively correlated with the increased growth
performance, jejunal enzymic activities, or jejunal epithelium
development (Figure 8I and Supplementary Table S4).

DISCUSSION

Simultaneous Supplementation of Alfalfa
and Starter Feeding Was Mostly
Beneficial to Promote the Growth and
Improve Immune Functions of Yak
Calves
Early dietary experiences, especially supplementation with
carbohydrate nutrition, during the pre-weaning period have
crucial long-term impacts on enhanced ruminal fermentation
and gastrointestinal immune function in ruminants (Liu et al.,
2017; Yang et al., 2018). The pre-weaning period for yak calves
mainly occurs during maternal grazing and nursing, which
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FIGURE 6 | The rumen microbial community differences induced by the individual and simultaneous supplementation with alfalfa and starter feeding. (A) α-diversity
analyses based on the rumen microbiota; (B) β-diversity analyses based on the rumen microbiota; (C) significantly increased genera in SA group (red bar) and S
group (green bar) in compared group of SA vs. S; (D) significantly increased genera in SA group (red bar) and A group (green bar) in compared group of SA vs. A; (E)
significantly increased genera in S group (red bar) and A group (green bar) in compared group of S vs. A; (F) significantly Spearman correlation between the identified
differential ruminal genera and the significantly altered growth performance, healthy condition, ruminal enzymic activities, and ruminal development of yak calves.
Blue block indicated negative correlation and red block indicated positive correlation. CON, supplemented with milk replacer only; S, supplemented with milk
replacer and starter feed; A, supplemented with milk replacer and alfalfa hay; SA, supplemented with milk replacer, starter feed, and alfalfa hay.

lasted 120–180 days on the Qinghai-Tibetan Plateau. However,
the calves by maternal grazing and nursing could not obtain
enough nutrients growth. Barn feeding and early weaning
with alfalfa hay and starter feeding can be beneficial to the
growth and carcass characteristics of ruminants (Zi et al., 2004;
Dong et al., 2006; Chen et al., 2015) and can serve as an
alternative to the maternal grazing for yak calves. Hence,
with aims to screen out the suitable early weaning paradigms,

the present study compared different feeding methods of yak
calves during the pre-weaning period, which were separately
fed with the milk replacer, milk replacer with alfalfa hay, milk
replacer with starter feeding, and milk replacer with alfalfa and
starter feeding. Based on the observations that we observed
significantly enhanced gastrointestinal development, digestion-
absorption, and immune function of the calves from the SA
group, the simultaneous supplementation with alfalfa and starter
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FIGURE 7 | The jejunal microbial community differences induced by the individual and simultaneous supplementation with alfalfa and starter feeding. (A) α-diversity
analyses based on the rumen microbiota; (B) β-diversity analyses based on the rumen microbiota; (C) significantly increased genera in SA group (red bar) and S
group (green bar) in compared group of SA vs. S; (D) significantly increased genera in SA group (red bar) in compared group of SA vs. A; (E) significantly increased
genera in SA group (red bar) and CON group (green bar) in compared group of SA vs. CON; (F) significantly increased genera in S group (red bar) and A group
(green bar) in compared group of S vs. A; (G) significantly increased genera in S group (red bar) and CON group (green bar) in compared group of S vs. CON; (H)
significantly increased genera in CON group (red bar) in compared group of A vs. CON; (I) Significantly Spearman correlation between the identified jejunal differential
genera and the significantly altered growth performance, healthy condition, and jejunal enzymic activities, and development of yak calves. Blue block indicated
negative correlation and red block indicated positive correlation. CON, supplemented with milk replacer only; S, supplemented with milk replacer and starter feed; A,
supplemented with milk replacer and alfalfa hay; SA, supplemented with milk replacer, starter feed, and alfalfa hay. a-bwithin a row with different superscripts means
significantly difference.

feeding could significantly improve the growth performance and
immune function of yak calves and could serve as the optimal
early weaning paradigms for yak calves. In the previous studies,
the roles of individual supplementation with alfalfa and starter
feeding in regulating the rumen functions of calves or lambs have

been widely suggested (Liu et al., 2017; Yang et al., 2018). The
supplementation of starter feeding during pre- or post-weaning
has been widely used to feed young pre-weaned ruminants,
mainly due to its ability to promote rumen development by
enhancing rumen fermentation and VFA production, primarily

Frontiers in Microbiology | www.frontiersin.org 14 June 2020 | Volume 11 | Article 994370

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00994 June 3, 2020 Time: 18:6 # 15

Cui et al. Gastrointestinal Microbiota in Yak Calves

FIGURE 8 | The ileal microbial community differences induced by the individual and simultaneous supplementation with alfalfa and starter feeding. (A) α-diversity
analyses based on the rumen microbiota; (B) β-diversity analyses based on the rumen microbiota; (C) significantly increased genera in SA group (red bar) and S
group (green bar) in compared group of SA vs. S; (D) significantly increased genera in SA group (red bar) and A group (green bar) in compared group of SA vs. A; (E)
significantly increased genera in SA group (red bar) and CON group (green bar) in compared group of SA vs. CON; (F) significantly increased genera in S group (red
bar) and A group (green bar) in compared group of S vs. A; (G) significantly increased genera in S group (red bar) and CON group (green bar) in compared group of
S vs. CON; (H) significantly increased genera in A group (red bar) and significantly increased genera in CON group (green bar) in compared group of A vs. CON;
(I) Significantly Spearman correlation between the identified ileal differential genera and the significantly altered growth performance, healthy condition, and ileal
enzymic activities and development of yak calves. Blue block indicated negative correlation and red block indicated positive correlation. CON, supplemented with
milk replacer only; S, supplemented with milk replacer and starter feed; A, supplemented with milk replacer and alfalfa hay; SA, supplemented with milk replacer,
starter feed, and alfalfa hay. a-bwithin a row with different superscripts means significantly difference.
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propionate production (Jiao et al., 2015; Wang et al., 2016), which
could provide more energy to the development of the rumen and
the intestine. Moreover, the supplementation of starter feeding
also proved to modulate colonic mucosal and ruminal immune
homeostasis in the weaning of lambs or calves, which is due
in part to the enrichment of some beneficial bacteria and the
depression of some pathogenic bacteria during starter feeding
in lambs (Liu et al., 2017). Moreover, a starter diet containing
alfalfa could enhance rumen fermentation and VFA production
(Baldwin et al., 2012); promote ruminal muscular development
and size expansion; increase the rumen papillae length and
the rumen weight; decrease the incidence of feed plaques and
the inflammation of the rumen; and, consequently, lead to an
increased feed intake, an average daily gain (ADG), and carcass
weight during the pre- and post-weaning periods (Yang et al.,
2015, 2018). Overall, these previous results have all indicated
that individual or simultaneous supplementation with alfalfa
and starter feeding are beneficial to the gastrointestinal nutrient
utilization and immune homeostasis, further promote the growth
and development, and enhance the immune function of calves
or lambs, which are in accordance with the findings in the
present study. And mostly, the simultaneous supplementation
with alfalfa and starter feeding could obtain the most optimal
growth performance and immune condition.

Alfalfa and Starter Feeding Significantly
Promoted the Growth and Improved
Gastrointestinal Immune Functions of
Yak Calves in Differential and
Complementary Ways
Most previous studies illuminated the beneficial effect of starter
feeding or alfalfa hay on the immune function and the growth
performance by adding extra starter feeding or alfalfa hay (Yang
et al., 2015; Liu et al., 2017; Wang et al., 2017), but their regulatory
mechanisms were rarely compared. With aims to illuminate how
the simultaneous supplementation with alfalfa and starter feeding
could obtain the optimal growth performance and immune
condition, the present study compared the differences between
individual or simultaneous supplementation with alfalfa and
starter feeding and also determined that the improved intestinal
development, digestion-absorption, and immune functions in the
yak calves fed with extra alfalfa hay, or starter feeding, or both
alfalfa hay and starter feeding along with the milk replacer. As
results, we found that the roles of these supplemental alfalfa
hay and starter feeding in regulating the growth performance
and the immune function were not the same. With respect
to growth performance, the significantly increased DMI of
alfalfa or starter feed and the consequently increased rumen
VFA production of the propionate, acetate, and butyrate were
identified after starter feeding and alfalfa hay supplementation,
and this could be the main reason for the enhanced growth
performance (Khan et al., 2008). The alfalfa and the starter
feeding were both able to significantly enhance the rumen
fermentation, whereas the alfalfa was beneficial to the acetic
fermentation, and the starter feeding was beneficial to the
propionic fermentation, which could be separated into fat and

glucose to provide energy and promote the growth of the yak
calves (Beauchemin et al., 2003; Khan et al., 2008; Laarman et al.,
2012). Meanwhile, the butyrate could serve as a direct energy
source for the gastrointestinal epithelial cells and promote rumen
and intestinal development (Guilloteau et al., 2010; Baldwin
et al., 2012). The supplementation with the starter feeding could
also increase the butyrate fermentation, which served as the
main cause of improved rumen and intestinal development of
the yak calves of the SA and S groups in the present study.
Moreover, different from the supplemental alfalfa, the starter
feeding supplementation indicated that more starch could pass
into the small intestines, which further induced an increase
in the intestinal amylase activity in the S and SA groups and
were beneficial to the intestinal digestive ability of these groups
(Khan et al., 2007; Kosiorowska et al., 2011). In combination,
the alfalfa and the starter feeding, when co-supplemented,
could improve the rumen fermentation and intestinal digestion-
absorption function by obtaining the advantages gained from
the individual supplementation with both the alfalfa and the
starter feeding.

Regarding the enhanced immune function, although the
supplementation with alfalfa and starter feeding both improved
the gastrointestinal immune functions and further improved
the health of the yak calves, their roles in improving the
gastrointestinal immune function were also not the same. Based
on the KEGG analyses of the rumen epithelial DEGs, the
extra alfalfa supplement could reduce the gene expressions
in the TNF signaling pathway and the cytokine–cytokine
receptor interaction pathway, which has been proven to be
related to the occurrence of rumen inflammation (Leonard and
Lin, 2000; Blaser et al., 2016). However, the starter feeding
supplementation was mainly increase the gene expression in the
Th1 and Th2 cell differentiation, the T cell receptor signaling
pathway, Th17 cell differentiation, the B cell receptor signaling
pathway, and the natural killer cell mediated cytotoxicity
pathway, and these pathways were proved to be beneficial to
the differentiation of immune cells and the improved immune
function (Romagnani, 1992; Weaver et al., 2006). Furthermore,
according to the expression of intestinal inflammatory cytokines,
the supplementation with starter feeding could increase the
expression of some proinflammatory cytokines, including the IL-
2, TNF-α, and IFN-γ (Maggioli et al., 2016), which indicated that
the grain feed supplementation could increase the occurrence of
intestinal inflammation, stimulate the differentiation of immune
cells, and enhance the immune function. Comparably, the alfalfa
hay could reduce the expression of inflammatory cytokines and
modulate the intestinal immune homeostasis in pre-weaning
yaks. In combination, the starter feeding and alfalfa, when co-
supplemented, could enhance the immune function and reduce
the gastrointestinal inflammatory response, which was mostly
beneficial to the intestinal immune homeostasis and the health
of the yak calves. In summary, the complementary roles of
alfalfa and starter feeding in regulating rumen fermentation
and gastrointestinal immune functions ensure that simultaneous
supplementation with alfalfa and starter feeding during the
pre-weaning period could obtain the best growth performance
and healthy condition of the yak calves.
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Altered Gastrointestinal Microbiota in
Response to Alfalfa and Starter Feeding
Intervention Contribute to Improved
Gastrointestinal Nutrient Utilization and
Immune Homeostasis in Yak Calves
Recent studies have suggested that the promotion of the
establishment of different microbial populations would be
possible in the rumen and the intestine by manipulating the
feed supplements used during the weaning period, which could
further alter the growth and the immune function of the young
ruminants (Yáñez-Ruiz et al., 2015). Unfortunately, we failed
to identify the rumen microbiota of yak calves from the CON
groups, which probably induced by the limited rumen fluid
samples obtained and the lower abundance of rumen microbiota
in the CON group. These results may be induced by the
esophageal groove reflex of yak calves in CON group, so that
most of the milk replacer fluid does not pass through the
rumen and directly pass into the abomasum (Orskov and Benzie,
1969). Moreover, although the appearance of the microbial
populations precedes rumen development, it has been suggested
that the development of the rumen and its microbiota begin
with the intake of solid feed (Rey et al., 2014). Hence, based on
the successfully sequenced microbiota, the significantly altered
microbiota among different compared groups were identified.
Furthermore, the Spearman correlation between the identified
differential genera and the significantly changed performance
indexes were further tested.

Of those genera that positively correlated to the promoted
growth performance, a significantly increased microbe response
was observed in response to the utilization of starch and
the generation of propionate or butyrate or to the utilization
of the lactic acid, which was induced by the starter feeding
supplementation were identified in the SA group. For instance,
the Pseudobutyrivibrio, Clostridium IV, and Desulfovibrio could
generate butyrate by utilizing the starch (Kopecný et al.,
2003; Balamurugan et al., 2008; Wang et al., 2013), and the
Selenomonas, Brachybacterium, and Haemophilus could mainly
take part in the propionate production process by utilizing the
non-fibrous carbohydrates (Michel and Macy, 1990; Müller et al.,
2010). Moreover, the abundance of Coprococcus, Sphingomonas,
and Dialister has been widely suggested to be positively correlated
with the increased starch supplementation, which suggested that
these three genera could take part in the utilization of starch
(Khafipour et al., 2009; Granja-Salcedo et al., 2017; Zhang et al.,
2017). Meanwhile, the cellulose-decomposing and hemicellulose-
decomposing related bacteria were also significantly increased
in the yak calves from the SA group compared with those
observed in the non-alfalfa supplemented groups (the CON or
S group). For instance, the Eubacterium, Propionibacterium,
Saccharibacteria genera incertae sedis, and Anaerovibrio have
been proved to utilize fibrous carbohydrates and then mainly
generate acetate (Bi et al., 2018; Xie et al., 2018; Yang et al.,
2018), which could metabolize into fatty acids and further
provide energy to the yak calves as well. In summary, the
significantly increased microbes response to using different

carbohydrates includes starch and fibrous carbohydrates were
simultaneously identified in the SA group, which could further
produce different VFAs and further benefit the development and
digestion-absorption function of the rumen and intestine.

Moreover, the different microbes in the different groups could
also influence the intestinal immune function in the present
study. Of those identified microbes that were differentially
present among the groups, the significant decrease in Sutterella in
the alfalfa supplement groups (the SA and A groups) was proven
to be negatively correlated with gastrointestinal inflammation
(Mukhopadhya et al., 2011), which was consistent with the
significantly decreased inflammation observed in the rumen
and intestine in the present study. Meanwhile, the significant
increase in Oscillibacter, Parabacteroides, Bifidobacterium, and
Blautia in the starter feeding groups were proven to stimulate the
immune response and enhance immune functions (O’Mahony
et al., 2005; Kverka et al., 2011; Loh and Blaut, 2012), which
were consistent with the significantly promoted differentiation
of immune cells and significantly improved immune function
of the starter feeding groups in the present study. Overall, our
study has proven that the altered gastrointestinal microbiota
responds to alfalfa and starter feeding intervention contributes
to the improved gastrointestinal nutrient utilization and immune
homeostasis in yak calves.

CONCLUSION

Our study shows that alfalfa and starter feeding supplementations
during the pre-weaning period are beneficial to the
gastrointestinal development and its digestion, absorption,
and immune function, as well as the subsequently enhanced
growth and immune function of yak calves, which might
benefit from the increased abundances of different genera that
could use different carbon and nitrogen sources from both
fibrous carbohydrate and non-fibrous carbohydrate. Overall,
our findings suggest that after colostrum intake, a milk replacer
and ad libitum starter feeding supplemented with alfalfa are
recommended for the pre-weaning system to improve yak calf
health and growth performance.
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In this study, Bos Taurus cattle offered one high concentrate diet (92% concentrate-8%
straw) during two independent trials allowed us to classify 72 animals comprising of two
cattle breeds as “Low” or “High” feed efficiency groups. Digesta samples were taken
from individual beef cattle at the abattoir. After metagenomic sequencing, the rumen
microbiome composition and genes were determined. Applying a targeted approach
based on current biological evidence, 27 genes associated with host-microbiome
interaction activities were selected. Partial least square analysis enabled the identification
of the most significant genes and genera of feed efficiency (VIP > 0.8) across years of
the trial and breeds when comparing all potential genes or genera together. As a result,
limited number of genes explained about 40% of the variability in both feed efficiency
indicators. Combining information from rumen metagenome-assembled genomes and
partial least square analysis results, microbial genera carrying these genes were
determined and indicated that a limited number of important genera impacting on feed
efficiency. In addition, potential mechanisms explaining significant difference between
Low and High feed efficiency animals were analyzed considering, based on the literature,
their gastrointestinal location of action. High feed efficiency animals were associated with
microbial species including several Eubacterium having the genetic capacity to form
biofilm or releasing metabolites like butyrate or propionate known to provide a greater
contribution to cattle energy requirements compared to acetate. Populations associated
with fucose sensing or hemolysin production, both mechanisms specifically described in
the lower gut by activating the immune system to compete with pathogenic colonizers,
were also identified to affect feed efficiency using rumen microbiome information.
Microbial mechanisms associated with low feed efficiency animals involved potential
pathogens within Proteobacteria and Spirochaetales, releasing less energetic substrates
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(e.g., acetate) or producing sialic acid to avoid the host immune system. Therefore, this
study focusing on genes known to be involved in host-microbiome interaction improved
the identification of rumen microbial genetic capacities and potential mechanisms
significantly impacting on feed efficiency in beef cattle fed high concentrate diet.

Keywords: rumen microbiome, predicted microbial mechanisms, feed conversion efficiency, high concentrate
diet, metagenomic sequencing

INTRODUCTION

The FAO predicted that by 2050, the human population will
grow to over 9 billion people, and in the same time frame,
global meat consumption is projected to increase by 73% (FAO,
2019). Meat production from ruminants offers several advantages
including the fact that ruminants convert feedstuffs into high-
quality nutrients from materials that do not compete with
human-edible food.

The bovine rumen microbiome is essential for feed digestion
and beneficial for the hosting ruminant animal. In addition
to nutrient absorption by the host, digestion is recognized as
an important source of variation in cattle growth efficiency
(Herd et al., 2004; Roehe et al., 2016). Such variation is also
diet dependent and the importance of diet in determining the
composition of the ruminal microbiome is now well-recognized
(Rooke et al., 2014; Henderson et al., 2015).

Although, intensive food production using more concentrate
diet instead of forage improved feed efficiency in ruminant
production, also reducing methane emissions, it generated a
stress on the rumen microbiome and the animal (Auffret et al.,
2017; Wetzels et al., 2017). For example, both studies confirmed
the influence of concentrate over forage diets to generate
rumen dysbiosis in beef and dairy cattle. This disturbance is
explained by a breach of robustness in microbiome composition
and functionality also associated with a “bloom” of zoonotic
pathogens especially within Proteobacteria, as similarly, found in
humans (Brown et al., 2012).

In nature, most microorganisms are known to occur
predominantly in consortia or biofilms, even on mucosal
surfaces, involving a broad range of mechanisms for adhesion
on the mucosa by beneficial and detrimental microorganisms
(Tuson and Weibel, 2013).

It is known that ruminal and lower gut epithelia are
dramatically different in term of structure and type of
cells with epithelial-attached microorganisms predominantly
detected in the lower gut (Steele et al., 2016). Although
limited research focused on epithelial-attached microorganisms
in ruminant (Malmuthuge et al., 2015), it is predicted to
indirectly impact animal performance (Steele et al., 2016).
Furthermore, microbial genes detected in the rumen and
associated with activities specific of the lower gut like fucose
sensing were previously detected in rumen digesta samples
(Roehe et al., 2016; Auffret et al., 2017). However, there is
lack of information on which microbial mechanisms can impact
on cattle feed efficiency. Therefore, identifying and studying
such microbial genetic capacities detected in the rumen could

be helpful to predict microbial mechanisms impacting animal
feed efficiency.

Microbial biofilms have been studied in human (Macfarlane
and Dillon, 2007) and ruminants (Bang et al., 2014) and
are known to mediate protective functions and enables
communication between biofilm forming microorganisms
(Macfarlane and Dillon, 2007). Although in general, biofilm
studies focused on detrimental effects of mucosa-associated
bacterial pathogens such as Escherichia, Shigella, Salmonella,
and Treponema spp. (Mao et al., 2015; Song et al., 2018), the
presence of biofilms in the rumen has also been reported in
healthy ruminants (Pitta et al., 2016).

Other possible microbial mechanisms involved the presence
of pili or flagella for surface hooking, different types of secretion
systems for adhesion and transfer of toxins or metabolites,
production of enzymes needed for the biofilm matrix or
associated with toxic effect on the host (e.g., hemolysin;
Ribet and Cossart, 2015). Finally, the mucosa surface in the
intestine is covered by mucin composed of several sugars
including fucose but also sialic acids that can serve for the
growth of commensal or pathogenic species (Pickard and
Chervonsky, 2015). Alternatively, their synthesis by mucosa-
attached microorganisms can assist in avoiding the immune
system (Sicard et al., 2017).

To sustain beef cattle production the necessity to reduce
production costs mostly associated with animal nutrition by
improving feed utilization has been one of the main objectives
over the last years (Ramsey et al., 2005). Feed efficiency is often
assessed as either feed conversion ratio (FCR) or residual feed
intake (RFI) with RFI considered more appropriate to generate a
measure of biological efficiency independent of production (Koch
et al., 1963; Gunsett, 1984). Negative values of both indicators are
indicators of high feed efficiency.

The importance of the rumen microbiome as one of the
factors impacting on animal feed efficiency is recognized.
Previous reports mostly focused on the microbial community
composition (16S rRNA gene data) showing that variation in
animal feed efficiency was explained by particular taxa (Myer
et al., 2015; Shabat et al., 2016) instead of using the entire
microbiome that means the microbial community and their
microbial genes. Li et al. (2009) and Roehe et al. (2016) showed
that the host genome shapes the rumen microbiota and could be
used to identify differences in feed conversion efficiency. From
these studies, a substantial lack of mechanistic understanding
remained due to the inherent limitation to get information
on microbial activities when using 16S rRNA gene sequencing.
To alleviate this limitation, Ross et al. (2013) suggested to
use metagenomic sequence information to obtain improved
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predictive models for the use of the microbiome for animal
breeding purposes. In addition, Roehe et al. (2016) demonstrated
the advantages of using microbial genes as proxies for feed
conversion efficiency.

The rumen is an anaerobic microbial ecosystem with the
ability to convert carbohydrates to short-chain, volatile fatty acids
(VFA), which are absorbed by the animal and used in energy
metabolism and protein synthesis. Furthermore, dihydrogen
(H2) is also formed as a result of fermentation, and it is
central to microbial metabolic activities. However, it is used
by methanogenic archaea to reduce CO2 to methane (CH4;
Hungate, 1967) leading to the loss of feed gross energy, estimated
at 2–12% (Johnson and Johnson, 1995). Therefore, it is expected
that high efficient cattle should produce less methane.

To the best of our knowledge, only a limited number
of studies like Lima et al. (2019) identified microbial
gene biomarkers for FCR and RFI. These authors applied
a non-targeted approach for the selection of genes from
metagenomics data. In the present study, a specific approach
was applied selecting genes encoding for activities related
to host–microbiome crosstalk and bacterial mobility and
associating those with FCR and RFI and determine the microbial
taxa carrying these genes based on metagenome-assembled
genomes (MAGs) obtained by metagenomic sequencing
(Stewart et al., 2018).

We hypothesized that differences observed in feed efficiency
in apparently healthy cattle offered a high concentrate-based
diet can be partly explained by differences in the rumen
microbiome, particularly in microbial genera carrying genes
related to adhesion and host-microbiome interaction. Rumen
samples enriched in microbial genes known to be related to
pathogenicity activities are detected in less feed efficient cattle.
Genes carried by commensal bacteria associated with beneficial
mechanisms occurring in the rumen but also those genes which
mechanisms is explained for the lower gut (e.g., fucose sensing)
are detected in high feed efficient cattle.

Therefore, the overall aim of our work was to identify
important microbial genera and potential mechanisms in
animal fed concentrate diet, having the capacity to explain
differences in animal feed efficiency by calculating feed
conversion ratio and residual feed intake. Importance of
such mechanisms impacting on feed efficiency was quantified
using statistical model. This could be an important step
toward discrimination between beneficial and detrimental
microorganisms both carrying genes associated with host
interaction and to develop strategies targeting microorganisms
with the aim of increasing animal feed efficiency using breeding
or dietary intervention.

MATERIALS AND METHODS

Ethics Statement
The animal experiment was conducted at the Beef and Sheep
Research Centre of Scotland’s Rural College (SRUC, Edinburgh,
United Kingdom). The experiment was approved by the
Animal Experiment Committee of SRUC and was conducted in

accordance with the requirements of the UK Animals (Scientific
Procedures) Act 1986.

Animals, Experimental Design, and
Animal Grouping
In our previous studies (Duthie et al., 2016, 2017), data on
feed efficiency were obtained from a 2 × 2 factorial design
experiment of breed types and diets using 72 steers each in
two trial from purebred Luing and crossbred Charolais (CHx)
steers. These animal trials were completed in 2012 and 2013
and more details are described in Supplementary Table S1 and
Duthie et al. (2016, 2017). Prior to start of the experiment,
all animals received the same diet type (Forage-based diet)
and thereafter allocated to two different diets fed ad libitum
containing (g/kg DM) ∼80 straw to 920 concentrate or 520
forage and 480 concentrate considered as high concentrate-based
diet and a mixed diet, respectively. After a 5-week adaptation
period to the diets, a 56-day test period for feed efficiency
was carried out. Due to EU legislation, the application of
antibiotics is prohibited for enhancing growth. In exceptional
cases, animals were treated with antibiotics and then excluded
from the trial. Information on the diets used in these animal
trials was described in Duthie et al. (2016, 2017). Animals
were fed ad libitum, the same allocated diet during adaptation
period to the feed until they were slaughtered in the abattoir.
There was no fastening period prior to sending the animals
to slaughter. Gas emissions including methane were measured
individually for 48 h in respiration chambers following the
same procedure described in Rooke et al. (2014). Sample of
ruminal digesta used to determine the microbiome were taken
at slaughter between 4 and 14 weeks after the end of the feed
efficiency monitoring period. This time gap between the end of
the feed efficiency period and the collect of the rumen samples
at the abattoir was due to monitoring of methane emissions
in six available respiration chambers in which all cattle were
recorded individually.

The methodology applied to collect the rumen digesta samples
at the abattoir followed the same procedures previously described
(Wallace et al., 2015; Roehe et al., 2016). Briefly, two rumen
digesta (a mixed of solid and fluid) samples (˜50 ml) were taken
immediately after the rumen was opened to be drained prior to
be stored at −80◦C. The slaughter process results in well-mixed
samples of rumen contents.

Within this study, only animals (n = 72) receiving high
concentrate-based diet within the two independent beef cattle
trials of crossbred Charolais and purebred Luing were used.

The two feed efficiency indicators were calculated as follow:
FCR is the ratio of feed intake to weight gain and provides
an indication of the animal’s ability to convert feed to body
weight. RFI is an estimation of the difference between actual
feed intake and a predicted feed intake based on body weight
and production following Savietto et al. (2014) calculation.
Within 72 animals from 2 independent animal trials, half
animals were classified as “Low” or “High” feed efficiency
groups (Supplementary Table S1). The grouping between Low
and High animals followed a balance designed including year
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FIGURE 1 | Variation in feed conversion ratio (A) and residual feed intake (B) between animals grouped based on feed efficiency indicators year and breed. P-value
as indicator of significant difference (in bold when P < 0.05) between Low and High efficient animals.

of the animal trial (2012 and 2013) and breed (CHx and
Luing). Significant differences in FCR and RFI between Low and
High animal groups were subsequently confirmed (Figure 1).
Immediately after the steers (within 2 h) left the respiration
chambers, samples of ruminal fluid were obtained (one per
animal) by inserting a tube (16 × 2700 mm Equivet Stomach
Tube; Jørgen Kruuse A/S) nasally and aspirating manually.
Approximately 50 ml of the fluid were strained through two
layers of muslin and then deproteinised by adding 0.2 ml
of metaphosphoric acid (215 g/l) and 0.1 ml of internal
standard (10 ml 2-ethyl n-butyric acid/l) to determine volatile
fatty acid (VFA) concentrations by HPLC analysis (1 ml) as
described in Rooke et al. (2014).

Metagenomics Annotation and Analysis
To get information on the rumen microbial communities and
their genes, all rumen samples were collected at the abattoir as
previous results confirmed high microbiome similarity between
rumen fluid samples collected using stomach tube and rumen
digesta collected at the abattoir (Wallace et al., 2014; Snelling
et al., 2019). DNA was extracted from the rumen digesta samples
following the protocol from Yu and Morrison (2004) and was
based on repeated bead beating with column filtration. The
procedure is fully described in Rooke et al. (2014).

Illumina TruSeq libraries were prepared from genomic DNA
and sequenced on an Illumina HiSeq 4000 instrument by
Edinburgh Genomics (Edinburgh, United Kingdom). Paired-
end reads (2 × 100 bp) were generated, resulting in between
8 and 15 GB per sample (between 40 and 73 million paired

reads) with on average 73% passing quality check and being
subsequently annotated. Bioinformatics analysis followed the
same procedure as previously described in Roehe et al.
(2016) and Wallace et al. (2015). In order to measure the
abundance of known microbial genes in the rumen samples,
reads from whole metagenome sequencing were aligned to
the Kyoto Encyclopedia of Genes and Genomes (KEGG)1

database. The KEGG Orthologue groups (KO) of all hits that
were equal to the best hit were examined. In the case we
were unable to resolve the read to a single KO, the read
was ignored; otherwise, the read was assigned to the unique
KO. Statistical analysis of the metagenomics samples was
based on the complete sample profiles as expressed by the
pattern of metagenomic reads classified within KEGG orthologue
groups with >90% similarity and belonging to a single KEGG
orthologue (KO) groups. The alignment of the reads generated
by whole metagenomic sequencing to the KEGG genes database
resulted in identification of 4,427 microbial genes for each
animal. Microbial genes were expressed in relative abundance
(percentage) within animal and only those with a relative
abundance greater than 0.001% (n = 1,630) were carried forward
for downstream analysis.

For phylogenetic annotation, the genomic reads were
aligned to a custom database using Kraken combining several
databases including genomes from the Hungate 1,000 collection
and metagenome-assembled genomes (MAGs) from beef
rumen samples (Wood and Salzberg, 2014; Stewart et al.,

1http://www.kegg.jp
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2018). All taxonomic labels identified are subsequently
described as the genus having the highest similarity with
the identified genome or MAG and applying the same cutoff
used in previous MAG study (Stewart et al., 2018) (estimated
completeness ≥ 80% and estimated contamination ≤ 10%). As
for microbial genes, microbial genera identified (n = 1,058)
were normalized between animals expressing them as
relative abundances only those with a relative abundance
greater than 0.001% (n = 1,630) were carried forward for
downstream analysis. The absence of “0” abundancies within the
dataset was confirmed.

Following this step, 27 genes (within 1,630 genes), 42
phyla and 1,058 genera were selected for the statistical
analysis. These microbial genes were selected based on
their functions associated with different microbiome-host
mucosa interaction mechanisms including flagella, pilus,
secretion system, biofilm formation and fucose or sialic
acid metabolism in order to answer to our hypotheses. The
27 genes were selected based on biological evidence that
bacteria carrying such genes have the capacity to interact with
the host. Based on our hypothesis, such genetic capacities
could potentially affect animal performance in term of
feed efficiency.

Information on the gene content within metagenome-
assembled genomes (Stewart et al., 2018) was used to validate
the microbial genera identified as highly important to explain
variation in animal feed efficiency. MAGs with the highest %
of similarity and query coverage using the Genome Taxonomy
Database (GTDB) were selected as best hit and the most probable
bacterial taxa carrying each particular gene studied.

Metagenomics raw sequencing data combined with
metadata of the animal experiments can be downloaded
from the European Nucleotide Archive under accession
PRJEB10338 and PRJEB31266.

Statistical Analysis
Methodologies to analyze metagenomics data by General Linear
Model (GLM; including year of the trial and breed type
as fixed effects), Principal Coordinate Analysis (PCoA) and
Canonical Variate Analysis (CVA) using Gen-Stat 16th edition
(VSN International Ltd., United Kingdom), and Partial Least
Square (PLS) analysis using SAS (Version 9.1 for Windows,
SAS Institute Inc., Cary, NC, United States) were similar
to those described in Auffret et al. (2017). Results were
considered as significantly different when the P-value was P <
0.05. In order to identify the influence of microbial variables
(genes or genera) and potential mechanisms that explained
most of the variation in FCR and RFI, different Partial Least
Square (PLS) models per gene were performed. Each model
was built considering RFI or FCR as dependent variables,
year and breed as fixed effects and each microbial gene as
explanatory variables (Script in Supplementary Data). The most
influential microbial genes or genera from each model that were
important in explaining RFI or FCR were selected based on
the variable importance for projection (VIP) criterion (Wold,
1995) whereby microbial genes with a VIP <0.8 contribute little
to the prediction.

PLS analysis was first applied to identify the genes within
the 27 preselected genes mostly explaining variation in FCR or
RFI. This methodology was successfully applied to identified
microbial biomarkers explaining variation in several beef cattle
traits as shown in Auffret et al. (2017, 2018) and Lima
et al. (2019). Secondly, a similar analysis was applied to
determine the microbial genera mostly explaining variation
in FCR or RFI. In parallel, using data from Stewart et al.
(2018) the MAGs carrying the genes identified by PLS
explaining variation in FCR or RFI were identified and
such information was combined with the genera results to
determine the microbial taxa carrying one particular gene
identified as important to explain variation in RFI or FCR.
Importance of individual VFA and acetate-to-propionate ratio
was investigated using PLS analysis (breed and year as fixed
effects) in addition to the 27 selected microbial genes. The
acetate-to-propionate ratio was calculated and considered as
a proxy for rumen pH, accepting that whilst the relationship
between the two is generally strong, it is not exactly linear
(Russell, 1998).

A Venn diagram was generated using Venny software
(Oliveros, 2007) to compare the similarity in term of microbial
genes or genera explaining most of the variability in FCR or RFI.

In addition, Linear Discriminant Analysis (LDA) using the
LDA function in R (version 3.5.1.) was applied on 13 microbial
genes and 128 microbial genera, all identified by PLS as important
to explain the variation observed in animals with significantly
different RFI and FCR values.

A prediction accuracy value (%) was calculated as indicator
of accurate identification of Low or High feed efficiency animals
based on the selected genes or genera.

RESULTS

Differences in Microbial Activities and
Host Feed Efficiency Between Groups of
Differently Feed Efficiency Animals
In this study, “High” animals have a low FCR and RFI values
meaning they are efficient to convert feed into live weight gain,
whilst “Low” animals performing in the opposite way.

All animals offered concentrate diet were selected and showed
significant differences between groups of animals based on FCR
or RFI (Figure 1), also confirming the grouping selection based
on feed efficiency indicators and balanced for year of the trial
and breed (Supplementary Table S1). Furthermore, significant
differences between groups of animals based on years of the trial
and breeds were found (Figure 1). Only the differences between
breeds for FCR showed a tendency (P = 0.07).

Microbial activities associated with gas production
including methane emissions (Supplementary Figure S1)
or VFA (Supplementary Figure S2) were not significantly
different between Low and High animals and the acetate-
to-propionate ratio used as a proxy for rumen pH was not
significantly different neither between the two groups of animals
(Supplementary Figure S2C).
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FIGURE 2 | Principal Coordinate Analysis (PCoA) of the microbiome community using microbial genera.

Variation in the Rumen Microbiome
Composition Between Low and High
Feed Efficiency Animals
The microbial community composition studied at the genus
level showed a limited difference using Principal Coordinate
Analysis (PCoA) between animals identified with Low- compared
to High feed efficiency (Figure 2). This result was confirmed by
Canonical Variate Analysis (CVA) as indicated by the overlapping
of the 95% confidence circles between the two animal groups
(Supplementary Figure S3).

Within 1,058 genera with a relative abundance above
0.001%, 379 genera were found significantly different
(P< 0.05) by GLM based on the samples grouping
(Supplementary Table S2). Genera within Proteobacteria
phylum represent 35% of the 379 genera (Supplementary
Figure S4) followed by genera within Firmicutes (16%)
and Actinobacteria (17%). Within the 132 Proteobacteria
genera, 32 were significantly higher in the Low feed
efficiency group whilst 100 were dominant (P < 0.05)
in the other group (Supplementary Table S2). Within
Firmicutes and Bacteroidetes, Prevotella (Bacteroidetes)
was the most dominant species significantly higher in the
Low group like the Firmicutes genera Eubacterium, Sharpea,
Clostridium, Lactobacillus, and Paenibacillus. Bifidobacterium
and Ilumatobacter (Actinobacteria) were also significantly
higher in the Low group. In the High feed efficiency
group, genera associated with metabolic activities such as
Succiniclasticum and Succinivibrio (succinate), Acidaminococcus
(amino acids), Sarcina and Fibrobacter (cellulose) were all
significantly more abundant.

Genera associated with Staphylococcus (Firmicutes), the
protist Eimeria (Alveolata), Sphaerochaeta and Treponema

(Spirochaetes), Vibrio and Lawsonia (Proteobacteria) known to
be potential pathogens were all significantly more abundant
in the High group.

Selected Rumen Microbiome Genes and
Potential Mechanisms Explaining
Variation in FCR and RFI
Genes selected for this study and associated with biofilm
formation (K01335 and K01840), secretion system (K02005)
and hemolysin synthesis were found significantly (P < 0.05)
higher in the Low group by GLM analysis (Table 1). On
the other hand, genes associated with sialic acid production
(K01654), secretion systems (K01993 and K02454), pilus
(K02283, K02652, K02653, K02662, and K02666), and
flagellum (K02412), were significantly more abundant in
High animals (Table 1).

Eight microbial genes explained 39 and 40% of the
variability in FCR and RFI, respectively, as determined by
Partial Least Square (PLS) analysis (Table 2). Genes associated
with biofilm formation (K01840), Type I secretion system
(K02005), hemolysin synthesis (K11068) and fucose sensing
(K02429) showed a negative correlation with FCR whilst
two genes encoding for general and Type IV of secretion
systems (K02454 and K03205) and two genes encoding
for Type IV pilus (K02652 and K02653) were positively
correlated with FCR. Genes K02454, K02652, and K02653
were also found correlated with RFI (Figure 3A). Other genes
positively correlated with RFI encoded for sialic acid synthesis
(K01654) and flagellum (K02410) whilst those negatively
correlated with RFI were associated with pilus assembly protein
(K02283), flagellar hooking protein (K02396), and hemolysin
synthesis (K06442).

Frontiers in Microbiology | www.frontiersin.org 6 June 2020 | Volume 11 | Article 1229382

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01229 June 4, 2020 Time: 19:15 # 7

Auffret et al. Microbial Genetic Capacities and Efficiency

TABLE 1 | General linear Model (GLM) analysis on the selected microbial genes.

KEGG ID gene General function Protein GITa location of
possible impact

Mean abundance
LOW

Mean abundance
HIGH

F-value P-value

K01206 Fucose sensing Alpha-L-fucosidase Intestine 0.012 0.010 1.187 0.325

K01654 Mucus interaction N-acetylneuraminate
synthase

Rumen and intestine 0.0020 0.0021 3.425 0.013

K01818 Fucose sensing L-fucose isomerase Intestine 0.014 0.015 0.92 0.458

K01835 Biofilm formation Phosphoglucomutase Rumen and intestine 0.005 0.001 3.429 0.013

K01840 Biofilm formation Phosphomannomutase Rumen and intestine 0.277 0.250 4.989 0.001

K01993 Secretion system HlyD family secretion
protein

Rumen and intestine 0.0137 0.0145 2.806 0.032

K02005 Secretion system HlyD family secretion
protein

Rumen and intestine 0.118 0.099 2.101 0.09

K02283 Pilus Pilus assembly protein
CpaF

Rumen and intestine 0.0068 0.0071 4.431 0.003

K02377 Fucose sensing GDP-L-fucose synthase Intestine 0.034 0.034 1.181 0.327

K02390 Flagella Flagellar hook protein FlgE Rumen and intestine 0.001 0.001 1.91 0.119

K02392 Flagella Flagellar basal-body rod
protein FlgG

Rumen and intestine 0.002 0.003 1.533 0.203

K02396 Flagella Flagellar hook-associated
protein 1 FlgK

Rumen and intestine 0.001 0.001 1.436 0.232

K02400 Flagella Flagellar biosynthesis
protein FlhA

Rumen and intestine 0.006 0.008 0.886 0.477

K02406 Flagella Flagellin Rumen and intestine 0.011 0.013 1.356 0.259

K02407 Flagella Flagellar hook-associated
protein 2

Rumen and intestine 0.005 0.007 0.468 0.759

K02410 Flagella Flagellar motor switch
protein FliG

Rumen and intestine 0.001 0.002 0.868 0.488

K02412 Flagella Flagellum-specific ATP
synthase

Rumen and intestine 0.001 0.002 4.559 0.003

K02429 Fucose sensing MFS transporter, FHS
family, L-fucose permease

Intestine 0.031 0.025 0.864 0.49

K02454 Secretion system General secretion pathway
protein E

Rumen and intestine 0.005 0.006 11.788 0.001

K02652 Pilus Type IV pilus assembly
protein PilB

Rumen and intestine 0.010 0.015 8.995 0.001

K02653 Pilus Type IV pilus assembly
protein PilC

Rumen and intestine 0.004 0.006 10.751 0.001

K02662 Pilus Type IV pilus assembly
protein PilM

Rumen and intestine 0.002 0.002 2.048 0.098

K02666 Pilus Type IV pilus assembly
protein PilQ

Rumen and intestine 0.003 0.006 2.113 0.089

K03205 Secretion system Type IV secretion system
protein VirD4

Rumen and intestine 0.007 0.011 1.458 0.225

K06442 Virulence Putative hemolysin Intestine 0.0033 0.0031 4.155 0.005

K11068 Virulence Hemolysin III Intestine 0.004 0.003 2.069 0.095

K11907 Secretion system Type VI secretion system
protein VasG

Rumen and intestine 0.011 0.013 1.564 0.194

aGIT: Gastrointestinal tract with two locations identified as rumen or intestine. Year of animal trial and Breed were included as fixed effect in the GLM analysis. Bold: Genes
with a relative abundance significantly different (P < 0.05) between Low and High feed efficiency (both FCR and RFI) animal groups.

Inclusion of VFA data and the acetate-to-propionate
ratio as proxy for the rumen pH into the PLS analysis
in addition to the 27 selected genes did not improve
the percentage of variation explained by the model
for FCR and RFI, as indicated by VIP values of these
additional variables being in general below 0.8 except for
branched chain fatty acids showing a negative effect on RFI
(Supplementary Table S3).

Identification of Potential Microbial
Species Carrying Studied Genes and
Explaining Variation in FCR and RFI
Using a PLS approach, a list of genera found highly
correlated (VIP > 0.8) with the selected genes was identified
(Supplementary Table S4) and this list was refined using gene
content information from the MAGs previously generated
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FIGURE 3 | Venn diagram representing the microbial genes (A) and genera (B) associated with feed conversion ratio (FCR) and residual feed intake (RFI).

in Stewart et al. (2018). In parallel, 45 and 85 genera were
also found significantly correlated by PLS with FCR or
RFI, respectively (Figure 3B), also explaining 60 and 52%
of the variability observed in FCR and RFI, respectively
(Supplementary Table S5).

Only two genera associated with Gordonibacter
(Actinobacteria) and Sarcina (Firmicutes) were found both
correlated with FCR and RFI.

In parallel to PLS analysis for the identification of biomarkers
associated with FCR or RFI, LDA was applied to determine
the prediction accuracy of Low compared to High feed
efficiency animals and showed 81 or 90% of prediction
accuracy using 13 genes (Figure 4A) or 148 microbial genera
(Figure 4B), respectively.

On average, 22 (±8) genera were significantly correlated
with each gene and explained on average 52 ± 8% of the
variability observed per gene. Over the 37 genera identified as
highly correlated with at least one of the selected genes showing
high correlation with FCR and/or RFI, 19 genera belonged to
Proteobacteria and 8 Proteobacteria genera correlated with one
of the genes showed a beneficial effect on feed efficiency (negative

coefficient value). Genera within Actinobacteria (4/19) and
Firmicutes (6/19) were also identified as important populations
carrying genes related to adhesion activities.

The genera related to Eubacterium (Firmicutes) were found
highly correlated with four genes encoding for the production
of pilus (K02283 and K02652), flagella (K02396) and a
putative hemolysin (K06442) and always negatively correlated
with RFI (Table 4). Although Eubacterium was composed
of 10 different species or variants based on GTDB database
(Supplementary Table S6), species Q, H, and A were the
most abundant constituting Eubacterium. Such diversity of
species identified as important to explain variation in host feed
efficiency was not observed in the other genera in our results
(Supplementary Table S6).

Other genera identified as Succiniclasticum (Firmicutes,
K01840 and K2005), Lactobacillus (Firmicutes, K02429), and
Bifidobacterium (Actinobacteria, K11068) were all found
negatively correlated with FCR or RFI. On the other hand,
some genera were found highly correlated by PLS with
two genes and also positively correlated with FCR or RFI
(Tables 3, 4). For example, Desulfococcus and Variovorax
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FIGURE 4 | Prediction accuracy analysis using Linear Discriminant Analysis for the validation of the selected microbial genes (A) and genera (B). Low and High feed
efficiency animals are represented in green curve and red curve, respectively. Percentage of prediction accuracy is indicated.

within Proteobacteria and Sphaerochaeta (Spirochaetes)
with genes involved in secretion system (K02454) and type
IV pilus (K02653); the Spirochaetes Treponema was found
positively correlated with FCR and genes involved in the
formation of Type IV pilus (K02652) or secretion system
(K03205). Finally, several genera within Proteobacteria were
all found positively correlated with RFI and also highly
correlated with genes encoding for sialic acid synthesis (K01654
with Lawsonia and Succinivibrio), pilus formation (K02283
with Pannonibacter) and flagella formation (K02410 with
Providencia).

Some other genera known to be involved in metabolite
synthesis like the amino acid degrader Acidaminococcus
(Firmicutes) was found positively correlated with FCR and
RFI and also highly correlated with genes for the formation
of secretion system (K02454) and Type IV pilus (K02653).
Bacterial genera like Azorhizobium or Agrobacterium (both
Proteobacteria) are generally interacting with plant tissue and in
this study found highly correlated with flagella (K02396) or pilus
(K02283) formation, respectively.

DISCUSSION

This is one of the first reports that identified and demonstrates
the importance of particular rumen microbial genetic capacities
significantly affecting animal feed efficiency using a large dataset
from two independent experiments.

Contribution of the Rumen Microbial
Communities in Low and High Feed
Efficient Beef Cattle
It is already well-known that inter-animal variation in feed
efficiency exists among cattle of different breeds and receiving
the same diet (Crowley et al., 2010; Cantalapiedra-Hijar et al.,
2018). As a result, production cost can increase and was
calculated in the current study (ca. on average 71 ± 32 Ł/animal
between efficient and less efficient animals). Furthermore,
grouping animals between low and high feed efficiency can
help identifying possible microbial mechanisms explaining such
variation (Roehe et al., 2016).
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Our hypothesis was that differences observed in feed efficiency
in cattle offered a high concentrate-based diet can be linked to
differences in the rumen microbiome. Such animal-to-animal
variation in feed efficiency was not significantly explained by
differences in the entire rumen microbiota structure in agreement
with previous work (reviewed in Cantalapiedra-Hijar et al., 2018).
However, significant differences in feed efficiency between animal
groups were mainly explained by a limited number of microbial
genes and genera.

Some of the identified genera (e.g., Succiniclasticum,
Eubacterium) were among the most dominant within the
communities, partly contrasting with previous results indicating
a lack of correlation between abundant taxa and feed efficiency
(Hernandez-Sanabria et al., 2010, 2012). A possible explanation
was a better characterization of the rumen microbiome
following the recent advances in bioinformatics and culturomics
(Seshadri et al., 2018; Stewart et al., 2018) and the release of
thousands of new MAGs and complete rumen genomes used

TABLE 2 | Partial Least Square results for the microbial genes explaining the
variability in feed conversion ratio and residual feed intake.

KEGG ID
gene

General
function

Protein VIP Coefficient

Feed conversion ratio (FCR)

K01840 Biofilm
formation

Phosphomannomutase 0.89 −0.02

K02005 Secretion
system

HlyD family secretion
protein

0.93 −0.05

K02429 Fucose
sensing

MFS transporter, FHS
family, L-fucose
permease

0.92 −0.14

K02454 Secretion
system

General secretion
pathway protein E

0.87 0.04

K02652 Pilus Type IV pilus assembly
protein PilB

0.88 0.02

K02653 Pilus Type IV pilus assembly
protein PilC

0.83 0.00

K03205 Secretion
system

Type IV secretion
system protein VirD4

1.59 0.29

K11068 Virulence Hemolysin III 0.92 −0.16

Residual feed intake (RFI)

K01654 Sialic acid
synthesis

N-acetylneuraminate
synthase

0.77 0.09

K02283 Pilus pilus assembly protein
CpaF

0.83 −0.02

K02396 Flagella Flagellar
hook-associated
protein 1 FlgK

0.74 −0.07

K02410 Flagella Flagellar motor switch
protein FliG

1.17 0.21

K02454 Secretion
system

General secretion
pathway protein E

0.91 0.00

K02652 Pilus Type IV pilus assembly
protein PilB

1.03 −0.14

K02653 Pilus Type IV pilus assembly
protein PilC

0.83 0.00

K06442 Virulence Putative hemolysin 0.84 −0.04

VIP, Variable Importance for Projection obtained by PLS analysis.

in this study. Furthermore, this study took advantages of such
knowledge to identify the impact of microbial genes carried
with certainty in the genome of rumen bacterial genera on host
feed efficiency.

Importance of Microbial Biomarkers
Explaining Differences in Feed Efficiency
in Beef Cattle
Contrasting with previous reports mostly using microbial
community composition data (16S rRNA gene sequencing), we
used microbial gene information from metagenomics sequencing
data to study the link between microbial genetic capacities and
animal feed efficiency. Using a non-targeted approach, Lima et al.
(2019) identified a limited number of microbial genes explaining
between 63 and 65% of the variability in FCR and RFI. In this
study, a limited number of microbial genes selected based on
previous biological evidence (Pickard and Chervonsky, 2015;
Ribet and Cossart, 2015; Pitta et al., 2016; Auffret et al., 2017)
allowed to explain about 40% of variability in FCR and RFI.

It is known that high concentrate diets can induce
gastrointestinal dysbiosis including acidosis (Nagaraja et al.,
1998) and an increase in pathogenic bacteria carrying genes
associated with host mucosa interaction and pathogenicity
mechanisms (Auffret et al., 2017; Sicard et al., 2017) in some
animals. Although most of the work on rumen dysbiosis is
related to cattle health, we hypothesized that such microbial
genetic capacities, enriched in the rumen microbiome of animals
more susceptible to high concentrate diet, are one of the potential
reasons leading to an overall reduction in animal performance
(Ramsey et al., 2005; Qin et al., 2010; Elolimy et al., 2018).

The combination of different bioinformatic and modeling
methodologies used in this study helped to identify potential
microbial genetic capacities and mechanisms significantly
affecting beef cattle feed efficiency. In addition, the use of both
FCR and RFI was advantageous to identify these genera whilst
partly differentiating the genes correlated with each indicator.
Moreover, the microbial genes and genera identified by PLS
as important to explain variation in FCR and RFI were also
confirmed as good predictors using LDA (prediction accuracy
between 81 and 90%) for the identification of Low compared to
High feed efficiency animals.

Possible Microbial Mechanisms
Detected in High Feed Efficient Beef
Cattle
Possible mechanisms affecting beef cattle feed efficiency could be
the result of microbial mechanisms (taxa and their metabolites)
happening in the rumen or the lower gut as recent evidence
suggests that both gastrointestinal sections can communicate
(Steele et al., 2016). However, such interaction is not well-
characterized and the exact mechanisms of gastrointestinal cross-
talk in ruminants need further work.

Based on this study, several microbial mechanisms
significantly more abundant in High efficient animals were
identified and most of them could be involved in the rumen as
well as in the lower intestine (see Table 2).
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For example, the species related to Eubacterium were always
significantly negatively correlated with RFI. Eubacterium is one
of the dominant and major ruminal genera involved in ruminal
cellulose degradation (Kozakai et al., 2007) and was found
significantly more abundant in low RFI beef cattle (Elolimy
et al., 2018). Similar result was described as diet dependent
(concentrate) for low RFI animals (Hernandez-Sanabria et al.,
2012). This genus characterized by a high diversity of potential
species were confirmed carrying genes encoding for secretion
system, hooking flagella and pilus formation both known to
be widespread within bacteria and enhancing the capacity of
the species to adhere on surface for epithelium colonization
(Karuppiah et al., 2013; Green and Mecsas, 2016). In addition,
some Eubacterium species produce butyrate and utilize acetate
(Flint et al., 2007) both activities identified in high efficient
animals also providing a higher energy source for the animal. As
for Eubacterium, Succiniclasticum, and Lactobacillus are genera
known to be involved in the synthesis of particular metabolites
like propionate from succinate (Van Gylswyk, 1995) or lactate
subsequently absorbed across the ruminal epithelium.

From the rumen microbiome, two possible mechanisms
(fucose sensing and hemolysin synthesis) recognized to
specifically impact the lower gut were also identified. For
example, Succiniclasticum and Lactobacillus genera both
significantly more abundant in low FCR animals were confirmed
carrying genes involved in biofilm formation, secretion system,
and more importantly fucose sensing allowing the strains to
adapt to rumen and intestinal conditions (Van Gylswyk, 1995;
Myer et al., 2015). For example, Lactobacillus genus is generally
more abundant in ruminants fed with high concentrate diet
(Wells et al., 1997) and will degrade fucosylated mucin recovering
intestinal mucosa (but not rumen; Steele et al., 2016) using the
gene K02429 as a strategy develop by the host to feed symbiotic
and commensal bacteria and to regulate bacterial intestinal
colonization including pathogenic colonization (Pacheco et al.,
2012; Pickard and Chervonsky, 2015). However, how these
mechanisms are triggered from the rumen to the intestine need
further research.

In addition of adhesion genes, Eubacterium, the lactate
producer Bifidobacterium and Phenylobacterium genera have

TABLE 3 | Identification of microbial genera (including MAGs) and genes significantly correlated with residual feed intake.

Domain Genus Mean low Mean high VIPa Coef.a Geneb

Residual feed intake

Fungi Fibroporia 0.001 0.001** 1.167 0.041 K01654

Bacteria Idiomarina 0.001 0.002** 1.044 0.038 K01654

Bacteria Lawsonia 0.002 0.003* 0.856 0.031 K01654

Bacteria Paraglaciecola 0.001 0.001 1.072 0.039 K01654

Bacteria Eubacterium 1.524** 1.437 0.854 −0.027 K02283

Bacteria Defluviimonas 0.007 0.007 0.917 −0.007 K02283

Bacteria Agrobacterium 0.039** 0.038 0.951 0 K02283

Bacteria Pannonibacter 0.008 0.009 0.949 0 K02283

Bacteria Eubacterium 1.524** 1.437 0.854 −0.027 K02396

Bacteria Azorhizobium 0.013** 0.012 0.885 −0.002 K02396

Bacteria Cryptobacterium 0.007 0.005 0.892 −0.03 K02396

Fungi Glarea 0.003 0.004** 0.830 −0.013 K02396

Bacteria Pantoea 0.042 0.045** 0.911 −0.006 K02396

Bacteria Porphyrobacter 0.007 0.007 0.902 −0.017 K02396

Bacteria Rhodomicrobium 0.005 0.005 0.847 −0.009 K02396

Bacteria Providencia 0.006 0.008 1.136 0.037 K02410

Bacteria Robiginitalea 0.009 0.01 1.121 0.036 K02410

Bacteria Acidaminococcus 0.971 1.051** 0.928 0.001 K02454

Bacteria Arthrobacter 0.008 0.011 1.06 0.01 K02454

Bacteria Desulfococcus 0.020 0.022* 1.205 0.024 K02454

Bacteria Rhizobium 0.091 0.091* 0.945 0.001 K02454

Bacteria Variovorax 0.027 0.028** 0.955 0.001 K02454

Bacteria Eubacterium 1.524** 1.437 0.854 −0.027 K02652

Bacteria Methylomicrobium 0.010 0.011** 0.81 −0.01 K02652

Bacteria Thermosynechococcus 0.003** 0.002 1.094 −0.04 K02652

Bacteria Acidaminococcus 0.971 1.051** 0.928 0.001 K02653

Bacteria Brevundimonas 0.020 0.021** 1.044 0.01 K02653

Bacteria Eubacterium 1.524** 1.437 0.854 −0.027 K06442

VIP, Variable Importance for Projection; Coef., Coefficient associated with the VIP value obtained by PLS analysis. aPLS results between microbial genera and FCR or RFI.
bGenes identified as highly correlated with the microbial genera by PLS and also identified in the genome of the corresponding MAG. Bold: Significant GLM results for
microbial genera with year and breed as fixed effect; *P < 0.05; **P < 0.001.
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genes encoding for hemolysin which were also associated with
low RFI (K06442) and low FCR (K11068). Although hemolysin
is generally produced by pathogenic bacteria for nutrient
acquisition by initiating host cell lysis, it has been suggested
that hemolysin can promote activation of inflammasome signals
reducing pathogen colonization in the intestine (Chen et al.,
2018). Results related to Eubacterium might be a good example
of possible gastrointestinal cross-talk from bacteria detected in
the rumen having a possible effect on the lower gut. More
work is needed to confirm this mechanism in the rumen
and the lower gut.

Therefore, our results suggest that the influences of beneficial
bacteria on animal feed efficiency can be mediated by direct
bacteria-cell contacts or indirectly via bacterial metabolites, such
as butyrate or propionate or antipathogenic compounds from
commensal bacteria.

Possible Microbial Mechanisms
Detected in Low Feed Efficient Beef
Cattle
Identified mechanisms impacting host feed efficiency and located
in the rumen involved two Spirochaeales genera, Treponema and
Sphaerochaeta. These two genera were both positively correlated
with FCR and genes associated with type IV pilus (K02652
and K02653) or secretion system (K03205). Both genera are
known to inhabit the rumen with potential pathogenic activities
(Smibert, 1984). Furthermore, some species within Treponema
and Sphaerochaeta in the rumen showed pectinolytic activities
instead of being pathogens (Xie et al., 2018) and also producing
acetate, a lower energy source for the animal in comparison

with butyrate and therefore potentially reducing feed efficiency
(Stanton and Canale-Parola, 1980; Abt et al., 2012).

In addition to bacteria, the protozoan genus Trichomonas
had a negative effect on feed efficiency (FCR). Generally, this
genus dominates total protozoa in the rumen and the presence
of protozoa compared to defaunated animals is known to reduce
feed conversion efficiency in ruminants (Newbold et al., 2015).
This genus was correlated with a type IV secretion system
gene (K03205) one indicator of the presence of intra-ciliate
Proteobacteria using T4SS to invade and survive in ruminal
protozoa (Park and Yu, 2018). However, the importance of this
relationship in explaining differences in feed efficiency is unclear
and needs further work.

Contrasting with beneficial bacteria producing volatile fatty
acids (VFA) such as butyrate or propionate, Acidaminococcus
species are amino acid-fermenting bacteria generally located in
the rumen (Cook et al., 1994). This genus through its metabolic
activities in the rumen was reported to be involved in lower
gut microbiome dysbiosis and gut disorder through amino acids
metabolism disturbance (Lin et al., 2017). Moreover, this genus
could have a contrasting impact on the physiological aspects of
the host (Lin et al., 2017) like weight gain (Gough et al., 2015;
Yun et al., 2017).

Other ruminal microbial species carrying genes or associated
with mechanisms to colonize specifically the intestinal
mucosa surface whilst avoiding the host immune system
were identified and potentially having a negative impact on
animal feed efficiency.

Five Proteobacteria genera were all positively correlated with
high RFI. It included the motile enteric bacteria Providencia
(K02410) which is an opportunistic pathogen in cattle normally

TABLE 4 | Identification of microbial genera (including MAGs) and genes significantly correlated with feed conversion ratio.

Domain Genus Mean low Mean high VIPa Coef.a Geneb

Feed conversion ratio

Bacteria Succiniclasticum 5.054 5.433* 0.820 -0.021 K01840

Bacteria Succiniclasticum 5.054 5.433* 0.820 -0.021 K02005

Bacteria Lactobacillus 0.417* 0.405 0.654 -0.002 K02429

Bacteria Acidaminococcus 0.971 1.051** 1.033 0.046 K02454

Bacteria Magnetospira 0.004 0.004* 1.127 0.054 K02454

Bacteria Salinicoccus 0.003 0.004* 1.177 0.055 K02454

Bacteria Scardovia 0.002 0.003 1.046 0.053 K02454

Bacteria Sphaerochaeta 0.021 0.024** 1.11 0.037 K02454

Bacteria Acetobacterium 0.006 0.006 1.094 0.032 K02454

Bacteria Treponema 0.635 0.790** 1.077 0.061 K02652

Bacteria Acidaminococcus 0.971 1.051** 1.033 0.046 K02653

Bacteria Sphaerochaeta 0.0210 0.024** 1.110 0.037 K02653

Bacteria Treponema 0.635 0.790** 1.077 0.061 K03205

Bacteria Elusimicrobium 0.002 0.004* 1.148 0.067 K03205

Protozoa Trichomonas 0.025 0.041 0.895 0.055 K03205

Bacteria Bifidobacterium 0.942* 0.372 0.868 -0.003 K11068

Bacteria Methyloversatilis 0.004 0.004 1.009 -0.06 K11068

Bacteria Phenylobacterium 0.007 0.007 0.822 -0.051 K11068

VIP, Variable Importance for Projection. Coef., Coefficient associated with the VIP value obtained by PLS analysis. aPLS results between microbial genera and FCR or RFI.
bGenes identified as highly correlated with the microbial genera by PLS and also identified in the genome of the corresponding MAG. Bold: Significant GLM results for
microbial genera with year and breed as fixed effect; *P < 0.05; **P < 0.001.
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infecting the urinary tract (Blaiotta et al., 2016). Also, the sulfate
reducing bacterium Desulfococcus and Variovorax were both
correlated with the T1SS gene (K02454) conferring the ability to
release hemolytic toxin in a broad range of host cells (Thomas
et al., 2014). Finally, Lawsonia was also identified and correlated
with a sialic acid synthesis gene (K01654). To the best of our
knowledge, this is one of the first times that Lawsonia known to
be an obligate intracellular enteric pathogen in several animals
including pig and horse (Vannucci and Gebhart, 2014) is reported
in beef cattle. This genus seems to have developed a mechanism
avoiding the host immune system by the production of sialic acid
which is one of the main compounds constituting the mucus
covering the intestine (Severi et al., 2007; Quintana-Hayashi et al.,
2018). Similar mechanisms these genera may use to avoid the
host immune system of the epithelia cells in the rumen. For
example, Mann et al. (2018) showed that one microbial gene
encoding for N-acetylneuraminate synthase and involved in sialic
acid synthesis was highly expressed in the rumen microbiome in
all cattle tested.

Link Between Methane Emissions and
Feed Efficiency in Beef Cattle
In this study, animals were fed with high concentrate diet during
the finishing period to increase feed efficiency and productivity.
Such diet may reduce methane emissions compared to animals
receiving forage diet (Duthie et al., 2017; Cantalapiedra-Hijar
et al., 2018). One of the surprising results was the lack of
significant difference in methane emissions between low and
high feed efficient animals whilst expected (Fitzsimons et al.,
2013). Furthermore, there were no differences in CO2 and
H2 emissions and VFA concentrations between both animal
groups. Although the link between methane emissions and
feed efficiency was not the primary aim of this study, one
possible explanation for this lack of difference in methane
emissions could be related to VFA metabolisms and absorption.
For example, microbial metabolisms releasing of butyrate or
propionate instead of acetate is known to divert H2 away
from methanogenesis potentially reducing methane emissions
and improving ruminant feed efficiency (Zhou et al., 2009;
Shabat et al., 2016). However, demonstrating a higher metabolite
production like for individual VFA is challenging as the rate
of absorption into the blood stream is directly under the
control of rumen pH as well as metabolite concentration and
therefore cannot be easily determined using rumen digesta
samples (Dijkstra et al., 1993). Another explanation could be
due to the gap between the recording period of feed efficiency
and the allocated time in the respiration chambers leading to a
weak or a lack of significant correlation (Mercadante et al., 2015;
Alemu et al., 2017).

This study identified both microbial genetic capacities and
the microorganisms carrying the genes related and explaining
a significant variability (∼40%) observed in beef cattle feed
efficiency. Although knowledge about the dynamics of exchange
between communities from the digesta with mucosa or between
rumen digesta and lower gut is limited (Malmuthuge et al., 2015;
Steele et al., 2016), it is expected that populations within the

rumen digesta will compete for space and nutrients with rumen
epithelia tissue-attached communities (epimural communities)
also releasing metabolites and therefore impacting on the host
(Pitta et al., 2016; Zhan et al., 2019). However, we acknowledge
that our results are a primary step in the identification of
microbial parameters impacting on host feed efficiency prior to
in vitro or in vivo validation. Furthermore, other factors related
to microbiome (e.g., metabolic pathways) or host responses
(e.g., metabolites absorption, immune responses or behavior)
are important to explain variation in host feed efficiency
(Cantalapiedra-Hijar et al., 2018; Lima et al., 2019).

CONCLUSION

In conclusion, microbial species carrying genes involved in
adhesion and host-microbiome interaction in the rumen
digesta seem to be important mechanisms explaining significant
differences in animal feed efficiency but potentially sharing
similar adhesion mechanisms (e.g., Type IV pilus). Based on
our results, detrimental species were involved in sialic acid
synthesis, and carried flagella for motility or type IV secretion
system. Some others could be related to VFA and amino
acid metabolisms. In contrast, beneficial bacteria, especially
Eubacterium had the genetic capacities to form biofilms or
to release hemolysin that could stimulate the immune system
against pathogens in the lower gut Moreover, these species had
type II secretion system and flagella for hooking and the capacity
to degrade fucose as mucosal compound produced by the host
intestinal epithelium.

Finally, more work is needed to better understand the
dynamics and importance of exchange between microbial
populations colonizing epithelial cells or the lumen during
the gastrointestinal crosstalk. Such information could be used
to develop molecular tools for the identification of possible
probiotics or biomarkers, with the aim to improve animal
production and health dietary intervention or animal breeding.
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The complex rumen microbiota exhibits some degree of host specificity. The
undeveloped simple rumen microbiota is hypothetically more amendable. The objective
of this study was to investigate if the rumen prokaryotic microbial assemblage of
young calves can be reprogrammed by oral inoculation with rumen microbiota of adult
cows. Twenty newborn male calves were randomly assigned to four groups (n = 5 per
group), with two groups being orally inoculated with rumen microbiota (fresh rumen
fluid) collected from two lactating dairy cows, while the other two groups receiving
autoclaved rumen fluid collected from another two donor cows. Each calf was orally
drenched with 100, 200, 300, 400, and 500 mL of the rumen fluid at d3, d7, d21, d42,
and d50, respectively, after birth. The inoculation with rumen microbiota did not affect
(P % 0.05) feed intake, average daily gain (ADG), heart girth, or feed conversion ratio
but significantly (P $ 0.01) lowered instance of diarrhea. At the age of 77 days (27 days
post-weaning), all the calves were slaughtered for the sampling of rumen content and
determination of empty rumen weight. Rumen fermentation characteristics were not
affected (P % 0.05) by the inoculation. Rumen prokaryotic microbiota analysis using
metataxonomics (targeting the V4 region of the 16S rRNA genes) showed that the calf
rumen prokaryotic microbiota differed from that of the donors. Two Succinivibrionaceae
OTUs, two Prevotella OTUs, and one Succiniclasticum OTU were predominant (relative
abundance % 2%) in the donors, but only one Succinivibrionaceae OTU was found
in the calves. On the other hand, five other Prevotella OTUs were predominant (%3%)
in the calves, but none of them was a major OTU in the donors. No correlation was
observed in relative abundance of major OTUs or genera between the donor and
the calves. Principal coordinates analysis (PCoA) based on weighted UniFrac distance
showed no significant (P % 0.05) difference in the overall rumen prokaryotic microbiota
profiles among the four calf groups, and principal component analysis (PCA) based
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on Bray-Curtis dissimilarity showed no significant (P % 0.05) difference in functional
features predicted from the detected taxa. Nor the calf rumen microbiota showed any
clustering with their donor’s. Repeated oral inoculation with rumen microbiota probably
has a limited effect on the development of rumen microbiota, and the rumen microbiota
seems to develop following a program determined by the host and other factors.

Keywords: calves, diarrhea, metataxonomics, oral inoculation, rumen microbiota

INTRODUCTION

The species composition and structure and the associated
functions of the rumen microbiota determine the most important
production phenotypes of ruminants, including feed utilization
efficiency, nitrogen efficiency, the output of wastes including
nitrogen and methane, and host health (Kittelmann et al.,
2014; Li and Guan, 2017; Sasson et al., 2017; Paz et al.,
2018). It has been a long-standing pursuit to modulate the
rumen microbiome to effectively improve animal production
performance (Parker, 1990; Jouany, 1994; Patra and Saxena, 2009;
Yanez-Ruiz et al., 2015; Clemmons et al., 2019). Most of the
manipulation efforts were made using dietary interventions, and
they were met with mixed success (Patra and Saxena, 2009;
Clemmons et al., 2019). Additionally, because of the rumen
microbiota is rather stable and resilient (Weimer, 2015), all
dietary interventions need to be continuous, thus increasing
feeding cost. Furthermore, adverse effects including lowered
feed intake and digestion often result at effective doses (Patra
and Yu, 2014). Although from a microbiological perspective,
rumen microbes of desired features can be inoculated into a
rumen to improve certain aspects of the rumen function, such
as fiber digestion, inoculation of the rumen of adult ruminants
with Ruminococcus albus and R. flavefaciens did not enhance
fiber digestion (Krause et al., 2001), while Megasphaera elsdenii
inoculation did not attenuate subacute ruminal acidosis (SARA)
(Klieve et al., 2003; Zebeli et al., 2012; Arik et al., 2019).
Inoculation of dairy cows that exhibited milk fat depression
with whole rumen content from non-milk fat-depressed cows
only slightly accelerated the recovery of de novo synthesis of
fatty acids (FA) in the former (Rico et al., 2014). A recent
study showed that replacing 70% of the rumen content of
steers with that of basins altered the rumen microbiota of
the recipients and rumen metabolism and improved nitrogen
utilization, but the expected improvement in fiber digestion
was never observed (Ribeiro et al., 2017). Recent studies also
demonstrated that ruminants have considerable control over
its rumen microbiota, and particularly the rumen microbiota
of adult dairy cows is rather resilient (Weimer et al., 2010,
2017). Colonization resistance and resilience of the rumen
microbiota in mature ruminant animals negate manipulation
of their rumen microbiota. Therefore, the early life of young
ruminants represents an opportunity to modulate the rumen
microbiome to achieve potential lasting effects in adult ruminants
(Yanez-Ruiz et al., 2015).

Newborn ruminant animals including calves are born with a
sterile non-functional rumen (Soares et al., 1970; Alexander and
Lysons, 1971; Baldwin et al., 2004), which is colonized gradually

with a diverse assemblage of microbes primarily anaerobic
bacteria after birth (Rey et al., 2014; Guzman et al., 2015; Dias
et al., 2018). From a perspective of microbial ecology, the young
rumen ecosystem is more amendable because its very simple
microbiota has much less colonization resistance and resilience
than that of adult animals. Indeed, early studies showed that
inoculated individual bacteria could colonize and persist in
the rumen of gnotobiotically-reared lambs (Fonty et al., 1997)
and meroxenic lambs (Fonty et al., 1983), both of which had
a very simple rumen microbiota. Early dietary interventions
were also shown to be more effective in modulating the rumen
microbiota development in dairy calves although the long-term
impacts on milk production (Dill-McFarland et al., 2019) or
the desired effects (CH4 abatement to be exact) did not last
after the intervention ceased (Saro et al., 2018). Early studies in
the mid-1900s used either ruminal fluid or content from adults
to inoculate calves to better understand early rumen microbial
establishment, and they showed that the inoculation accelerated
the establishment of rumen protozoa but had no effect on
feed intake, weight gain, rumen pH, or predominant culturable
bacteria typical of mature cattle (Pounden and Hibbs, 1950;
Bryant and Small, 1960). One study also showed that faunation
via oral gavage of protozoa-enriched rumen fluid from a bull
at 5 and 6 weeks of age faunated the rumen of pre-weaned
Holstein calves and increased methane production, rumen empty
weight, rumen pool size of nitrogen, and crude fat with no effect
on intake of ME per kg dry matter (DM) or animal growth
(Schonhusen et al., 2003). A very recent study found no effects
of oral inoculation of pre-weaned calves with a bacteria-enriched
or a protozoa-enriched inoculum on animal growth or rumen
bacterial microbiota (Cersosimo et al., 2019). The objective of the
present study was to examine if repeated (five times), incremental
(100 to 500 ml each time), and early (at d 3 of age) oral inoculation
of pre-weaned calves with adult rumen microbiota on animals
(feed intake, growth, intestinal development, and diarrhea) and
their rumen microbiota post-weaning (27 days post-weaning).
The new information on rumen microbiota can help understand
the lack of desirable effect on the growth performance of pre-
weaned calves when they were inoculated with rumen microbiota
from adult cattle.

MATERIALS AND METHODS

Animal Experiment and Rumen
Microbiota Inoculation
The handling and care of the animals followed a protocol
(protocol number: IAS2018115) approved by the Institutional
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Animal Care and Use Committee (IACUC) of the Institute of
Animal Science, Chinese Academy of Agricultural Sciences.

Twenty newborn male Holstein calves with initial body
weight (BW) between 38 and 50 kg were procured from a
local dairy breeding farm. They were randomly assigned to
four groups (n = 5 per group) in two treatments, with one
treatment (Inoc) being oral inoculation with rumen microbiota
(fresh rumen fluid) collected from two donor cows, while the
other treatment (Ctrl) being oral inoculation with autoclaved
rumen fluid collected from another two donor cows. The
two treatments were balanced with initial BW. Right after
birth, all the calves were each fed 4 L of colostrum (kept
at 48`C, Brix percentage ' 20) within the first hour after
birth. Colostrum IgG was tested using an optical refractometer
(HT113ATC; Httechltd Tianyuan Optical Instruments Co., Ltd.,
China). Only colostrum with an IgG level ' 50 mg/mL
was fed to the calves. The calves were then transferred to
individually fenced calf hutches (1.5 � 2.0 m) between 12 and
18 h after birth. The hutches had sand bedding and were on
the breeding farm. The hutches were disinfected before the
arrival of the calves.

The calves were fed pasteurized whole milk twice daily at 0800
and 1500, from bottles from d 1 to 3 and then from individual
buckets. On average, the milk contained 12.3% DM, 3.6% crude
protein (CP), and 4.1% ether extract. Bottles or buckets were
cleaned immediately after each use. To meet the increasing
nutritional requirement as the calves grew, the calves were fed
increasing amounts of milk daily: 2 L from d 1 to 7 and 3.5 L
from d 8 to 42. From d 43 to 49, the daily milk allowance
gradually decreased to 2 L with equal daily decrement, and all
the calves were completely weaned off milk at d 50. All the calves
had ad libitum access to fresh drinking water and a pelleted
starter feed (offered twice daily at 0900 and 1800) from d 3 to
77. The starter feed contained 89.5% DM, which had 20% CP,
2.8% ether extract, 6.7% ash, 1.0% calcium, 0.5% phosphorus,
10.0% acid detergent fiber (ADF), and 18% neutral detergent
fiber (NDF). No forage was offered to the calves because feeding
hay intake can decrease solid feed intake and calf growth (Hill
et al., 2019; Engelking et al., 2020). Daily starter feed intake was
recorded. All calves were slaughtered at d 77 for the sampling
of rumen content.

Four lactating Holstein cows fitted with permanent rumen
cannula were used as the donors of rumen fluid, with each
donor providing rumen fluid for one of the four groups
(n = 5) of calves throughout the entire experiment. Two donors
(referred to as Inoc donors) provided fresh rumen fluid for
the two Inoc groups of calves (donors A and B for Inco-A
and Inoc-B, respectively), while the other two donors provided
rumen fluid for the two Ctrl groups of calves (donors C
and D for Ctrl-A and Ctrl B, respectively). The donor cows
had similar parity and days in milk (DIM) and were fed the
same diet and housed in the same barn. The rumen fluid
from the two Inoc donors was collected before the morning
feeding on each inoculation day, strained through two layers
of sterile cheesecloth, and kept at 39`C in a sealed thermos
until inoculation at morning feeding (within 1 h). The rumen
fluid from the two Ctrl donors was also collected before the

morning feeding but one day before each inoculation day,
strained through two layers of sterile cheesecloth, autoclaved
at 121`C for 30 min, and kept at 39`C in a sealed thermos
until inoculation at morning feeding the next day (this allowed
both the Inoc and the Ctrl calves to be inoculated on the same
day). Each calf was orally drenched with 100, 200, 300, 400, and
500 ml of respective rumen fluid at 3, 7, 21, 42, and 50 days
of age, respectively. One aliquot of each rumen fluid sample
collected from the two Inoc donors was preserved at �80`C
until DNA extraction.

Animal Growth Measurement, Sampling,
and Analysis
Starter offered and refused amounts were recorded daily for
each calf. Starter feed samples and refusals were collected daily
and individually mixed thoroughly after drying and ground to
pass through a 1-mm screen using a Wiley mill (Arthur H.
Thomas Co) before the samples were analyzed for content of
NDF and ADF (Van Soest et al., 1991), CP (method 984.13;
AOAC, 1990) and ether extract (method 920.39; AOAC, 1990).
Ash content was determined by incineration in a muffle furnace
at 550`C. Milk samples were analyzed for total solids using an
infrared analyzer MilkoScanTM FT 120 (FOSS Analytical A/S,
Hillerød, Denmark). Bodyweight, shoulder height, body length,
heart girth, and cannon bone circumference were measured
immediately after birth and thereafter weekly until the end
of the experiment. Fecal consistency was scored daily on a
scale from 0 to 3, with 0 = normal consistency, 1 = semi-
formed or pasty, 2 = loose feces, and 3 = watery feces. Calves
with a fecal score ' 2 were considered positive for diarrhea
(McGuirk, 2008).

All the calves were slaughtered at day 77. The rumen
content was emptied into individual foil trays and mixed,
and the pH was immediately measured using a portable pH
meter. Rumen digesta samples were collected and aliquots were
stored at �20`C until further analysis. The VFA profiles of the
rumen samples were analyzed using gas chromatography (Zhou
et al., 2011). Ammonia nitrogen concentration was determined
colorimetrically using Berthelot’s reagent (Chaney and Marbach,
1962; Rhine et al., 1998).

Rumen Prokaryotic Microbiota Analysis
Genomic DNA was extracted from the rumen samples of
the calves and the donors using the RBB + C method (Yu
and Morrison, 2004). The quality of the DNA samples was
evaluated using agarose (0.8%) gel electrophoresis, while the
concentrations were quantified using a Quant-iTTM dsDNA
Assay Kit (Invitrogen Corporation, Carlsbad, CA, United States).
The rumen prokaryotic microbiota represented by the rumen
DNA samples was analyzed for diversity and composition
as described previously using metataxonomics (Park and Yu,
2018). Briefly, dual indexed 16S rRNA gene amplicon libraries
for both bacteria and archaea were prepared using primers
515F (5¬-GTGCCAGCMGCCGCGGTAA-3¬) and 806R (5¬-
GGACTACHVGGGTWTCTAAT-3¬) (Caporaso et al., 2011) with
a unique barcode for each DNA sample. The amplicon libraries
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were sequenced using the 2 � 300 paired-end protocol on the
Illumina MiSeq platform. After demultiplexing of the amplicon
sequences, the barcode and primer sequences are trimmed off
using Cutadapt (Martin, 2011). The built-in plugins within
QIIME2 (version 2019.4) (Bolyen et al., 2019) were used to
analyze the amplicon sequences. First, the DADA2 plugin was
used to denoise the forward and reverse reads by filtering out low-
quality (Q $ 25) reads and to merge them followed by chimera
removal (Callahan et al., 2016). The raw amplicon sequence data
are available in the NCBI sequence read archive (SRA) under the
accession number PRJNA562303.

Amplicon sequencing variants (ASVs) were assigned to taxa
using the naïve Bayesian taxonomic classifier (Wang et al.,
2007) and a pre-trained Greengenes (13_8 version) reference
database that was trimmed to retain only the V4 region. The
ASVs that matched to mitochondria or chloroplast (seven
ASVs that accounted for 0.072% of the total sequences) were
filtered out. Major classified phyla, families, and genera, each
of which was detected in at least 50% of the rumen samples
were discussed in this study. Alpha diversity of each sample
was examined with respect to species richness, evenness, Faith’s
phylogenetic diversity, Shannon diversity index, and Simpson
index based on the rarefied ASV tables using 8,170 ASVs per
sample. Principal coordinates analysis (PCoA) was computed
based on weighted UniFrac distance matrices to compare
the overall dissimilarity of prokaryotic microbiota among
different groups of rumen samples. Differentially abundant
taxa between the Ctrl and the Inoc calves were identified
using linear discriminant analysis (LDA) effect size (LEfSe)
implemented in the Galaxy online tool1 with an LDA score
of two as cutoff (Segata et al., 2011). The number of taxa
shared by and exclusively found in individual groups of
rumen samples was visualized using the R package Venn
Diagram (Chen and Boutros, 2011). Relative abundances of
major taxa at phylum, family, and genus level in each group
of rumen samples were visualized using the QIIME2 feature-
table heatmap plugin.

Amplicon sequencing variants and the corresponding BIOM
table were used to predict functional features from the 16S
rRNA gene sequence data using PICRUSt2 (Douglas et al.,
2020) with the default options. Briefly, the input ASVs were
aligned with the reference sequence alignment followed by
placing these sequences into reference phylogeny to build a
tree file. Then, gene family abundances were predicted using
the tree file as input with pre-calculated gene- or function-
count tables as the reference. The abundance of individual
gene families was normalized with the 16S copy number
of each ASV, and the normalized abundance was used to
determine the predicted functional profiles per sample using
ASVs’ abundance BIOM table. Principal component analysis
(PCA) was computed based on Bray-Curtis dissimilarity to
compare the overall functional profiles based on the predicted
KEGG orthologs among the different groups of rumen samples.
The PCA plots were visualized using the R package ggfortify
(Tang et al., 2016). LEfSe was used to identify differentially

1https://huttenhower.sph.harvard.edu/galaxy/

abundant KEGG pathways and modules with an LDA score of
two as the cutoff.

Statistical Analysis
Except for feed conversion ratio, data on starter intake,
and growth measurements were analyzed using a repeated-
measures mixed model (PROC MIXED) of SAS 9.4 (SAS
Institute Inc., Cary, NC, United States), with calf as the
random effect and treatment, age (wk), their interaction as
fixed effects, and autoregressive (order 1) being assumed for
the covariance structure. The initial calf BW was included in
the model as a covariate for the statistical analysis of final
body weight. The data were presented as least squares means,
and the difference between the two treatments was tested
using F-test. The diarrhea data were analyzed using the Chi-
square test (Proc Freq) of SAS 9.4. Significance was declared
at P $ 0.05.

Alpha diversity data of the rumen microbiota and the
predicted gene counts were analyzed using the GLIMMIX
procedure of SAS 9.4 (SAS Institute Inc., Cary, NC,
United States). Permutational multivariate analysis of variance
(PERMANOVA) was used to evaluate the PCoA clustering of
the sample groups using the QIIME2 plugin. For PCA plots with
predicted KEGG-orthologs, PERMANOVA was used to evaluate
the overall dissimilarity of functions between the Ctrl and the
Inoc calves with 9,999 permutations using PAST3 software
(Hammer et al., 2001).

RESULTS

Repeated Inoculation With Rumen
Microbiota Had No Effect on Animal
Growth Performance
At the end of the experiment, no significant difference was noted
in any of the measurements of feed intake, feed conversion ratio,
or animal growth including BW, ADG, body height, body length,
heart girth, or cannon bone circumference between the Inoc
and the Ctrl calves (Table 1). The weekly average of the above
measurements was also similar between the Inoc and the Ctrl
calves and between the two groups of each treatment (data not
shown). The above measurements increased as the calves grew,
but no significant treatment by week interactions was noted. The
inoculation did not affect the pH and concentrations of total
VFA or individual VFA, or the ammonia-N concentration in the
rumen (data not shown).

Repeated Inoculation With Rumen
Microbiota Reduced Diarrhea
Compared to the Ctrl calves, the Inoc calves had significant
(P $ 0.01) less diarrhea, in terms of overall incidences and
frequency, and incidences and frequency both before and after
weaning (Table 2). Larger decreases in diarrhea incidences and
frequency were also observed before weaning (decreased by 45.5
and 50.9%, respectively) than after weaning (decreased by 33.3
and 11.0%, respectively).
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TABLE 1 | Summary of calf growth measurements of the inoculated calves (Inoc)
and control calves (Ctrl).

Treatment SEM
** P-value

***

Ctrl* Inoc* Trtº Week Trt � Week

Starter DMI of the
last week (kg/d)

2.07 2.16 0.17 0.71 $0.01 0.24

DMI (kg/d) over
the experiment
(kg/d)#

1.09 1.11 0.06 0.68 $0.01 0.51

Starter DMI (kg/d)
over the
experiment

0.62 0.65 0.06 0.68 $0.01 0.51

Body weight (kg) 97.4 95.7 3.33 0.73 $0.01 0.52

Average daily gain
(kg/d)

1.01 0.97 0.17 0.47 $0.01 0.60

Body height (cm) 93.5 93.2 0.57 0.71 $0.01 0.08

Body length (cm) 93.6 95.0 0.84 0.23 $0.01 0.93

Heart girth (cm) 97.1 96.7 1.68 0.93 $0.01 0.83

Cannon bone
circumference
(cm)

13.0 13.1 0.19 0.66 $0.01 0.18

Feed conversion
ratio (d 0 – d 77)

1.51 1.54 0.06 0.76 –¸ –¸

* Ctrl, control calves receiving autoclaved rumen fluid; Inoc, calves receiving fresh

rumen fluid.
** standard error of mean.

*** calculated from F-test. # of both milk and
starter intake over the experiment. º treatment effect: inoculated with autoclaved
rumen fluid (Ctrl) or fresh rumen fluid (Inoc). ¸ calculated over the course of the
experiment, and thus no temporal response or treatment � week interaction.

Repeated Inoculation With Rumen
Microbiota Had Limited Effect on the
Rumen Prokaryotic Microbiota and Its
Functions in Calves
On average, 100,183 � 54,887 prokaryotic sequences were
obtained per sample though fewer sequences were generated
from the donor samples (Supplementary Table S1). The
calculated Good’s coverage exceeded 99% for all the samples. As

TABLE 2 | Effects of inoculation with fresh rumen fluid on incidence of diarrhea
in calves.

Treatment P-value
**

Ctrl* Inoc*

Overall incidence of diarrhea† 91 69 $0.01

Overall diarrhea frequency# 13.13 8.96 $0.01

Incidence of diarrhea before weaning 66 36 $0.01

Diarrhea frequency before weaning 14.97 7.35 $0.01

Incidence of diarrhea after weaning 33 25 %0.05

Diarrhea frequency after weaning 11.79 9.92 %0.05

�Ctrl, control calves receiving autoclaved rumen fluid; Inoc, calves receiving fresh

rumen fluid.
** calculated from Chi-square test. † number of days � number

of calves with a fecal score ' 2. # incidence of diarrhea/(total number of
calves � duration (days) of study duration).

expected, the donor prokaryotic microbiota was more diverse
and had a higher richness than that of the calves (Table 3). As
shown on the PCoA scatter plot (Figure 1), the two donors
of the two groups of Inoc calves had numerically different
(statistical analysis could not be done because only one donor
was used for each inoculation group) prokaryotic microbiota.
The differences were also reflected in the relative abundance
of the major phyla, families, and genera (Supplementary
Figure S1). At the genus level, the Inoc-B donor appeared to
have less Shuttleworthia and Ruminococcus, but more Sharpea,
Methanobrevibacter, Desulfovibrio, and Pyramidobacter than the
Inoc-A donor (Supplementary Figure S1C).

Overall, the donors had numerically more (statistical analysis
could not be done because only one donor was used for each
inoculation group) phyla, families, and genera than both the
Ctrl calves and the Inoc calves (Supplementary Figure S2). No
significant difference (P % 0.05) in the common alpha diversity
measurements was evident between the Inoc and the Ctrl calves
or between the two groups of Inoc calves (Inoc-A vs. Inoc-B)
(Table 3). The PCoA showed no significant difference (P % 0.05)
in the overall rumen prokaryotic microbiota between the Inoc

TABLE 3 | Summary of alpha-diversity measurements of the rumen microbiota.

Diversity measurements Donor† Treatment SEM
** P-values

***

Ctrl* Inoc*

Ctrl-A Ctrl-B Inoc-A Inoc-B Trtº Donor†

Observed ASVs 370 106 77 104 117 9.43 0.283 0.690

Chao1 377 125 92 122 140 12.63 0.353 0.652

Evenness 0.86 0.58 0.51 0.48 0.54 0.02 0.446 0.367

Faith’s phylogenetic diversity 23.23 9.10 5.79 7.92 9.39 0.64 0.288 0.429

Shannon index 7.30 3.84 3.18 3.24 3.62 0.14 0.884 0.375

Simpson index 0.98 0.81 0.75 0.74 0.79 0.02 0.869 0.474

*Ctrl, control calves receiving autoclaved rumen fluid; Inoc, calves receiving fresh rumen fluid.
** standard error of mean.

*** calculated using F-test. º treatment effect:
inoculated with autoclaved rumen fluid (Ctrl) or fresh rumen fluid (Inoc). ¸ calculated based on the two groups of Inoc calves (Inoc-A and Inoc-B). † Each group of calves
received rumen fluid from only one of four donor cows throughout the experiment. Only the sequence data of the donors for the included calves were presented. Good’s
coverage exceeded 99% for all the samples (data not shown).

Frontiers in Microbiology | www.frontiersin.org 5 June 2020 | Volume 11 | Article 1403397

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01403 June 22, 2020 Time: 18:18 # 6

Bu et al. Inoculation With Rumen Fluid Reduces Calf Diarrhea

FIGURE 1 | PCoA plot showing the overall comparison of the rumen
prokaryotic microbiota. Large green circle, Inoc-A donor; small green circles,
Inoc-A calves; large diamond, Inoc-B donor; small green diamonds, Inoc-B
calves; small black circles, Ctrl-A calves; small black diamonds, Ctrl-B calves.
Data of the donors for the control calves were not shown.

and the Ctrl calves. No significant difference was observed either
between the two groups of Inoc calves, but the two Ctrl groups
had different overall prokaryotic microbiota (P $ 0.05). The
donors and their respective Inoc calves did not have more
prokaryotic phyla, families, or genera shared than the non-
corresponding pairs (Inoc-A donor vs. Inoc-B calves, or Inoc-B

donor vs. Inoc-A calves) (Supplementary Figure S3). The two
groups of Inoc calves did not share more taxa compared to the
two Ctrl groups (Supplementary Figure S4).

Some OTUs were found in both the two donors and the two
groups of inoculated calves, which were not found in the two
control calf groups (Supplementary Table S2). These include two
OTUs (ID: 17 and 25) only assignable to the order Bacteroidales,
one Clostridiales OTU (ID: 44), three Ruminococcaceae OTUs
(ID: 117, 121, 124), three OTUs assigned the candidate family
S24-7 (ID: 128, 139, 148), six Prevotella OTUs (ID: 237,
408, 417, 457, 461, 467), one Ruminococcus OTU (ID: 488),
and one Succinivibrio OTU (ID: 520). Eighteen OTUs were
found across all the donors and the calves irrespective of the
inoculation. Comparison between the Inoc and the Ctrl calves
using LEfSe identified significant enrichment of Megasphaera,
Acidaminococcus, and Methanomassiliicoccaceae among the Ctrl
calves, while RFN20 (an uncultured genus within the family
Veillonellaceae) and Pirellulaceae were significantly enriched
in the Inoc calves (Figure 2). LEfSe analysis also showed
that Oscillospira was enriched in the Inoc-A donor, whereas
Fibrobacter was enriched in the Inoc-B donor. Compared to
Inoc-A, Inoc-B had enriched Bulleidia.

No significant difference in the number of functional
features predicted against seven different databases (i.e., KEGG
Orthology, COG, EC, PFAM, KEGG Module, KEGG pathway,
and MetaCyc Pathways) was detected between the Ctrl calves
and the Inoc calves or between the two groups of Inoc calves.
The Inoc calves tended to have more functional features than the
Ctrl calves when the KEGG pathway database was used in the
functional prediction (Table 4). The overall predicted functional
features were similar between the Ctrl calves and the Inoc calves
(Figure 3). The two groups of Inoc calves did not differ in the
overall predicted functional features, but the two Ctrl groups of

FIGURE 2 | LEfSe plots showing (A) the families and genera of bacteria and archaea enriched among the Ctrl calves (black) vs. among and the Inoc calves (green)
and (B) the corresponding taxonomic cladogram of the enriched taxa.
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TABLE 4 | Number of detected functional features of the rumen microbiome using by PICRUSt2.

Functional databases Donor† Treatment SEM
** P-values

***

Ctrl* Inoc*

Ctrl-A Ctrl-B Inoc-A Inoc-B Trtº Donor¸

KO 3,450 3,454 3,133 3,699 3,527 116.04 0.152 0.655

COG 3,116 3,080 2,801 3,217 3,077 74.07 0.138 0.528

EC 1,248 1,224 1,126 1,281 1,248 29.89 0.113 0.725

PFAM 4,514 4,322 3,944 4,528 4,398 111.89 0.120 0.707

KEGG-modules 229 223 208 227 223 3.66 0.155 0.760

KEGG-pathways 125 117 111 121 119 1.70 0.066 0.689

MetaCyc-pathways 260 260 238 268 261 6.04 0.177 0.707

* Ctrl, control calves receiving autoclaved rumen fluid; Inoc, calves receiving fresh rumen fluid.
** standard error of mean.

*** calculated using F-test. º Treatment effect:
inoculated with autoclaved rumen fluid (Ctrl) or fresh rumen fluid (Inoc). ¸ calculated based on the two groups of Inoc calves (Inoc-A and Inoc-B). † Each group of calves
received rumen fluid from only one of four donor cows throughout the experiment. Only the sequence data of the donors for the included calves were presented.

FIGURE 3 | PCA plot showing the overall comparison of predicted functional
features of the rumen microbiota (based on KEGG Orthology database). Large
green circle, Inoc-A donor; small green circles, Inoc-A calves; large diamond,
Inoc-B donor; small green diamonds, Inoc-B calves; small black circles, Ctrl-A
calves; small black diamonds, Ctrl-B calves. Data of the donors for the control
calves were not shown.

calves differed. Analysis of the predicted functional features using
LEfSe identified the KEEG pathways and pathway modules that
were enriched in each treatment group of calves (Figure 4), with
four pathways (propanoate metabolism, pyruvate metabolism,
aminobenzoate degradation, and phosphonate and phosphinate
metabolism) enriched among the inoculated calves, while one
pathway (glycine, serine, and threonine metabolism) enriched
among the control calves (Figure 4A). Some metabolic pathway
modules were also found to be enriched differently between the
two treatment groups (Figure 4B). However, the two groups of

each treatment also exhibited different enrichment of both KEGG
pathways and pathway modules (Supplementary Figure S5).

DISCUSSION

Numerous research efforts have been made to manipulate
the rumen microbiome to increase feed utilization efficiency
(Matthews et al., 2019); decrease the risk of rumen acidosis
(Humer et al., 2018), methane emission (Haque, 2018), and
nitrogen excretion in ruminants (Hartinger et al., 2018); and
improve the nutrient composition of meat and milk (Toral et al.,
2018). Mixed results from different studies and inconsistent
responses from different animals within the same treatment
groups challenge the practical application of the intervention
strategies (Patra and Saxena, 2009; Clemmons et al., 2019). More
promising results were obtained through dietary manipulation of
the rumen microbiome of young animals (Saro et al., 2018; Dill-
McFarland et al., 2019) than what can be achieved in adults. Early
efforts to improve animal growth performance in pre-weaned
calves did not result in appreciable benefits when they were
inoculated with rumen microbiota from adult cattle (Conrad
and Hibbs, 1953; Hardison et al., 1957; Hibbs and Conrad,
1958; Bryant and Small, 1960). Two recent studies also showed
no significant improvement in animal growth performance or
rumen fermentation characteristics (Schonhusen et al., 2003;
Cersosimo et al., 2019). In the present study, we increased the
inoculation frequency and inoculum volume. To determine the
effect of the rumen microbes only, we also used autoclaved rumen
fluid, rather than saline as the control. The results corroborate
the general lack of desirable improvement in animal growth
post-weaning, but the inoculation brought about unexpected
benefits to gut health.

Repeated Inoculation With Rumen
Microbiota Had No Effect on Animal
Growth Performance
The repeated inoculation did not significantly increase feed
intake, feed conversion ratio, or any of the measurements of
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FIGURE 4 | LEfSe plots showing the KEGG pathways (A) and KEGG pathway modules (B) enriched among the control (red) and the inoculated (green) calves.
KEGG pathways: ko00640, propanoate metabolism; ko00620, pyruvate metabolism; ko00627, aminobenzoate degradation; ko00440, phosphonate and
phosphinate metabolism; and ko00260, glycine, serine and threonine metabolism. KEGG pathway modules: M00283, PTS system, ascorbate-specific II
component; M00299, spermidine/putrescine transport system; M00333, type IV secretion system; M00097, beta-carotene biosynthesis, GGAP ' beta-carotene;
M00086, beta-oxidation, Acyl-CoA synthesis; M00114, ascorbate biosynthesis, plants, glucose-6P ' ascorbate; M00117, ubiquinone biosynthesis, prokaryotes,
chorismate ' ubiquinone; M00020, Serine biosynthesis, glycerate-3P ' serine; M00011, citrate cycle, second carbon oxidation, 2-oxoglutarate ' oxaloacetate;
M00260, DNA polymerase III complex, bacteria; M00173, reductive citrate cycle (Arnon-Buchanan cycle); and M00170, C4-dicarboxylic acid cycle,
phosphoenolpyruvate carboxykinase type.

animal growth, either weekly or at the end of the experiment,
which was 27 days post-weaning. These results are in general
agreement with studies conducted decades ago (Hardison et al.,
1957; Hibbs and Conrad, 1958; Bryant and Small, 1960;
Schonhusen et al., 2003) and recent studies (Cersosimo et al.,
2019; Yu et al., 2020b). We also found no effect of the inoculation
on the fermentation characteristics (total VFA and individual
VFA concentrations) in the rumen. The lack of stimulation to
feed intake or rumen fermentation characteristics can better
explain the null results observed in the inoculated calves.
The microbes-free rumen fluid might also positively affect the
animals. These results suggest that under typical farm conditions,
inoculation of calves with rumen microbiota from adult cattle
during the pre-weaning period, even starting at a very early age
and repeatedly, probably yield limited benefits to their growth.
However, future studies should also include control that is mock
inoculated with saline.

Repeated Inoculation With Rumen
Microbiota Had Limited Effect on the
Rumen Prokaryotic Microbiota and Its
Predicted Functions in Calves
The rumen of newborn calves is believed to be sterile (Baldwin
et al., 2004) and was hypothesized to be more amenable to
colonization by externally introduced rumen microbes. However,
the repeated inoculation only had limited effect on the overall
diversity and composition of the rumen microbiota even though
a few genera of bacteria were affected, which included significant
increase in RFN20 (an uncultured genus within the family
Veillonellaceae) and Pirellulaceae and decrease in Megasphaera,
Acidaminococcus, and Methanomassiliicoccaceae. Some OTUs
were also only found in the inoculated calves and the donor
cows. The impact of the early inoculation on the predicted

functions was also limited. Although the inoculated calves had
the metabolic pathways of pyruvate and propionate enriched, no
difference in total VFA or individual VFA concentrations were
noted. Early studies in the 1900s found mixed results with respect
to the colonization of culturable rumen bacteria even though they
consistently found expedited establishment of rumen protozoa
(Conrad et al., 1958; Bryant and Small, 1960). Bryant and Small
(1960) reported little effect of inoculation with adult rumen
microbiota on the time of the establishment of predominant
culturable bacteria typical of mature cattle or on the total count
of anaerobic bacteria. However, cud inoculation of pre-weaned
calves coupled with feeding a pelleted high-roughage diet (hay
to grain ratio, 3:1) increased the average rating (presence) of
“Hay I indicator microorganisms (large G� coccoids in closely-
knit pairs),” but “Hay II microorganisms (three bacteria: large
G� square-ended rods, very large G� cigar-shaped rods, and G�

short rods in fours and multiples of four)” were not detected
(Conrad et al., 1958). Interestingly, the Hay II microorganisms
were also found to be absent from the rumens of calves fed high
grain rations (Pounden and Hibbs, 1948a; Hibbs et al., 1956)
and in uninoculated calves kept away from older cattle (Pounden
and Hibbs, 1948b). Unfortunately, the taxonomy of these “Hay
microorganisms” was not determined.

Cersosimo et al. (2019) reported the first study to use
metataxonomics in assessing the impact of inoculation (thrice,
weekly at weeks 3 to 6) of pre-weaned calves with rumen bacteria
(free of protozoa) or protozoa enrichment (still containing
other rumen microbes). In the present study, we used the
whole rumen microbiota from adult cows in inoculating the
rumen of newborn calves starting at 3 days of age. We also
increased the frequency of inoculation (five times, at d 3,
d 7, d 21, d 42, and d 50) and the amounts of inoculum
(100, 200, 300, 400, and 500 ml). Apparently, our inoculation
approach did not significantly modulate the development of
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the rumen microbiota either under typical farm conditions,
under which natural inoculation might have occurred. The
lack of significant effect on rumen microbiota development
mirrors the similar rumen fermentation characteristics (i.e., total
VFA concentration, the molar proportion of individual VFAs,
and ammonia concentration) and animal growth performance
observed among the calves. It should be noted that we did not
analyze the rumen microbiota at the end of weaning (d 50) or
earlier, and thus it cannot be ruled out that the inoculation had
impacted the rumen microbiota pre-weaning, but the changes
diminished in the three weeks post-weaning. It is worth noting
that we used autoclaved rumen fluid, which contained all the
nutrients and fermentation products though some losses were
expected, as the control. Future studies should also include a
saline control to help determine if autoclaved rumen fluid can
also influence rumen microbiota development.

The limited impact of inoculation of pre-weaned calves with
adult rumen microbiota can be due to several reasons. First,
pre-weaned calves are fed a very different diet than adult
cattle, and thus the inoculated rumen microbes do not have
the competitive advantage to colonize the young rumen. This
explanation is consistent with the establishment of some of
the bacteria characteristic of the rumen microbiota associated
with hay ingestion in the inoculated calves fed alfalfa hay
alone (Pounden and Hibbs, 1948b) and the increase of Hay
I microorganisms in the inoculated calves fed a pelleted high
roughage diet, while the Hay II microorganisms that were found
in the rumen of calves fed high grain rations (Pounden and Hibbs,
1948a; Hibbs et al., 1956) and in uninoculated calves isolated from
older cattle were missing (Pounden and Hibbs, 1948b). Following
this line of reckoning, inoculation might be more effective if
inoculation is coupled with a high-NDF starter or forage feeding
pre-weaning and continues post-weaning when calves start to
consume the diets fed to adult cattle. Second, individuality in
gut microbiota composition is common as a result of multiple
environmental and host genetic factors (Benson et al., 2010). The
host does have substantial control over its rumen microbiota
(Weimer et al., 2010, 2017), and such host effect, along with
and stochastic colonization (Furman et al., 2020), can cause
variation in the establishment of the rumen microbiota and thus
diminishing the “inoculation effect.” Third, either the cultivation-
based analysis in the early studies or the metataxonomic analysis
using in recent studies and the present study could not identify
the microbes to species or quantitatively assess the dynamics
of microbial colonization. These analytical limitations can be
addressed in future research to use whole metagenome shotgun
(WMS) sequencing, which can help identify bacteria to species-
even strain-level (Hillmann et al., 2018), or new improved
pipeline that can help achieve species-level identification (Segota
and Long, 2019), and synthetic spike-in standards, which can
help quantify the abundance of individual taxa (Tourlousse
et al., 2017). Nonetheless, the colonization process and the
eventual diversity and composition of the rumen microbiota
are determined by both deterministic and stochastic factors,
but the relative importance of stochasticity versus determinism
is unclear. The observed significant differences in the rumen
microbiota and the predicted functions between the Ctrl groups,

but not between the two Inoc groups, may suggest that
the inoculation might have decreased the stochasticity of the
rumen microbiota development. Integrated research combining
multiple approaches, such as isolation of young calves from adult
cattle, inoculation with defined microbiota, dietary treatments,
and host genotyping, may help better define and understand
the processes of the rumen microbiota development and the
driving factors.

Repeated Inoculation With Rumen
Microbiota Reduces Diarrhea
Calf diarrhea is one of the most common and costly diseases
in dairy herds. Based on a 2014 survey by the National Animal
Health Monitoring System (NAHMS), 56.4% of calf mortality in
the United States calves was attributed to diarrhea (USDA, 2014).
Neonatal diarrhea also slows down animal growth, decreases
reproductive performance and milk production later in lactations
(Aghakeshmiri et al., 2017). Calf diarrhea is caused primarily by
enteric bacteria or viruses (Foster and Smith, 2009). Weaning
management (Richeson et al., 2012) and treatments using
antimicrobials and non-antimicrobial alternatives (Lombard
et al., 2015; Habing et al., 2016) are used to prevent and treat
calf diarrhea. Although antimicrobials increase antimicrobial
resistance among gut microbes, non-antimicrobials are not as
efficacious as antimicrobials in the prevention and treatment of
calf diarrhea. Unexpectedly, we found that the inoculation with
adult rumen microbiota significantly decreased the frequency
and duration of diarrhea among the inoculated calves. To the
best of our knowledge, this is the first study to show that oral
inoculation of pre-weaned calves with adult rumen microbiota
can decrease calf diarrhea. The microbiological underpinnings
of this unexpected finding, probably multifaceted, remains to be
investigated in future studies, but the inoculation might have
enhanced the development of the intestinal tract, microbiota,
and gut immune and barrier functions as demonstrated in other
studies (Bauer et al., 2006; Dhakal et al., 2019; Yu et al., 2020a).
Indeed, two recent studies showed that inoculation of young
lambs with rumen fluid from adult sheep increased the titers of
IgA, SIgA, and IgG (Wu et al., 2016b) and intestinal mucosal
immune system development (Wu et al., 2016a). Unfortunately,
these authors did not report data on diarrhea or fecal microbiota.

Organic livestock producers require non-antimicrobial
alternatives to meet the stringent USDA requirements that
prohibit antimicrobial use on organically certified animals.
Diarrhea is also very common among piglets (Song et al., 2015).
Fecal microbiota transplantation (FMT) has been shown to be
effective in lowering the risk of diarrhea in piglets (Bin et al.,
2018; Niederwerder et al., 2018). The mechanisms by which FMT
decreases diarrhea in piglets remain to be determined, but they
are probably multifaceted, such as enhanced beneficial microbes,
increased microbiome diversity, and restored normal microbiota
(Niederwerder, 2018) and maintenance of gut barrier functions
(Cheng et al., 2018; Geng et al., 2018). No study has evaluated
if FMT would affect calf diarrhea, which is more prevalent in
dairy calves than in beef calves because dairy calves are separated
from their mother soon after birth. The rumen microbiota and

Frontiers in Microbiology | www.frontiersin.org 9 June 2020 | Volume 11 | Article 1403401

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01403 June 22, 2020 Time: 18:18 # 10

Bu et al. Inoculation With Rumen Fluid Reduces Calf Diarrhea

the fecal microbiota share many of the bacteria (Mao et al.,
2015; Ozbayram et al., 2018), but the rumen microbiota has
no or much less of the common enteric pathogens that cause
calf diarrhea, such as enterotoxigenic E. coli, Cryptosporidium
parvum, Clostridium perfringens, rotavirus, and coronavirus.
Rumen microbiota can also be readily preserved in large
quantities by lyophilization to facilitate repeated inoculation
(Yu et al., 2020a). Therefore, rumen microbiota transplantation
(RMT) may potentially be an effective strategy to prevent and
decrease calf diarrhea in cattle herds, but future research using
both FMT and RMT is warranted to confirm the utility of FMT
and RMT in lowering calf diarrhea.

CONCLUSION

Oral inoculation of pre-weaned young calves with rumen
microbiota from adult cows may not substantially affect the
overall rumen microbiota or its functional profiles but can
affect the colonization of some rumen bacteria, methanogens,
and protozoa and some metabolic pathways. Oral inoculation
may also reduce the variable rumen microbiome among
calves by decreasing the stochasticity of the rumen microbiota
development. Increasing fiber content in starter feed or feeding of
forage may be needed to maximize the effect of oral inoculation.
In addition to reducing calf diarrhea, oral inoculation of young
calves may also have other health benefits.
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Beef cattle are key contributors to meat production and represent critical drivers of
the global agricultural economy. In Brazil, beef cattle are reared in tropical pastures
and finished in feedlot systems. The introduction of cattle into a feedlot includes a
period where they adapt to high-concentrate diets. This adaptation period is critical
to the success of incoming cattle, as they must adjust to both a new diet and
environment. Incoming animals are typically reared on a variety of diets, ranging from
poor quality grasses to grazing systems supplemented with concentrate feedstuffs.
These disparate pre-adaptation diets present a challenge, and here, we sought to
understand this process by evaluating the adaptation of Nellore calves raised on either
grazing on poor quality grasses (restriction diet) or grazing systems supplemented
with concentrate (concentrate diet). Given that nutrient provisioning from the diet is
the sole responsibility of the ruminal microbial community, we measured the impact
of this dietary shift on feeding behavior, ruminal fermentation pattern, ruminal bacterial
community composition (BCC), and total tract digestibility. Six cannulated Nellore bulls
were randomly assigned to two 3 × 3 Latin squares, and received a control, restriction,
or concentrate diet. All cohorts were then fed the same adaptation diet to mimic
a standard feedlot. Ruminal BCC was determined using Illumina-based 16S rRNA
amplicon community sequencing. We found that concentrate-fed cattle had greater dry
matter intake (P < 0.01) than restricted animals. Likewise, cattle fed concentrate had
greater (P = 0.02) propionate concentration during the adaptation phase than control
animals and a lower Shannon’s diversity (P = 0.02), relative to the restricted animals. We
also found that these animals had lower (P = 0.04) relative abundances of Fibrobacter
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succinogenes when compared to control animals during the pre-adaptation phase and
lower abundances of bacteria within the Succinivibrio during the finishing phase, when
compared to the control animals (P = 0.05). Finally, we found that animals previously
exposed to concentrate were able to better adapt to high-concentrate diets when
compared to restricted animals. Our study presents the first investigation of the impact
of pre-adaptation diet on ruminal BCC and metabolism of bulls during the adaptation
period. We suggest that these results may be useful for planning adaptation protocols
of bulls entering the feedlot system and thereby improve animal production.

Keywords: adaptation, feedlot, microbiota, Nellore, rumen

INTRODUCTION

Meat and its derivative products are essential components of the
human diet as a source of energy and protein. Beef cattle are
important sources of meat and their production is ubiquitous
across the globe (Hocquette et al., 2018; Ritch and Roser, 2019).
As the human population continues to expand, it is predicted that
the demand for beef as a protein source will also increase (Smith
et al., 2018), and efforts are needed to improve the efficiency of
beef cattle production.

Beef production systems, such as those in Brazil, utilize
feedlots, which source beef calves from smaller farms and
then maintain these cattle on a high concentrate finishing
diet. In Brazil, the Nellore is one of the most predominantly
reared beef cattle breeds, primarily due to its ability to readily
thrive on low quality tropical grasses. Efforts to improve
performance during the finishing period include dietary addition
of rapidly fermentable carbohydrates, which can promote the
growth of lactate-producing ruminal bacteria and lead to health
problems such as ruminal acidosis (Pacheco et al., 2012; Millen
et al., 2015). As a result, numerous nutritional strategies have
been adopted to control for issues such as ruminal acidosis
including the use of additives to eliminate undesirable ruminal
microorganisms and the gradual introduction of non-fibrous
carbohydrates into the diet.

Previous work has demonstrated that the ability of steers to
respond productively to the finishing diet is dependent on their
success during the adaptation period, which spans the time from
entry into the feedlot system through to the introduction of a
high concentrate finishing diet. During this period, the bull calf
is required to transition from a forage-based diet to a high-
concentrate diet. In general, the average adaptation period in
Brazilian feedlots is reported to be 16.2 days (Pinto and Millen,
2018). Further work evaluating different adaptation periods
(Perdigão et al., 2017; Barducci et al., 2019; Parra et al., 2019)
suggested that Nellore cattle should spend a minimum of 14 days
adapting to a high-concentrate diet in a step-up manner, where
increasing amounts of concentrate are successively added to the
adaptation diet. However, the application of these guidelines
is confounded by the dietary history of the incoming calves,
which can differ significantly by sourcing location. This includes
farms that maintain their calves on a pre-adaptation diet ranging
from grazing on poor quality tropical grasses to grazing systems
supplemented with varying amounts of concentrate.

Regardless of nutritional background, all cattle arriving at
Brazilian feedlots are adapted in the same way to a high-
concentrate diet during the adaptation period. This can present
problems, such as the aforementioned ruminal acidosis, during
the finishing period and negatively impact animal health and
productivity. For example, the inclusion of small amounts of
grain (10 to 20%) in the pre-adaptation diet prior to feedlot
arrival may trigger ruminal acidosis by ensuring that adequate
numbers of amylolytic microorganisms, such as those from the
genus Succinivibrio, are present to ferment the carbohydrates in
the adaptation and finishing diet (Nagaraja and Titgemeyer, 2007;
Nagaraja, 2016; Ren et al., 2019). Cattle that are nutritionally
restricted to grazing on poor-quality tropical grasses prior to
intake of a high-concentrate diet may respond negatively to the
rapid influx of concentrate present in the adaptation diet and
develop ruminal acidosis.

Little information is known about the effects of nutritional
background on bacterial community composition (BCC) and
ruminal fermentation patterns during the transition from a
forage-based to concentrate-rich diet. Therefore, given the
paucity of data regarding the impact of the pre-adaptation
diet on the adaptation period in Nellore beef cattle, we
conducted a study on beef cattle cohorts maintained on different
diets and monitored their ruminal microbiota and metabolism
during adaptation to a high-concentrate diet and finishing.
In a previous study, Pereira et al. (2020) reported that cattle
consuming concentrate feedstuffs prior to the adaptation phase
improved feedlot performance, and we therefore hypothesized
that cattle maintained on nutritionally restricted or grazing with
concentrate feedstuffs during the pre-adaptation period would
have different ruminal microbiota resulting in differences in both
ruminal fermentation patterns and nutrient digestibility. The
results from this work will be useful to producers by providing
insights into the appropriate adaptation diet that should be
provided to newly received cattle based on their previous diet
history in order to minimize downstream adverse health effects
and increase productivity.

MATERIALS AND METHODS

All procedures involving the use of animals in this study were in
accordance with the guidelines established by the São Paulo State
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University Ethical Committee for Animal Research (protocol
number 05/2015).

Animals, Treatments, and Management
This trial was conducted at the São Paulo State University feedlot,
Dracena Campus, Brazil. Six 20-month-old yearling Nellore bulls
(236 ± 20 kg) fitted with ruminal cannulas were randomly
assigned to a replicated 3 × 3 Latin square design. Inside each
Latin square, animals received one of three pre-adaptation dietary
treatments (Table 1) for a period of 14 days: Control (Tifton
hay fed ad libitum + supplement), Restriction (Tifton hay fed
at 1.4% of body weight + supplement); and Concentrate (Tifton
hay fed ad libitum+ 0.5% of body weight of a mix of concentrate
feedstuffs and supplement). This was followed by an adaptation
period consisting of 2 adaptation diets, which contained 72 and
79% concentrate (Supplementary Table S1) fed ad libitum for
6 days each (from day 15 to day 26). The finishing diet, containing
86% concentrate (Supplementary Table S1), was then fed from
day 27 to day 33. We note that the experimental diets fed to cattle
during the pre-adaptation, adaptation, and finishing phases were
formulated according to the Large Ruminant Nutrition System
(Fox et al., 2004) and was composed of sugarcane bagasse, Tifton
hay, cracked corn grain, cottonseed meal, urea, limestone, and a
mineral supplement.

Nellore yearling bulls were housed in individual pens (72 m2)
equipped with individual 6-m feed bunks, and free-choice water
access to a water trough (3.00 × 0.80 × 0.20 m) shared by two
animals. Yearling bulls were fed ad libitum once a day at 0800 h,
and the dry matter intake (DMI) was calculated daily by weighing

TABLE 1 | Feed ingredients and chemical composition of the experimental diets
fed to cannulated Nellore cattle during the pre-adaptation phase.

Treatments Control* Restriction** Concentrate

Ingredients,% of dry matter (DM)

Tifton hay 97.38 97.38 79.44

Finely ground corn grain – – 16.67

Cottonseed meal (38% CP) – – 1.56

Urea 0.75 0.75 0.67

Supplement1 1.88 1.88 1.67

Nutrient Content

Total digestible nutrients,% of DM 46.00 46.00 53.00

Net energy for maintenance,
Mcal/kg of DM

1.31 1.31 1.59

Net energy for gain, Mcal/kg of DM 0.73 0.73 0.99

Crude protein,% of DM 12.40 12.40 12.50

Neutral detergent fiber (NDF),% of
DM

73.50 73.50 62.90

Ether extract,% of DM 2.20 2.20 2.40

Physically effective NDF,% of DM 70.00 70.00 58.00

Ca,% of DM 0.58 0.58 0.53

P,% of DM 0.24 0.24 0.27

1Ca: 9.80%; P: 4.50%; Mg: 4.40%; K: 6.15%; Na: 11.45%; Cl: 6.60%; S: 4.00%;
Co: 48.50 ppm; Cu: 516 ppm; Fe: 30 ppm; Mn: 760 ppm; Se: 9 ppm; Zn:
2516.5 ppm; and sodium monensin: 2000 ppm; *Control animals were fed Tifton
hay at 1.8% of BW. **Restricted animal were fed Tifton hay at 1.4% of BW.

ration offered and orts, before the next morning delivery, and
expressed both in kilograms and as a percentage of body weight.
The amount of feed offered was adjusted daily based on the
amount of orts left before morning feed delivery (0700 h). Body
weight was measured at the beginning (day 1) and at the end (day
33) of each period at 0700 h.

Feeding Behavior and Particle Sorting
Cattle were visually observed to evaluate feeding behavior every
5 min over three periods of 24 h. These observations were
performed on days 4 (pre-adaptation phase), 15 (adaptation
phase), and 26 (finishing phase) of the study, according to
Robles et al. (2007). Feeding behavior data were recorded for
each animal as follows: time spent eating, ruminating and
resting (expressed in minutes), and number of meals per day.
A meal was considered the non-interrupted time cattle spent
in the feed bunk eating the ration. DMI was also measured
for each animal on the days when feeding behavior data was
collected. The meal length, in minutes, was calculated by dividing
time spent eating by number of meals per day. The DMI
per meal, in kilograms, was calculated by dividing DMI by
the number of meals per day. In addition, the eating rate
of dry matter (DM; time spent eating/DMI) and rumination
rate of DM (time spent ruminating/DMI), both expressed in
minutes per kilogram of DM, were calculated according to
Pereira et al. (2015). Samples of diets and orts were collected
for chemical analysis of neutral detergent fiber (NDF; Van
Soest et al., 1991) to determine the intake of NDF on the
day of feeding behavior data collection. Eating and rumination
rates of NDF were calculated, as described above for DM,
according to Pereira et al. (2015).

On the days of feeding behavior evaluation, samples of
diets and orts were also collected for determination of
particle-size distribution, which was performed by sieving
using a Penn State Particle Size Separator and reported on
an as-fed basis, as described by Heinrichs and Kononoff
(1996). Particle sorting was determined as follows: n intake/n
predicted intake, in which n = particle fraction screens of
19 mm (long), 8 mm (medium), 1.18 mm (short), and a
pan (fine). Particle sorting values equal to 1 indicate no
sorting, those <1 indicate selective refusals (sorting against),
and those >1 indicate preferential consumption (sorting for;
Leonardi and Armentano, 2003).

Sample Collection and Laboratory
Methods
In situ Degradability
Determination of in situ degradability was performed on days
6, 7, and 8 (pre-adaptation phase), 17, 18, and 19 (adaptation
phase), and 29, 30, and 31 (finishing phase) of each experimental
period using the nylon bag technique described by Mehres and
Ørskov (1977). About 10 g of diet samples, previously dried
at 65◦C for 72 h, were weighed into 10 × 19 cm nylon bags
with a pore size of 50 µm. Nylon bags were inserted into
the rumen and incubated for 24 h. Immediately after their
retrieval, bags were placed in a bucket with cold tap water
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TABLE 2 | Effects of either nutritional restriction or intake of concentrate feedstuffs during the phases of pre-adaptation (day 5), adaptation (day 16), and finishing (day
27) on ruminal short-chain fatty acids and ammonia concentrations in cannulated Nellore cattle.

Treatment (Trt) Time after feeding P-value

Item Control Restriction Concentrate 0 h 4 h 8 h 12 h SEM Trt Time Trt*Time

Pre-adaptation (day 5)

Total SCFA1, mM 87.91a 81.80b 87.64a 80.00 77.76 87.84 97.53 2.73 <0.01 <0.01 0.17

Acetate, mol/100 mol 66.57a 61.48b 64.38a 60.88 58.09 65.23 72.39 1.75 0.04 <0.01 0.07

Propionate, mol/100 mol 14.61ab 14.18b 15.30a 13.45 13.38 15.10 16.88 0.77 <0.01 <0.01 (L) 0.11

Butyrate, mol/100 mol 6.73 6.14 7.95 5.67 6.29 7.51 8.28 0.37 <0.01 <0.01 <0.01

Acetate:Propionate 4.60 4.38 4.26 4.56 4.38 4.37 4.34 0.10 0.07 <0.01 0.02

Ammonia, mM 4.44 5.25 5.91 5.11 10.09 2.51 3.10 0.62 <0.01 <0.01 <0.01

Adaptation (day 16)

Total SCFA1, mM 99.69b 103.49a 105.16a 94.72 99.53 104.41 112.46 3.36 0.02 <0.01 (L) 0.36

Acetate, mol/100 mol 66.09b 68.63a 69.80a 63.84 66.46 69.01 73.36 1.95 0.01 <0.01 (L) 0.36

Propionate, mol/100 mol 22.45b 24.44ab 25.47a 21.25 22.73 24.88 27.63 1.14 0.04 <0.01 0.12

Butyrate, mol/100 mol 11.15 10.42 9.90 9.63 10.34 10.51 11.47 0.68 0.24 0.02 (L) 0.80

Acetate:Propionate 3.00 2.86 2.82 3.05 2.97 2.83 2.72 0.10 0.36 <0.01 0.01

Ammonia, mM 21.31a 21.17a 18.48b 12.64 24.06 20.55 24.02 0.99 0.05 <0.01(C) 0.10

Finishing (day 27)

Total SCFA1, mM 102.51 100.26 101.75 102.71 97.76 97.95 107.58 3.51 0.78 <0.01 (Q) 0.27

Acetate, mol/100 mol 62.20 63.57 63.70 64.48 60.62 61.00 66.52 1.56 0.83 <0.01 (Q) 0.27

Propionate, mol/100 mol 28.34a 25.09b 25.89ab 25.46 25.43 25.73 29.14 2.67 0.05 <0.01 (L) 0.29

Butyrate, mol/100 mol 11.97 11.60 12.16 12.77 11.72 11.23 11.92 0.74 0.60 <0.01 (L) 0.62

Acetate:Propionate 2.30 2.67 2.70 2.73 2.57 2.52 2.40 0.23 0.09 0.04 (L) 0.99

Ammonia, mM 20.40 21.23 20.93 12.20 22.98 21.99 26.24 1.82 0.60 <0.01 (L) 0.08

1Short-chain fatty acids. a,bFor treatment effect, within a row means without common superscript letter differ (P < 0.05).

to stop microbial fermentation, manually washed under cold
tap water, and then oven dried at 65◦C for 48 h. Samples
not incubated in the rumen were also washed as described
above. Samples were analyzed for DM (method 934.01; AOAC,
1990); crude protein (CP), by total N determination using
the micro-Kjeldahl technique (method 920.87; AOAC, 1990);
ether extract, determined gravimetrically after extraction using
petroleum ether in a Soxhlet extractor (method 920.85; AOAC,
1990); and NDF (with heat stable α-amylase) and acid detergent
fiber (ADF) according to Van Soest et al. (1991). Starch analysis
was performed according to Pereira and Rossi (1995), with
previous extraction of soluble carbohydrates, as proposed by
Hendrix (1993). Ground samples were then ashed at 450◦C in a
muffle oven for determination of ash (AOAC, 1995) and organic
matter (OM) concentration (method 924.05; AOAC, 1990). The
apparent coefficient of nutrient degradability was calculated
by the following equation: 100 × [01 – (bag weight after
incubation – empty bag weight)/(bag weight before incubation –
empty bag weight)].

Ruminal Fermentation Variables
Ruminal pH was continuously measured on days 5 (pre-
adaptation phase), 16 (adaptation phase), and 27 (finishing
phase) of each period for 24 h using a data logger pH (Model
T7-1 LRCpH, Dascor R©, Escondido, CA, United States; Penner
et al., 2006). The indwelling electrode measured and recorded
the ruminal pH every 10 min over the measurement period.
Each electrode was standardized using pH 4.0 and 7.0 standards

at the beginning and end of each session. The pH data were
recorded as mean, maximum, and minimum pH, the area
under the curve, and duration of time in which pH was below
6.2, 6.0, and 5.8. The area under the curve was calculated by
multiplying the absolute value of deviations in pH by the time
(min) spent below the established threshold for each measure
divided by 60 and expressed as pH unit × h. Likewise, data
loggers recorded rumen temperature and ox-redox potential
(Penner et al., 2006). Ruminal fluid samples were collected at
day 5 (pre-adaptation phase), 16 (adaptation phase), and 27
(finishing phase) of each period through the ruminal cannula
with a vacuum pump at 0, 4, 8, and 12 h after the morning
meal. Approximately 500 mL of rumen fluid was collected, at each
sampling time, from 3 different parts of the rumen. A fraction
of 100 mL of ruminal fluid was centrifuged at 2,000 × g for
20 min at room temperature, and 2 mL of the supernatant
was added to 0.4 mL of formic acid and frozen at –20◦C
for further short-chain fatty acid (SCFA) analyses according to
Erwin et al. (1961). The SCFAs acetate, propionate, and butyrate,
were measured by gas chromatography (Finnigan 9001, Thermo
Scientific, West Palm Beach, FL, United States) using a glass
column 1.22 m in length and 0.63 cm in diameter packed with
80/120 Carbopack B-DA/4% (Supelco, Sigma-Aldrich, St. Louis,
MO, United States). For NH3-N concentration determination,
2 mL of the supernatant was added to 1 mL of 1 N of
H2SO4 solution and the centrifuge tubes were immediately frozen
until the colorimetric analyses, according method described by
Kulasek (1972), and adapted by Foldager (1977).
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Ruminal Protozoa Counting
For total and differential counts of ruminal protozoa, samples
of 10 mL of ruminal contents were collected on day 5 (pre-
adaptation phase), 16 (adaptation phase), and 27 (finishing

TABLE 3 | Effects of either nutritional restriction or intake of concentrate feedstuffs
during the phases of pre-adaptation, adaptation and finishing on in situ
degradability of nutrients of cannulated Nellore cattle.

Treatments

Item Control Restriction Concentrate SEM P-value

Pre-adaptation
(days 6 to 8)

Dry matter,% 61.94b 64.55b 71.25a 2.64 <0.01

Neutral
detergent
fiber,%

37.52 39.31 45.30 5.59 0.56

Acid detergent
fiber,%

24.60 26.71 33.49 4.64 0.33

Starch,% 79.93c 85.46b 93.50a 3.80 0.02

Crude
protein,%

58.01ab 56.88b 61.10a 3.15 0.05

Ether extract,% 75.95b 71.34b 80.65a 3.19 0.04

Ash,% 75.85 74.04 81.18 2.78 0.16

Total digestible
nutrients,%

60.85b 63.28b 69.89a 2.36 <0.01

Adaptation
(days 17 to 19)

Dry matter,% 68.36ab 65.66b 70.39a 3.13 0.05

Neutral
detergent
fiber,%

36.37 32.75 37.76 2.23 0.19

Acid detergent
fiber,%

22.59 20.28 24.74 2.00 0.14

Starch,% 86.14ab 84.04b 89.56a 4.15 0.05

Crude
protein,%

67.08 67.14 68.12 2.60 0.73

Ether extract,% 80.88 76.57 79.09 2.97 0.50

Ash,% 85.26 84.56 85.60 1.46 0.79

Total digestible
nutrients,%

67.85ab 65.44b 69.94a 2.93 0.05

Finishing
(days 29 to 31)

Dry matter,% 66.34 67.18 68.25 2.02 0.80

Neutral
detergent
fiber,%

32.01 32.10 32.27 2.59 1.00

Acid detergent
fiber,%

21.98 21.29 20.62 3.04 0.95

Starch,% 82.04b 87.50a 88.15a 2.08 0.05

Crude
protein,%

71.67 67.70 64.45 4.03 0.20

Ether extract,% 84.65 81.30 76.66 4.37 0.15

Ash,% 90.62a 85.28b 86.49b 2.09 0.03

Total digestible
nutrients,%

66.32 66.74 67.75 2.11 0.88

a,b,cFor treatment effect, within a row means without common superscript letter
differ (P < 0.05).

phase) of each period through the ruminal cannula with a
vacuum pump at 4 h after the morning meal and stored in
glass vials with 20 mL of 18.5% formaldehyde. Subsequently, the
sample was stained with two drops of 2% brilliant green and
diluted. Protozoa were identified (genus Isotricha, Dasytricha,
Entodinium, and Diplodiniinae subfamily) and counted using
a Neubauer Improved Bright-Line counting chamber (Hausser
Scientific Partnership R©, Horsham, PA, United States) by optical
microscopy (Olympus CH-2 R©, Japan; Dehority, 1993).

Ruminal Bacterial Community Composition
Samples of 50 mL of whole rumen contents were collected on day
5 (pre-adaptation phase), 16 (adaptation phase), and 27 (finishing
phase) of each period through the ruminal cannula at 4 h after the
morning meal and stored at−80◦C. After thawing, samples were
separated by phase (liquid and solid). Proportionate amounts of
liquid and solid phase rumen content, as determined by when
the rumen was completely emptied and phases separated and
measured, were combined and then processed to isolate DNA
following the procedure detailed in Weimer et al. (2017).

The resuspended pellets were then processed to isolate DNA
following the bead-beating method described by Weimer et al.
(2017). The DNA was resuspended in 10 mM Tris HCl with
1 mM EDTA (pH 8.0), quantified fluorometrically using a
Qubit (Invitrogen, Carlsbad, CA, United States), and stored at
4◦C before preparation of the DNA library. Universal primers
amplifying the Variable 4 region of the bacterial 16S rRNA gene
were used to perform PCR (F- GTGCCAGCMGCCGCGGTAA;
R- GGACTACHVGGGTWTCTAAT), as described by Kozich
et al. (2013). The primers also included unique barcodes for
multiplexing and adapters suitable for sequencing using Illumina
technology (F- AATGATACGGCGACCACCGAGATCTACAC;
R- CAAGCAGAAGACGGCATACGAGAT; Kozich et al., 2013).
The PCR reactions contained 25–50 ng of DNA, 10 µM of
each primer, 12.5 µL of 2X KAPA HotStart ReadyMix (KAPA
Biosystems, Wilmington, MA, United States), and water to a
total volume of 25 µL. Cycling conditions were as follows: initial
denaturation of 95◦C for 3 min, 25 cycles of 95◦C for 30 s, 55◦C
for 30 s, and 72◦C for 30 s, and a final extension at 72◦C for 5 min.
Gel electrophoresis was performed using a 1.0% low-melt agarose
gel (National Diagnostics, Atlanta, GA, United States), where
bands present at∼380 bp indicated successful amplification.

Bands were excised from the gel and DNA was extracted
from the bands using a ZR-96 Zymoclean Gel DNA Recovery
Kit (Zymo Research, Irvine, CA, United States). No-template
negative controls were included for each set of PCRs, and
absence of a band in the gel indicated no contamination was
present. Extracted DNA was quantified in duplicate on 96-well
microplates according to manufacturer’s instructions for the
Quant-iT dsDNA Broad-Range Assay Kit, using reagents from
a Qubit dsDNA Assay Kit (Thermo Fisher Scientific, Waltham,
MA, United States), read on a Synergy 2 Multi-Mode Reader
(BioTek, Winooski, VT, United States) after a programmed 3-s
shaking period and a 2-min incubation at 22◦C. The extracted
DNA was equimolar pooled. The final library was sequenced
using a MiSeq v2 2 × 250 kit (Illumina, San Diego, CA,
United States), with a final library concentration of 10 pmol/L
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and 10% PhiX control. Custom sequencing primers as described
by Kozich et al. (2013) were used. Sequences were demultiplexed
according to their sample-specific indices on the Illumina MiSeq.
The sequences used in this study were deposited into the National
Center for Biotechnological Information’s Short Read Archive
and is available under BioProject Accession PRJNA641164.

The program mothur (v. 1.41.1) was used for further
processing (Schloss et al., 2009). Paired-end sequences were
combined to form contigs and poor-quality sequences were
removed (e.g., elimination of sequences with ambiguous base
pairs, homopolymers greater than 8 bp, and sequences shorter
than 200 bp). The SILVA 16S rRNA gene reference alignment
database (v132; Quast et al., 2013) was used to screen for
alignment to the correct region. Pre-clustering was performed
(diffs = 2) to reduce error and chimeras were detected and
removed using UCHIME (Edgar et al., 2011). The GreenGenes
database (DeSantis et al., 2006), August 2013 release, was used to
classify sequences with a bootstrap value cutoff of 80. Sequences
classified to cyanobacteria, mitochondria, Eukarya, or Archaea
were removed. Singletons were removed to streamline analysis.

Total Tract Apparent Digestibility
From days 5–13 and 24–32 of each experimental period, titanium
dioxide was used as an external marker to estimate total tract
apparent nutrient digestibility (Pezzato et al., 2002). The marker
was added at 1 g/kg of diet DM through ruminal cannula.
Samples of feces, diets, and orts were collected from day 10 to 14
(pre-adaptation phase), and from day 29 to 33 (finishing phase)
twice a day. Samples were composited by phase (approximately
200 g). Feed, orts, and fecal samples were dried at 55◦C for
72 h and ground to pass a 1-mm screen. Composite samples
per animal per period were used to determine DM (method
934.01; AOAC, 1990); CP (method 920.87; AOAC, 1990); ether
extract (method 920.85; AOAC, 1990); NDF (with heat stable
α-amylase); and ADF according to Van Soest et al. (1991),
starch (Pereira and Rossi, 1995), ash (AOAC, 1995), and OM
concentration (method 924.05; AOAC, 1990), as described above
for in situ degradability of nutrients.

Ruminal Dynamics
The ruminal dynamics were assessed by total rumen emptying.
The ruminal digesta was manually removed from each animal
through rumen cannula to determine the disappearance rate in
the rumen as described by Dado and Allen (1995). On days 9
(pre-adaptation phase), 20 (adaptation phase), and 32 (finishing
phase) of each experimental period, the emptying was carried out
at 1100 h, 3 h after delivering the morning meal, when the rumen
is theoretically at the highest level of volume. The same procedure
was performed on days 10 (pre-adaptation phase), 21 (adaptation
phase), and 33 (finishing phase) of each experimental period at
0800 h, immediately before the delivery of the morning meal,
when the rumen is theoretically at its lowest volume. During the
withdrawal of whole ruminal contents, the liquid and solid phases
were separated with the aid of sieve and bucket and weighed.
The solid and liquid phases were manually homogenized and
1 kg samples were taken for determination of DM. Immediately
afterward, the digesta was reconstituted and placed back in the

rumen of animals. The rumen pool of DM and its disappearance
rate was calculated based on the dry weight of each sample (55◦C
for 72 h). The DM disappearance rate was considered equal to
intake rate, and they were estimated using the formula (Robinson
et al., 1987):

DM disappearance rate
(
%/h

)
= Daily DM intake

(
kg

)
/DM Ruminal contents

(
kg

)
/24

Statistical Analysis
Results were analyzed by SAS software (SAS Inst. Inc., Cary,
NC, United States), and tests for normality (Shapiro–Wilk’s
and Kolmogorov–Smirnov’s) and heterogeneity of treatment
variances (GROUP option of SAS) were performed before
analyzing the data. Feed intake, feeding behavior, particle
sorting, rumen pH variables, in situ degradability, total tract
digestibility and ruminal dynamics variables were analyzed by
MIXED procedure of SAS. The model included the effects
of treatments as fixed factors. The effects of period, square,
period × square, square × treatments, animal nested within
square, and period × animal nested within square were
considered random factors. The variables total concentration
and molar proportion of SCFA and NH3-N concentration were
analyzed by MIXED procedure of SAS with repeated measures
(Littell et al., 1998). The model accounted for the same effects as
described above plus time and its interactions with treatments.
Each variable analyzed as repeated measures was subjected to
8 covariance structures: unstructured, compound symmetric,
heterogeneous compound symmetric, autoregressive of order
one [AR(1)], heterogeneous first-order autoregressive [ARH(1)],
toeplitz, heterogeneous toeplitz, and ante-dependence of order
one [ANTE(1)]. The covariance structure that yielded the smaller
Akaike and Schwarz’s Bayesian criterion based on their −2 res
log likelihood was considered to provide the best fit. Results were
considered significant at P < 0.05 level. Effects were considered
significant at P ≤ 0.05. All means presented are least squares
means, and effects were separated by PDIFF option of SAS.

Bacterial sequences were grouped into operational taxonomic
units (OTUs) at 97% sequence similarity. Good’s coverage (Good,
1953) was calculated in mothur for all samples and a Good’s
coverage ≥ 0.95 was considered to have sufficient sequencing
depth. The OTU counts were normalized to 10,000 sequences
per sample, and the normalized counts of OTUs by sample
were used for further analysis. Alpha diversity (community
diversity within individual animals within each period) was
assessed using Chao’s (1984) estimate of species richness and
Shannon’s (2001) diversity index. Differences in community
diversity and richness between animals were assessed by overall
2-way ANOVA in R v3.2.1 (R Core Team, 2011). Beta diversity
(differences in community composition between samples)
was assessed by using non-metric multidimensional scaling to
visualize differences between samples calculated using the Bray–
Curtis dissimilarity metric (Bray and Curtis, 1957). Changes in
total community structure (relative abundance, Bray–Curtis
metric) were assessed using permutational multivariate
ANOVA (PERMANOVA) in R (vegan package; v 2.5-2
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FIGURE 1 | Shannon’s diversity index and Chao’s richness estimator for microbial communities in the rumen of Nellore cattle. Data are expressed as standard
boxplots with medians. Outliers are shown as dots. Groups with different letters above the same plot are significantly different (Tukey’s HSD P < 0.05).

(Oksanen et al., 2019). Pairwise comparisons between
each group were quantified PERMANOVA, and P-values
were FDR-corrected.

To look for interactions between protozoal counts and
pH measurements, the glm function in the stats package in
R was used. The distribution (family =) for the command
that best displayed no pattern in a Residuals vs. Fitted
graph, and a normal distribution of residuals was used for
each comparison; if not specified, the default family for
glm() was used. For interactions between specific members
of the BCC and measured metrics (protozoal counts, pH,
and VFA measurements), the cor command in the stats
package in R was first used to identify correlations using
Kendall’s tau correlation method (method = ”kendall”;
Kendall, 1938). Before using the cor command, an abundance
cutoff was used: any OTU which did not have more
than 2 sequences in any one sample was removed from

the dataset. Only OTUs with a strong correlation score
(−0.50 ≤ r ≥ 0.50) were considered for further analysis.
Each OTU was tested against the metric of interest using the
glm function, with a P-value < 0.05 considered to indicate a
significant interaction.

RESULTS AND DISCUSSION

Six 20-month-old yearling Nellore bulls (236± 20 kg) fitted with
ruminal cannulas were randomly assigned to a replicated 3 × 3
Latin square design. Inside each Latin square, animals received
one of three treatments during the pre-adaptation period of
14 days: a control diet, a restriction diet, and a concentrate diet.
All animals received a high-concentrate diet for 12 days during
the adaptation period, followed by a finishing diet for 7 days
(Table 1 and Supplementary Table S1). We found that when we

Frontiers in Microbiology | www.frontiersin.org 7 July 2020 | Volume 11 | Article 1865411

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01865 July 30, 2020 Time: 18:36 # 8

Pinto et al. Ruminal Microbiota and Nutritional Status

FIGURE 2 | Non-metric multidimensional scaling (NMDS) representation of
the Bray–Curtis dissimilarity metric for ruminal content of cannulated Nellore
cattle. Ellipses represent 95% confidence intervals of individual samples and
are colored by treatment: restriction (green), control (red), and concentrate
(blue).

averaged intakes collected daily during the pre-adaptation phase,
concentrate-fed cattle had greater (P < 0.01) DM intake than the
control group (5.51 vs. 5.15 kg), which had greater intake then
the restricted diet group (3.87 kg; data not shown). Likewise,
during the adaptation phase, cattle receiving concentrate had
greater (P < 0.01) DM intake than cattle from either the control
or restriction groups (7.91 kg vs. 7.41 and 7.20 kg, respectively;
data not shown). Finally, during the finishing phase, cattle from
the restriction group presented lower (P < 0.01) DM intake than
cattle on either the control or concentrate fed groups (8.82 kg vs.
9.32 and 9.17 kg, respectively; data not shown).

Our finding that cattle consuming concentrate in the pre-
adaptation phase had greater (P < 0.01) DM intake during the
adaptation period than either the control or restriction group
suggests that low amounts of concentrate prior to the adaptation
phase favors cattle adaptation. This is concomitant with our
finding that, during the adaptation phase, concentrate-fed cattle
had lower concentrations of ammonia (P < 0.05) and greater
concentrations of SCFAs in the rumen (P = 0.02), including
acetate (P = 0.01), and propionate (P = 0.04; Table 2), relative
to the control group, without negatively impacting (P > 0.05)
ruminal pH (Supplementary Table S2). In addition, the greater

solid (P = 0.05) and DM (P = 0.03) disappearance rate in the
concentrate group (Supplementary Table S3) during adaptation
indicates that a greater amount of DM was either degraded in the
rumen or bypassed the rumen-reticulum altogether.

We found that the control and restriction groups likely
require a longer passage time through the rumen, relative to the
concentrate-fed group, in order to degrade DM, which negatively
impacted DM intake during the adaptation phase. We note
that during the adaptation phase, animals from the restriction
group sorted for long (P = 0.05) and medium (P < 0.01) diet
particles and against fine (P = 0.05) diet particles (Supplementary
Table S4). This is likely due to ruminal acidification as they also
increased (P = 0.02) production of total SCFA concentration,
relative to the control group (Table 2). In contrast, cattle reared
on a restricted diet during the pre-adaptation phase decreased
(P = 0.05) DM intake per meal during the adaptation phase, when
compared to concentrate-fed animals (Supplementary Table
S5), which had greater ruminal degradability of DM and starch
(P = 0.05; Table 3).

To better understand the dynamics of the adaptation period,
we conducted 16S rRNA microbiota sequencing from ruminal
samples collected during the pre-adaptation, adaptation and
finishing periods. We generated a total of 152,217 raw sequences,
which resulted in an average of 15,956 ± 94 SD sequences
per sample that passed filter. The pooled samples contained an
average of 3,977 unique OTUs, and a Good’s coverage ≥0.98.
We calculated alpha diversity and found that the concentrate-
fed group had a higher bacterial diversity than animals in
the restriction group in the adaptation phase (Figure 1).
The fact that restricted animals had lower DM intake during
the adaptation phase, as well as lower digestibility of DM,
starch, and total digestible nutrients when compared to cattle
consuming concentrate, may explain these observed differences
in alpha diversity.

We also note that cattle consuming concentrate had decreased
(P = 0.04) bacterial richness during the pre-adaptation phase
when compared to restricted animals (Figure 1), but this
difference was not found for either the adaptation or finishing
phases. Likewise, our Bray–Curtis dissimilarity analysis, as
visualized using NMDS (Figure 2) revealed a treatment effect
(P = 0.01) during the pre-adaptation phase, where we found
differences in the BCC between rumen content samples from
cattle fed the restricted diet and those fed the concentrate or
control diet, thereby confirming that nutritional status during
the pre-adaptation promotes alterations in the BCC. In contrast,
no significant (P > 0.05) treatment effect was detected during
the adaptation and finishing periods. Taken together, these data
suggest that the addition of concentrate to the pre-adaptation
diet can alter the ruminal microbiota and facilitate adaptation
to a high-concentrate diet. This is supported by our finding
that the calculated ruminal bacterial richness of cattle receiving
concentrate during the pre-adaptation was as low as the ruminal
bacterial richness across treatments during the adaptation and
finishing phases (Figure 1).

We also found no major changes for phylum abundance
during the pre-adaptation, adaptation, or finishing phases
(Figure 3), and no significant differences (P > 0.05) in the
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FIGURE 3 | Relative abundance of the top seven phylum of ruminal bacterial communities observed in all cannulated Nellore cattle during pre-adaptation (day 5),
adaptation (day 16), and finishing (day 27) in all sampling periods. Samples represent on average ≥ 1% of the total sequence abundance recovered from each
animal.

abundance of bacterial genera and species during the adaptation
phase across treatments (Figure 4). However, it is noteworthy
to mention that cattle fed concentrate had lower (P = 0.04)
relative abundances of Fibrobacter succinogenes when compared
to animals in the control group during the pre-adaptation phase
(Figure 4). This may be related to the larger (P = 0.03) area of
pH below 6.2 (Supplementary Table S2), which likely resulted in
the decrease in total tract digestibility of neutral and ADFs that
we also observed (P < 0.04; Supplementary Table S6). In the
pre-adaptation phase, our correlation analysis identified 7 OTUs
correlated with pH, but none of them were found to be significant
interactions (data not shown).

For the finishing phase, DM intake was similar between
concentrate-fed cattle and those from the control group.
However, cattle that were restricted in the pre-adaptation phase
still had lesser DM intake than either the concentrate or control
group diet. Moreover, cattle exposed to concentrate during the
pre-adaptation phase had a smaller (P = 0.01) area of pH below
5.2 during the finishing phase when compared to control animals
at similar DM intakes (Supplementary Table S5). In the finishing
phase, 2 OTUs were found to have strong correlations with pH,

but neither were considered significant (data not shown). Pereira
et al. (2020) reported that cattle previously exposed to intake of
concentrate feedstuffs for 32 days improved feedlot performance
and had heavier carcass weight after 112 days on feed, when
compared to control animals. Furthermore, the same study noted
previous nutritional status did not impact the time required for
cattle to adapt to the high-concentrate diet, which lasted, on
average, 14 days for all treatments.

Early exposure to concentrate feedstuffs is thought to prepare
the ruminal bacterial community for higher levels of non-fibrous
carbohydrates (Pereira et al., 2020). Our results support this as
those animals fed concentrate during the pre-adaptation phase
has an absence of diet particle sorting during the adaptation
and finishing periods (Supplementary Table S4) without major
changes to their ruminal fermentation patterns (Table 2) and
BCC (Figure 3). As a result, these animals exhibited increased
ruminal starch degradability (Table 3), which we posit may
positively impact the capacity of the rumen epithelium for
SCFAs clearance. In particular, Costa et al. (2008) reported
that propionate is responsible for promoting active ruminal
papillae growth, and based on the results of this study, cattle
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FIGURE 4 | Comparison of relative abundances of bacterial species found to be significantly different in all cannulated Nellore cattle during pre-adaptation (day 5),
adaptation (day 16), or finishing (day 27). Only those OTUS with on average ≥ 1% sequence abundance in each animal were considered in this comparison. a,bFor
treatment effect, within a row means without common superscript letter differ (P < 0.05).

TABLE 4 | Effects of either nutritional restriction or intake of concentrate feedstuffs
during the phases of pre-adaptation (day 5), adaptation (day 16), and finishing (day
27) on differential counts of ciliated protozoa (103/mL) of cannulated Nellore cattle.

Treatments

Item Control Restriction Concentrate SEM P-value

Pre-adaptation
(day 5)

Entodinium 57.50b 44.1b 99.35a 9.92 <0.01

Diplodinium 19.40 29.35 21.00 4.60 0.46

Isotricha 8.15 6.35 6.05 2.66 0.36

Dasytricha 4.55 3.35 2.65 0.74 0.29

Total protozoa 90.25b 83.7b 129.8a 12.62 <0.01

Adaptation
(day 16)

Entodinium 153.95 165.20 148.80 19.91 0.45

Diplodinium 18.65 18.95 13.85 5.71 0.69

Isotricha 6.85 3.15 1.60 2.21 0.16

Dasytricha 1.65a 2.15a 1.00b 0.47 <0.01

Total protozoa 181.65 189.85 165.1 16.14 0.16

Finishing
(day 27)

Entodinium 193.60 196.05 207.25 15.53 0.78

Diplodinium 13.15b 27.5a 26.5a 9.85 <0.01

Isotricha 1.85 0.75 1.55 0.96 0.28

Dasytricha 0.005b 0.85a 1.15a 0.21 0.01

Total protozoa 209.55 226.15 236.95 18.12 0.38

a,bFor treatment effect, within a row means without common superscript letter differ
(P < 0.05).

from the concentrate group had greater (P = 0.04) propionate
concentration during the adaptation phase, when compared to
control animals (Table 2), which may have contributed to greater

development of the rumen papillae of those animals (Costa et al.,
2008). As a result, concentrate-fed cattle had greater (P = 0.05)
starch ruminal degradability than control cattle (Table 3), which
may be related to the decreased bacterial richness during the
pre-adaptation period (Figure 1).

We also found that cattle from the restriction group also
had a smaller (P = 0.01) area below pH 5.2 when compared to
the control group during the finishing phase (Supplementary
Table S2). The restriction group also had a lower DM intake
(and consequently lower starch intake), which likely led to
lower (P = 0.04) propionate concentration in the rumen
(Table 2) and lower (P < 0.01) DM concentration in the rumen
(Supplementary Table S2), despite greater ruminal degradability
of starch (Table 3). Moreover, cattle from the restriction group
had a lower (P = 0.05) relative abundance of Succinivibrio when
compared to cattle from the control and concentrate groups
(Figure 4). We also found that 19 OTUs had strong correlations
with the propionate concentrations during the finishing phase,
but only 2 of these were significant [OTU286, an Unclassified
Bacteriodales (P = 0.0334) and OTU318 an Unclassified Bacteria
(P = 0.0110)]. These findings may explain the lower propionate
concentration, as members of the Succinivibrio and Bacteroidales
are known starch degraders in the rumen and found in high
abundance when cattle are fed high-grain diets containing
large amounts of starch or rapidly fermentable carbohydrates
(Zhang et al., 2018). Ren et al. (2019) also reported that the
relative abundance of amylolytic Succinivibrio increased as the
availability of starch in the diet increased, resulting in a positive
correlation with propionate concentration in the rumen, which is
in agreement with the results observed in this study.

In addition to characterizing the BCC, we also quantified
protozoa within the rumens of our cohorts (Table 4). We found
that populations of protozoa from the genus Diplodinium and
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Dasytricha were greater (P ≤ 0.01) for both concentrate-fed and
restricted animals when compared to those from the control
group during the finishing stage. This was probably a negative
effect resulting from the larger (P = 0.01) area of pH below 5.2
presented by cattle in the control group during the finishing phase
(Supplementary Table S2), since both genera are sensitive to low
ruminal pH (Jouany and Ushida, 1999; Franzolin and Dehority,
2010). This is supported by our finding of a strong correlation and
significant interaction between numbers of Diplodinium and pH
levels (P = 0.00422). It has been reported that ruminal protozoa
play an important role in positively regulating ruminal pH by
both predating on ruminal bacteria and engulfing starch granules
(Nagaraja and Titgemeyer, 2007). This may help concentrate-fed
cattle go through the adaptation and finishing phases without
decreasing their DM intake. However, when rumen pH drops
below 5.6, the vagus nerve is activated and rumen motility is
decreased in an effort to reduce acid production, which can result
in lower DM intake (Owens et al., 1998). This may explain why
the restricted animals in our study sorted for long and medium
diet particles (Supplementary Table S4) in an effort to alleviate
rumen acidification.

We also found that the inclusion of concentrate feedstuffs in
the diets during the pre-adaptation phase increased (P < 0.01)
populations of protozoa from the genus Entodinium (Table 4),
which is less sensitive to low ruminal pH (Mackie et al.,
1978; Franzolin and Dehority, 2010). This genus is the most
dominant protozoan in the rumen when cattle are fed high-
concentrate diets and as they can rapidly degrade starch,
resulting in faster growth rates (Matthews et al., 2019).
During the adaptation and finishing phases, cattle from the
restriction and control groups did not have significantly different
(P > 0.05) Entodinium counts when compared to concentrate-fed
animals (Table 4).

We then considered if correlations exist between ruminal
protozoa and bacteria and found 7 OTUs with strong association
with Diplodinium, although none of them were significant.
A similar analysis considering Dasytricha also revealed 9 strong
associations with ruminal bacteria, with 2 of these found to be
significant: OTU1022 (P = 0.0489) and OTU803 (P = 0.00643),
both of where were identified as Unclassified Bacteria. Given
these findings, it is clear that while interactions between ruminal
protozoa and bacteria exist, more work should be performed in
order to understand their impact on ruminal function.

In summary, despite the treatment effects discussed above,
no significant effects of the treatments during the finishing
phase were observed on feeding behavior and apparent total
tract digestibility of nutrients, which indicates that different
nutritional backgrounds may have had their effects diluted
over time as cattle are adapted to and finished with the
same diets. However, cattle previously exposed to concentrate
appear to adapt better to high concentrate finishing diets,
since DM intake and ruminal pH were not negatively
affected. This is reflected in the ruminal microbiota, as these
animals exhibited decreased bacterial richness during the pre-
adaptation phase and increased bacterial diversity during the
adaptation phase. Thus, major changes in BCC, as well as
ruminal fermentation patterns and nutrient digestibility due

to the previous nutritional status, indicate that the energy
content of the finishing diet could be adjusted according
to the nutritional background of cattle, but this deserves
further investigation.
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Environmental pressures of ruminant production could be reduced by improving
digestive efficiency. Previous in vivo attempts to manipulate the rumen microbial
community have largely been unsuccessful probably due to the influencing effect of the
host. Using an in vitro consecutive batch culture technique, the aim of this study was
to determine whether manipulation was possible once the bacterial community was
uncoupled from the host. Two cross inoculation experiments were performed. Rumen
fluid was collected at time of slaughter from 11 Holstein-Friesian steers from the same
herd for Experiment 1, and in Experiment 2 were collected from 11 Charolais cross
steers sired by the same bull and raised on a forage only diet on the same farm from
birth. The two fluids that differed most in their in vitro dry matter disappearance (IVDMD;
“Good,” “Bad”) were selected for their respective experiment. The fluids were also mixed
(1:1, “Mix”) and used to inoculate the model. In Experiment 1, the mixed rumen fluid
resulted in an IVDMD midway between that of the two rumen fluids from which it was
made for the first 24 h batch culture (34, 29, 20 g per 100 g DM for the Good, Mix, and
Bad, respectively, P < 0.001) which was reflected in fermentation parameters recorded.
No effect of cross inoculation was seen for Experiment 2, where the Mix performed most
similarly to the Bad. In both experiments, IVDMD increased with consecutive culturing as
the microbial population adapted to the in vitro conditions and differences between the
fluids were lost. The improved performance with each consecutive batch culture was
associated with reduced bacterial diversity. Increases in the genus Pseudobutyrivibrio
were identified, which may be, at least in part, responsible for the improved digestive
efficiency observed, whilst Prevotella declined by 50% over the study period. It is likely
that along with host factors, there are individual factors within each community that
prevent other microbes from establishing. Whilst we were unable to manipulate the
bacterial community, uncoupling the microbiota from the host resulted in changes in the
community, becoming less diverse with time, likely due to environmental heterogeneity,
and more efficient at digesting DM.

Keywords: beef cattle, fiber digestion, rumen fermentation, microbiota, in vitro

Frontiers in Microbiology | www.frontiersin.org 1 September 2020 | Volume 11 | Article 531404418

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2020.531404
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-6618-556
https://doi.org/10.3389/fmicb.2020.531404
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2020.531404&domain=pdf&date_stamp=2020-09-24
https://www.frontiersin.org/articles/10.3389/fmicb.2020.531404/full
http://loop.frontiersin.org/people/165857/overview
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-531404 September 21, 2020 Time: 17:15 # 2

McDermott et al. Cross Inoculation of Rumen Fluid

INTRODUCTION

With increasing demand for milk and meat there comes a need
to increase the productivity of current livestock systems whilst
minimizing their environmental impact. Rumen fermentation
is integral to the performance and associated emissions of
ruminant livestock and subsequently there is a desire to
manipulate the established rumen community to improve
efficiency of digestion. There is considerable variability in the
rumen microbial population between individual animals (Jami
and Mizrahi, 2012; Shabat et al., 2016). Rumen microbial
profiles from animals with low residual feed intake (i.e.
more efficient animals) have been shown to cluster together,
and away from animals with a high residual feed intake
suggesting a particular microbiota may be responsible for
more efficient digestion (Guan et al., 2008; Carberry et al.,
2012). For this reason there is interest in using the microbial
community of an efficient animal as an inoculate for an
inefficient animal.

Previous in vivo attempts to manipulate the microbial
community in this way have determined that host factors have
a strong influence on ruminal processes by a mechanism(s)
that does not appear to correlate, at least strongly, with
particular microbiota. In studies by both Weimer et al.
(2010) and Zhou et al. (2018) where near total exchange of
rumen content (>95%) was performed between animals,
the microbial population was shown to revert to that
of the original host animal. Both studies demonstrated
inter-animal variation in the ability of the host-specific
microbiota to re-establish itself suggesting host factors
as a determinant.

Rumen fermentation models offer the opportunity to study
the rumen microbiota in the absence of host factors. Oss
et al. (2016) showed that when RUSITEC fermenters were
inoculated with rumen fluid from bison (Bison bison) and
cattle (Bos taurus) in combination, dry matter disappearance
improved compared to each fluid alone. By broadening the
range of microbes in the inoculum, in the absence of
host factors, it may have been possible for a community
structure to emerge that was better adapted to the in vitro
conditions than those that could emerge from the bison
or cattle fluids alone. Thus, there may be potential for
cross inoculation to improve digestive efficiency of cattle
provided the community structure is compatible with the
host environment.

Two experiments were performed the aim of which was
to determine whether cross inoculation of rumen fluid
(mixing in equal proportion two rumen fluids of differing
in vitro DM disappearance) to improve digestive efficiency
was possible after uncoupling the microbiota from their host
using a batch culture in vitro model of rumen fermentation.
It should be possible to manipulate the rumen microbiota
in vitro where animal factor(s) are essentially absent.
Experiment 1 used rumen fluid collected from non-sibling
steers within the same herd finished off a forage-based diet,
and Experiment 2 used rumen fluid collected from half-
sibling steers fed a forage diet throughout. The effect of

cross inoculation on bacterial community composition was
also examined.

MATERIALS AND METHODS

Experimental Design
Rumen fluid was collected immediately after the slaughter of
beef cattle at commercial abattoirs. In Experiment 1 rumen fluids
were collected from 11 Holstein-Friesian steers from the same
herd slaughtered on the same day. Rumen fluids were selected
from the same herd, a herd that, based on visual inspection
of rumen content, had been fed a forage-based diet. The life
history of these animals was unknown other than that they
were finished off the same farm. In Experiment 2 rumen fluids
were collected from 11 Charolais cross steers, again slaughtered
on the same day, however, these animals were all sired by the
same bull and raised on the same diet on the same farm from
birth through to finishing. These cattle were raised on perennial
ryegrass (L. perenne L.) on the permanent pasture farmlet of
the North Wyke Farm Platform (Orr et al., 2016). At point
of collection, rumen fluid was obtained by squeezing it from
the solids (500–1,000 ml per animal). The rumen fluid (n = 11
per experiment) was transferred back to the laboratory where it
was filtered through a double layer of muslin under a constant
stream of CO2, aliquoted (ca. 45 ml) into screw-topped tubes
and frozen (−80◦C) until use. Rumen fluid was frozen to allow
multiple experiments to be carried out on the same fluid reducing
inter-experimental variation. Rumen fluids were stored for 2–
3 months.

In both experiments, 24 h in vitro batch culture fermentations
were initially used to identify the two most dissimilar rumen
fluids (“Good” and “Bad”) in terms of their ability to digest forage
dry matter from the 11 rumen fluids collected from each herd.
There were six replicate fermentation bottles for each rumen fluid
profiled. The Good and Bad were selected for use as inoculants
in their respective experiments (described below) in which they
were also mixed in equal ratio (1:1, “Mix”) prior to inoculation.
The 24 h in vitro DM disappearance (IVDMD) of the Good and
Bad rumen fluids selected for Experiment 1 were 36 and 27 g
per 100 g DM, respectively (average of all 11 cattle: 31.7 ± 2.87
g (SD) per 100 g DM). The pH of the neat rumen fluid prior to
inoculation was 6.21 for the Good and 5.90 for the Bad (range
5.90–6.96, average 6.44 ± 0.295). For Experiment 2 the IVDMD
was 40 and 36 g per 100 g DM for Good and Bad, respectively
(average 38.8± 0.95 g per 100 g DM for 11 cattle). The initial pH
of each rumen fluid was not recorded for Experiment 2.

Dried perennial grass (GRAZE-ON, Northern Crop Driers
Ltd., York, United Kingdom; L. arundinaceum, L. perenne L.,
and Phleum pratense L.), which was milled to pass through a
1 mm sieve before use, was used as the substrate for in vitro
fermentations across all experiments. The same substrate was
used in both experiments to minimize dietary effects. Prior to
starting each fermentation, Mould’s buffer (Mould et al., 2005)
was prepared 24 h before and pre-warmed to 39◦C overnight
in an incubator and ca. 0.5 g of dried grass dry matter (DM)
was accurately weighed into 125 ml serum bottles (Wheaton,
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United States). At the beginning of each experiment, rumen fluid
(−80◦C) was defrosted for ca. 2 h in a water bath at 39◦C and
the pH of the buffer was adjusted to 6.80 using hydrochloric acid
(5 M). To each bottle in turn, 45 ml of Mould’s buffer and 5 ml
of rumen fluid was added under a continuous of stream of CO2.
Bottles were prepared on a hot plate (ca 39◦C). Each bottle was
sealed with a rubber stopper and aluminium crimp seal, swirled
gently to mix the contents and placed into an incubator at 39◦C.

Experiment 1
A consecutive batch culture (CBC) technique was used over 16
days. An initial 24 h fermentation (CBC1), to confirm the selected
rumen fluids differed in their ability to digest DM, was followed
by seven 48 h fermentations to maintain fermentation over an
extended period of time (CBC2 to CBC8). CBC8 was followed
by a final 24 h fermentation (CBC9) to directly compare the
performance of the rumen fluids at the end of the experiment
(CBC9) to the start (CBC1). At the end of each fermentation,
after sample collection (see below), the remaining bottle content
was pooled for each inoculum type (Good, Bad and Mix). This
was used to inoculate a new set of bottles (5 ml) containing fresh
buffer (45 ml) and substrate (0.5 g). A 1:9 dilution of inoculum to
buffer was used throughout.

Six bottles were prepared for each inoculum (Good, Bad,
Mix). Three of the six bottles were used to measure the in vitro
dry matter disappearance (IVDMD) of the substrate. From the
remaining three bottles fermentation fluid samples were collected
for volatile fatty acid (VFA; 1.5 ml), ammonia-nitrogen (NH3-
N; 1.5 ml immediately acidified with an equal volume of 0.2 M
HCl), and microbial crude protein (MCP; 2 ml) analysis, which
were frozen (−20◦C) until analysis. Samples were also collected
for bacterial community analysis (1.5 ml) at the end of CBC1
(Day 1) and CBC9 (Day 16), which were immediately centrifuged
at 16,000 × g for 10 min. The supernatant was removed, and
the pellet was stored at −80◦C until DNA extraction (section
“Bacterial Community Analysis”). Gas pressure was recorded
with a digital manometer (Digitron 2023P, Sifam Instruments
Ltd., Torquay, United Kingdom) at 6, 20, and 24 h for CBC1
and CBC9 and at 6, 20, 28, 44, and 48 h for CBC2 to CBC8.
Bottle contents were mixed by gentle swirling after each gas
pressure reading. The pH of the fermentation fluid was recorded
immediately after bottles were uncapped. Bottles for substrate
IVDMD analysis were stood in ice after removal from the
incubator to arrest fermentation, and then to each bottle was
added 5 ml of 20% sulphosalicylic acid to precipitate undigested
proteins prior to IVDMD analysis. IVDMD was calculated by
gravimetric difference following the method of Udén (2006).

Experiment 2
A time course CBC was performed over 8 days consisting of
four, 48 h fermentations with frequent sampling. For CBC1
fermentations were terminated at 6, 12, 18, 24, 30, 36, 42, and
48 h, for CBC2 at 6, 12, 18, 24, 36, and 48 h, for CBC3 at 12, 24,
36, and 48 h, and 24 and 48 h for CBC4. Bottles were prepared
as described above and three bottles were prepared per inoculum
(“Good,” “Bad,” “Mix”) per time point. Additional bottles (n = 4,
3, and 2 per inoculum for CBC 1, 2, and 3, respectively), from

which no samples were collected, were included in each CBC.
The content of these bottles was pooled at the end of each 48 h
CBC for each inoculum type (Good, Bad, and Mix) and this was
used to inoculate (5 ml) a set of fresh bottles containing buffer
(45 ml) and substrate (0.5 g) to maintain the cultures over the
experimental period. As for Experiment 1, a 1:9 dilution was used
throughout the experiment. Blanks containing no substrate were
also included to correct for fermentation associated with organic
matter within the rumen fluid (n = 3 per inoculum). At each time
point, fermentation fluid samples were collected for analysis as
described for Experiment 1. Due to the large number of bottles
in this experiment (n = 243), the IVDMD of the substrate was
assessed on the bottle content remaining after sample collection.
Samples for bacterial community analysis were collected at the
end of the 48 h fermentations for CBC1 (Day 2) and CBC4 (Day
8), again, as described for Experiment 1. Samples of the “Good”
and “Bad” rumen fluid used as inoculum were also taken for
bacterial community analysis.

Chemical Analysis
Frozen samples were thawed at room temperature prior to
analysis. NH3-N was analyzed following the methods of Cardozo
et al. (2004). MCP samples were analyzed using the Lowry protein
assay (Lowry et al., 1951) with modifications described by Makkar
et al. (1982). Samples for VFA analysis were analyzed following
the method of Jouany (1982) using 4-methylvaleric acid as the
internal standard.

Bacterial Community Analysis
DNA was extracted from the fermentation fluid and rumen fluid
samples using the QIAamp DNA Stool Mini Kit (QIAGEN,
Germany). Whilst still frozen, the lysis buffer was added to
each sample and the pellet was resuspended. The method was
modified to include a bead beating step (0.2 g of 0.1 mm
zirconia/silica beads, Thistle Scientific, United Kingdom; Tissue
Lyser LT, QIAGEN; 5 min, 50 oscillations per second) and an
increased lysis temperature (95◦C). Replicates were pooled and
diluted to a final concentration of 10 ng/µl prior to PCR.

Amplification of the V1–V3 region of the 16S rRNA gene
was performed using universal bacterial primers (Bact8F, 534R),
as described by Pitta et al. (2014). GoTaq Green Master
Mix 2x (12.5 µl; 400 µM dNTPs, 3mM MgCl2; Promega,
United States), 0.4 µM of each primer (1 µl of each) and 1
µl of extracted DNA was added to each reaction. Nuclease-
free water was added to a final volume of 25 µl. Each sample
was prepared in triplicate. Amplification conditions were 95◦C
for 2 min followed by 25 cycles of 95◦C for 15 s, 56◦C for
15 s and 72◦C for 15 s with a final extension step at 72◦C
for 5 min. Amplicons for each sample were pooled prior to
purification (QIAquick PCR purification kit, QIAGEN). Library
preparation (NEBNext Ultra DNA Library Prep Kit for Illumina;
New England Biolabs) without fragmentation was performed
(St James’ Hospital, Leeds, United Kingdom). Size selection
was performed using Agencourt AMPure XP beads (Beckman
Coulter, United Kingdom). Amplicon sequencing was performed
with 300 base pair, pair-end reads using MiSeq V3 chemistry
(Illumina, United States).
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Sequencing reads were processed using Mothur v1.39.3
(Schloss et al., 2009) following the MiSeq standard operating
procedure (Kozich et al., 2013). Contigs with ambiguous bases
were removed and only those between 500 and 600 bp
were included for further processing. Unique sequences were
identified and aligned to the SILVA reference database (v123).
Maximum homopolymer length was set to 8 and chimeras were
identified and removed along with any sequences that were
identified as archaea, chloroplast or mitochondria. Sequences
were clustered into operational taxonomic units with 97%
similarity using the OptiClust method in Mothur (Westcott and
Schloss, 2017). Sequences were aligned to SILVA database using
kmer searching (with 8 mers) with the Needleman-Wunsch
pairwise alignment (Schloss, 2009). Operational taxonomic units
were generated using the nearest neighbor method in Mothur.

Alpha diversity (Chao 1, Shannon and Simpson) and beta
diversity (PERMANOVA, Bray-Curtis distance matrix) were
performed on rarefied data in R (v3.4.0) with the packages
Phyloseq v1.20.0 (McMurdie and Holmes, 2013), ggplot2 v2.2.1
(Wickham, 2009), and Vegan v2.4-3 (Oksanen et al., 2017).
For alpha diversity a general linear model (lme4) was fitted
and models were reduced using analysis of deviance (lmerTest).
DESeq2 was performed on un-rarefied data to identify OTUs,
the fold-change of which differed significantly between groups.
P-values were adjusted for multiple comparisons (Benjamin-
Hochberg correction).

Statistical Analysis
Data from both in vitro experiments were normalized for DM
(g) and analyzed in IBM SPSS Statistics 21. Gas pressure was
converted to volume using Boyle’s law as described by López
et al. (2007). A general linear model was fitted to the data with
inoculum type and time as fixed factors. Tukey’s post hoc test was
used where a significant difference was shown. If an interaction
was found to have a non-significant effect it was removed from
the model. Data was considered significant if P < 0.05 and a trend
if P < 0.1.

Curve Fitting
The frequent sampling of CBC1 and CBC2 in Experiment 2
enabled modeling of the data by nonlinear regression. A right
handed Gompertz sigmoidal curve was fitted to the data for
IVDMD for CBC 1 and 2 using GenStat (12th Edition):

Y = A+ C∗EXP(−EXP(−B∗(X−M)))

Y is IVDMD (g/100 g DM), A the lower asymptote, A + C the
upper asymptote (maximal IVDMD, g/100 g DM), B the slope,
i.e., the rate of DM disappearance (g per 100 g DM per h), M the
inflection point which represents the lag time, and X time (h).

As the nonlinear parameters (B and M) were not
significantly different between inoculum types, they were
used to transform time, enabling data to be analyzed by simple
linear regression with groups.

Data Availability
Sequence reads were deposited to NCBI Sequence Read Archive
(accession number PRJNA623627).

RESULTS

Experiment 1
DM Disappearance and Fermentation Parameters
Cross inoculation of rumen fluid was used to determine whether
in vitro fermentation could be manipulated to improve dry
matter disappearance (IVDMD) and associated fermentation
parameters in the absence of animal factors. At the end of the
initial 24 h fermentation (CBC1), the cross inoculated (Mix) fluid
was found to be an average of that of the Good and Bad in terms
of IVDMD (Figure 1A). The associated fermentation parameters
are presented in Table 1. Except for propionate concentration, the
cross inoculated fluid (Mix) performed similarly to the Good in
contrast to the IVDMD results above.

Over the following 2-week period (CBC2-CBC8), IVDMD of
all three rumen inoculums increased with each CBC until the
end of day 9 (CBC5), after which point, maximum IVDMD
was reached (Figure 1B). Differences in digestive performance
between the three inoculum fluids were present until this time
also, after which, no difference was observed. Fermentation
parameters are presented in Table 2. There was a time effect
(P < 0.01) for all recorded parameters. Parameters generally
increased over successive CBCs except for pH and butyrate
concentration, both of which declined. The Good inoculum
had a higher pH (P < 0.001) than both the Bad and Mix
(6.51 ± 0.053, 6.48 ± 0.040, and 6.49 ± 0.051 for Good, Bad,
and Mix, respectively) and a higher concentration (P < 0.001)
of butyrate (40.5 ± 6.67, 36.3 ± 11.47, and 36.2 ± 10.97 mM for
Good, Bad and Mix, respectively).

At the end of the final 24 h fermentation (CBC9), all three
inoculum types performed similarly with no differences observed
between them (Figure 1A). From the first 24 h fermentation
(CBC1) to the last (CBC9), each inoculum improved its ability
to digest dry matter, with average IVDMD increasing by 74%
(27.4± 7.02 g per 100 g DM for CBC1, increasing to 47.9± 0.70 g
per 100 g DM for CBC9).

Bacterial Community
The bacterial community present was analyzed at the end of both
24 h fermentations, CBC1 where IVDMD differed between the
three inoculum types, and at the end of the experiment (CBC9),
where no difference in IVDMD was observed. In total, nine phyla
and 39 genera were identified with a relative abundance > 1%
(Supplementary Table 1). The 20 most abundant genera in each
sample can be seen in Figure 2.

Diversity indices and community composition
There was no effect of cross inoculation on alpha diversity. In
fact, no difference was observed between the three inoculum
types (Good, Bad and Mix). Only time was shown to effect alpha
diversity, with values decreasing significantly between CBC1 and
CBC9 (3600 ± 361.1 to 1811 ± 57.3 for Chao1, P = 0.001;
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FIGURE 1 | In vitro dry matter disappearance for the Good, Bad, and cross inoculated (1:1 Mix) rumen fluids in Experiment 1. (A) 24 h fermentations (Days 1 and 16)
and (B) 48 h fermentations (Days 3, 7, 9, 11, 13, and 15). Bars show the mean value at each time point with standard error bars. Significant differences are shown
within day by different superscript letters for (A) and differences between days are shown next to the x-axis day labels in superscript letters for (B). ***P < 0.001,
*P < 0.05, ns, no significant difference.

5.8± 0.10 to 4.7± 0.06 for Shannon’s, P < 0.001 and 0.99± 0.001
to 0.97 ± 0.009 for Simpson’s, P < 0.05). All data can be seen
in Supplementary Table 2. Similarly, cross inoculation, and
indeed inoculum type, had no effect (P > 0.05) on beta diversity
with bacterial community composition affected only by time
(P < 0.05, Supplementary Figure 1).

It was of interest to determine which bacteria were changing
over time, as this was the only factor to affect community
structure and, it is important to note, coincided with an
increase in digestive capability. At the genus level, sequence
reads associated with Pseudobutyrivibrio increased 13x from the
start to the end of the experiment (0.4 ± 0.1 to 5.4 ± 1.4%;
P < 0.001) and there was a 7x increase in Bacteroidales UCG-
001 unclassified (0.9 ± 0.3 to 5.8 ± 1.4%; P < 0.001). There
were increases in multiple genera belonging to the families
Bacteroidetes and Prevotellaceae. Prevotella 1 is commonly
identified as the most abundant genus in the rumen and
was the most abundant genus present at CBC1. The relative
abundance of Prevotella 1 reduced by almost half over the
experimental period (1.8x; P < 0.001) from 22.1 ± 1.2
to 12.2 ± 2.4%. The abundance of a further 20 genera
declined, including Saccharofermentans (4.1x; P < 0.05) and
Succiniclasticum (5.1 x; P < 0.05). Prevotella 7 was not detected
at the end of the experimental period and both Lachnospiraceae
NK3A20 group and Ruminococcaceae UCG-014 were almost

undetectable; present only in the Good inoculum sample, albeit
at a very low abundance (0.08 and 0.03% relative abundance,
respectively). Both genera had decreased in abundance by over
97.5% (P < 0.01 and P < 0.10, respectively) by the end
of the experiment.

DESeq2 analysis was then performed to determine the
specific OTUs that were responsible for the significant change in
community structure between CBC1 and CBC9 (Table 3). Four
OTUs associated with Fibrobacter decreased over the course of
the experiment whilst OTUs classified to the genus Bacteroidales
UCG-001, Ruminococcus, and Prevotella increased. OTUs
associated with Escherichia coli and Streptococcus also increased.

Experiment 2
Following the results of Experiment 1, a second series of
consecutive batch cultures were performed. The fermentation
length of each CBC was 48 h. Based on the results of Experiment
1 above, Experiment 2 was performed for 8 days. Rumen fluid
for this experiment was collected from animals that were raised
on pasture; a reflection of the substrate type provided in the
in vitro model.

DM Disappearance and Fermentation Parameters
Cross inoculating the in vitro model did not improve the IVDMD
of the dried grass substrate by the Bad rumen fluid in Experiment
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TABLE 1 | Fermentation parameters for the 24 h consecutive batch cultures at the start (CBC1) and end (CBC9) of the experimental period in Experiment 1.

Time point P-value

Inoculum CBC1 CBC9 SEM Time Inoculum Time*Inoculum1

Gas volume (ml) G 150.5a 160.1 0.70 < 0.001 < 0.001 < 0.001

B 130.3b 163.3

M 148.1a 159.3

pH G 6.64 6.55 < 0.001 < 0.001 0.132 (0.204)

B 6.68 6.55

M 6.64 6.55

NH3-N (mg/ml) G 1.13 1.16 0.032 0.839 0.163 (0.351)

B 1.20 1.15

M 1.12 1.12

MCP (µg/ml) G 540.9 351.6 59.16 0.016 0.908 (0.747)

B 516.7 424.1

M 553.8 400.4

tVFA (mM) G 170.4a 151.0 3.05 < 0.001 0.004 0.004

B 146.9b 151.4

M 168.5a 152.4

Acetate (mM) G 87.0 87.2 1.05 0.426 0.161 (0.255)

B 80.7 87.6

M 90.4 88.7

Propionate (mM) G 43.9a 40.6 1.02 0.051 0.100 0.029

B 30.4b 42.7

M 38.7c 42.9

Butyrate (mM) G 39.5 23.1 1.24 < 0.001 0.611 (0.807)

B 35.7 21.1

M 39.4 20.8

With the exception of pH, mean values shown are normalized for substrate DM (1 g) added to the model. G, Good; B, Bad; M, Mix; SEM, standard error of the mean; tVFA,
total volatile fatty acid concentrations; NH3-N, ammonia-nitrogen; MCP, microbial crude protein. 1Where an interaction was not significant (P-values shown in brackets),
it was removed from the analysis and the model was re-run. a−cDifferent superscript letters within a column, within a day represent a significant difference between the
rumen fluid groups (p < 0.05).

2. The cross inoculated fluid (Mix) performed most, similarly,
to the Bad throughout the experimental period (Figures 3A–
D). The Good inoculum continued to demonstrate a superior
ability to digest dry matter in vitro when compared with both
the Bad and Mix across CBC1, 2 and 3 (P < 0.001; CBC1
47.3 vs. 45.7 and 45.6; CBC2 56.6 vs. 49.9 and 52.3; CBC3 56.3
vs. 54.2 and 54.2 g digested DM per 100 g DM, respectively).
There was no difference in the rate of DM disappearance (g
per 100 g DM per h) or the lag time of the fermentation (h)
between the three fluids for CBC1 (7.7 g per 100 g DM per h;
23.2 h) or CBC2 (7.1 g per 100 g DM per h; 17.5 h). As with
Experiment 1, the IVDMD at the end of each fermentation (48 h)
generally increased with each CBC (58.4 ± 1.57, 69.4 ± 2.10,
68.3 ± 1.48 and 71.2 ± 0.53 g per 100 g DM for CBC1, 2, 3, and
4, respectively) demonstrating an improved digestive efficiency.
By CBC4 there was no difference in IVDMD between the three
inoculum types. Unsurprisingly, IVDMD increased (P < 0.001)
with time of incubation within each CBC.

There was little effect of cross inoculation on fermentation
parameters in CBCs 1, 2, 3, and 4 (Tables 4–7, respectively), but
both time and inoculum were shown to have effects. Time affected
all parameters (P < 0.001) across each of the CBCs except for
NH3-N in CBC1 for which there was a trend (P = 0.072). Values

increased for all measures across each time point within each
CBC except for pH for which values decreased.

During CBC1, NH3-N was present at a lower concentration in
the Mix than the Bad (1.39 vs. 1.45 mg/ml, respectively, P < 0.001;
Table 4). No differences were observed between the Good and
Bad or Bad and Mix. An interaction between inoculum type and
time was observed for gas volume and pH (P < 0.01). For gas
production, differences between the inoculum types were only
observed for the first 24 h with the Good inoculum generally
producing more gas than both the Bad and Mix. The pH initially
increased up to 18 h for the Good and 24 h for the Bad and
Mix in CBC1 before gradually decreasing to a final pH of 6.57
for the Good and Bad and 6.58 for the Mix. For CBC2, there
was an interaction between time and inoculum on butyrate
concentration. Bottles inoculated with Good rumen fluid had a
higher butyrate concentration than the Bad and Mix after 12 h
of fermentation (12.0 vs. 9.5 vs. 9.8 mM, respectively), however,
by 36 h butyrate concentration was significantly higher in bottles
inoculated with the Bad rumen fluid compared to the Good and
Mix (37.0 vs. 30.3 and 31.2 mM, respectively). This was also seen
at 48 h (34.7 vs. 31.1 and 31.3 mM, respectively, Table 5).

In the third CBC, inoculum type was shown to affect gas
volume (P < 0.01), pH (P < 0.05), total VFA concentration
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TABLE 2 | Fermentation parameters for the 48 h consecutive batch culture fermentations (CBC2 to CBC8) in Experiment 1.

Time point P value

Inoculum CBC21 CBC4 CBC5 CBC6 CBC8 SEM Time Inoculum Time*Inoculum2

Gas volume (ml) G 210.4a 204.0a 215.5 217.4a 211.9 1.34 < 0.001 0.114 0.006

B 216.0b 199.6ab 215.3 224.0b 208.5

M 211.1ab 190.8b 215.5 224.4b 210.0

pH G 6.55 6.53 6.54 6.52 6.42 < 0.001 0.009 < 0.001 (0.473)

B 6.50 6.49 6.51 6.49 6.41

M 6.52 6.52 6.51 6.49 6.40

NH3-N (mg/ml) G 1.20 1.40 1.50 1.43 1.45 0.032 < 0.001 0.103 (0.071)

B 1.11 1.27 1.49 1.48 1.35

M 1.16 1.29 1.54 1.51 1.28

MCP (µg/ml) G 422.7 381.2 431.6 459.1 646.1 25.05 < 0.001 0.042 0.003

B 460.7 379.8 507.4 563.7 453.8

M 585.4 541.6 494.7 374.1 488.7

tVFA (mM) G 183.8 184.7 203.3 204.5 215.1 2.62 < 0.001 0.067 (0.619)

B 188.5 188.4 202.7 210.3 206.8

M 186.9 180.2 195.2 201.8 205.1

Acetate (mM) G 98.4 103.5 119.2 118.8 127.4 0.94 < 0.001 0.654 (0.790)

B 101.7 104.1 118.5 125.5 121.6

M 100.8 102.3 113.0 121.8 123.5

Propionate (mM) G 45.3 41.0a 49.8ac 48.5 51.5 0.44 < 0.001 < 0.001 0.049

B 47.2 54.6b 56.7b 54.6 55.1

M 48.3 48.5b 49.9c 51.0 54.5

Butyrate (mM) G 40.1 40.2 34.3 51.5 36.2 0.47 < 0.001 < 0.001 (0.087)

B 39.5 29.7 27.4 55.1 30.0

M 37.8 29.4 32.3 54.5 27.1

With the exception of pH, mean values shown are normalized for substrate DM (1 g) added to the model. G, Good; B, Bad; M, Mix; SEM, standard error of the mean; tVFA,
total volatile fatty acid concentrations; NH3-N, ammonia-nitrogen; MCP, microbial crude protein. 1Data for CBC3 and CBC7 was not analyzed. 2 Where an interaction
was not significant (P-values shown in brackets), it was removed from the analysis and the model was re-run. a−cDifferent superscript letters within a column, within a
day represent a significant difference between the rumen fluid groups (p < 0.05).

(P = 0.01) and acetate concentration (P < 0.05). All data is
presented in Table 6. Briefly, the Good inoculum showed a
significantly higher gas volume than the Mix (158.7 ± 73.7
vs. 141.7 ± 72.0 ml, respectively) a lower pH than both
the Bad and the Mix (6.50 ± 0.070 vs. 6.54 ± 0.066 vs.
6.54 ± 0.072, for Good, Bad, and Mix, respectively), a higher
VFA production than the Mix (103.7 ± 41.2 vs. 97.2 ± 39.4 mM,
respectively) and a higher acetate concentration than the Bad
(61.4 ± 24.5 vs. 57.9 ± 22.1 mM, respectively). Although there
was no difference in in vitro DM disappearance, differences
in fermentation parameters were still evident at CBC4 with
the Good inoculum displaying a higher pH than the Mix
(6.50 ± 0.024 vs. 6.49 ± 0.007, respectively) and a significantly
lower propionate concentration than both the Bad and the Mix
(27.3 ± 4.8 vs. 28.8 ± 5.4 and 29.3 ± 4.2 mM for Good, Bad
and Mix, respectively). Butyrate concentration differed between
all three inoculum types (11.3± 2.1, 9.8± 2.0, and 8.1± 1.6 mM
for Good, Bad, and Mix, respectively, Table 7).

Bacterial Community Composition
Good and bad profile from neat inoculum
The bacterial community of the two rumen inoculums identified
as “Good” and “Bad” were sequenced prior to their use in the

in vitro model. These samples are referred to herein as “Neat.”
The bacterial community was found to be similar between the
Good and Bad neat samples and contained eight phyla and 27
genera (Supplementary Table 3) with a relative abundance > 1%.
Both of the neat rumen fluids shared the same three most
abundant genera: Prevotella 1, Rikenellaceae RC9 gut group and
Bacteroidales BS11 gut group unclassified (both 20.2%, 8.7 vs. 8.9%
and 6.4 vs. 6.1%, for Good and Bad, respectively). Some small
differences were observed between the two samples at the genus
level: a higher relative abundance of unclassified bacteria (1.3x),
candidate division SR1 unclassified (1.4x) and Lentisphaerae
RFP12 gut group unclassified (1.9x) were observed in the Good
sample and a higher relative abundance of Bacteriodales UCG-
001 unclassified (1.2x), Christensenellaceae R-7 group (1.5x) and
Ruminococcaceae NK4A214 group (1.4x) in the bad sample.
Relative abundance of these genera ranged from 1.4 to 5.4%
(Supplementary Table 3).

Bacterial community of fermentation samples
The bacterial profile was determined at the end of the first
and last 48 h consecutive batch culture (CBC1 and CBC4,
respectively). Differences in fermentative performance were
observed between the fluids at CBC1. However, no difference
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FIGURE 2 | The relative abundance of the 20 most abundant genera in each sample at the end of the 24 h consecutive batch cultures (CBC1 and CBC 9) in
Experiment 1.

in digestive parameters were observed at CBC4. Again, DM
disappearance improved over the course of the experiment,
therefore changes in bacterial composition over time are also
examined below. As the neat inoculum had also been profiled,
this allowed identification of any changes in the bacterial
community over the first fermentation (48 h) as well as over
the course of the experimental period. This also allowed for
identification of any stabilization of the microbial community.

From the experimental samples, a total of 11 phyla and
33 genera were identified with a relative abundance > 1%
(Supplementary Table 3). The 20 most abundant genera in each
sample can be seen in Figure 4. The three most abundant genera
at the end of CBC4 were the same as those most abundant in
the neat rumen inoculum (Prevotella 1, Rikenellaceae RC9 gut
group, and Bacteriodales BS11 gut group) suggesting, that the
community may have stabilized to some extent over the course
of the 8 day experiment.

Diversity indices and bacterial community composition
Next, the bacterial community diversity was examined.
Again, there was no effect of cross inoculation or inoculum
type on diversity indices. Only time effected alpha diversity
(Supplementary Table 4) with values decreasing significantly
with time for Chao1 (4482± 162.1 vs. 2732± 18.4 vs. 2037± 97.7
for the Neat inocula, CBC1 and CBC4 samples, respectively)
and Shannon (7.3 ± 0.06 vs. 5.8 ± 0.00 vs. 5.8 ± 0.10, for Neat
inocula, CBC1 and CBC4 samples, respectively) indices. No
effect of time on Simpson’s diversity was observed. Similarly,

cross inoculation and inoculum type had no effect on beta
diversity (P > 0.05) with the bacterial community composition
affected only by time (P < 0.01, Supplementary Figure 2).

As time was, again, the only factor to affect the bacterial
community composition, it was of interest to determine
which bacteria changed over the experimental period. Again
this was associated with an increase in digestive efficiency.
Pseudobutyrivibrio increased from 0.3± 0.11% in the neat rumen
fluid to 4.1 ± 1.05% at CBC1 (P < 0.01) and increased further to
6.0 ± 2.07% at the end of the experimental period (ns). This was
a similar relative abundance to Experiment 1 above (5.4± 1.4%).
There were also increases across the experimental period (CBC1
to CBC4) for Rikenellacece RC9 gut group (8.8 ± 0.14 to
13.8 ± 1.00%; P < 0.001) and Butyrivibrio 2 (0.5 ± 0.06 to
2.3± 0.88%; P < 0.05).

It is of interest to note that there were similarities between
the two experiments with regards to the bacterial genera that
reduced in abundance over the course of consecutive batch
cultures despite different sources of rumen fluid used. Like
Experiment 1, there was a large reduction in the genus Prevotella
1 across the experimental period. Initially present in the neat
rumen inoculum at a relative abundance of 19.7 ± 0.83%, this
reduced to 15.8 ± 1.51% at the end of CBC1 (P < 0.05) and a
further 2x reduction at the end of the experiment (7.1 ± 2.52%;
P < 0.01). There was also a decline in both Succiniclasticum
(4.4x; 0.96–0.22%; P < 0.01) and Saccharofermentans (2.x;
1.85–0.78%; P < 0.01). Ruminococcaceae UCG-014 again was
almost undetectable at the end of the experimental period
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TABLE 3 | DESeq2 analysis of the operational taxonomic units (OTUs) that showed the most significant (A) increase, or (B) decrease, in abundance from the end of the
first consecutive batch culture (CBC1) to the end of the last (CBC9) of Experiment 1.

(A) Increased from CBC1 to CBC 9

Genus Fold changea P-valueb

OTU 11 Bacteroidales UCG-001 unclassified 10.0 <0.001

OTU 24 Ruminococcus 1 9.67 <0.001

OTU 19 Bacteroidales S24-7 group unclassified 9.30 <0.001

OTU 15 Streptococcus 7.46 0.002

OTU 42 Escherichia-Shigella 8.56 0.002

OTU 60 Pyramidobacter 8.37 0.002

OTU 76 Prevotella 1 8.53 0.002

OTU 38 Prevotella 1 7.88 0.003

OTU 49 Bacteroidales UCG-001 unclassified 8.42 0.003

OTU 7 Ruminococcus 1 7.51 0.004

(B) Decreased from CBC1 to CBC 9

Genus Fold changea P-valueb

OTU 27 Fibrobacter −11.6 <0.001

OTU 64 Fibrobacter −9.51 <0.001

OTU 170 Prevotella 1 −8.90 0.002

OTU 18 Fibrobacter −6.78 0.002

OTU 139 Bacteroidales UCG-001 unclassified −8.42 0.002

OTU 149 Treponema 2 −8.81 0.002

OTU 166 Ruminococcaceae NK4A214 group −8.65 0.002

OTU 176 Bacteroidales S24-7 group unclassified −8.60 0.002

OTU 219 Prevotella 7 −8.49 0.002

OTU 112 Fibrobacter −7.70 0.003

aLog2 fold change bP-values shown are corrected for multiple testing using the Benjamin-Hochberg correction.

(0.2 ± 0.23%). Uniquely to Experiment 2, both Candidate
division SR1 unclassified and Pirellula were not detectable at
the end of CBC4.

DESeq2 analysis revealed an increase in OTUs associated
with Fibrobacter, Ruminococcus and Bacteriodales S24-7 group
with a decrease in Prevotella 1 and Candidate division SR1
unclassified from the neat rumen fluids used to inoculate
the model to the end of CBC1 (Table 8). Comparing the
profile at the end of the first fermentation (CBC1) to that
of the end of the experiment (CBC4), there was an increase
in OTUs assigned to the genera Rikenellaceae RC9 gut group
and Bacteriodales BS11 gut group and a continued decline in
Prevotella 1 (Supplementary Table 5).

As the rumen fluids prior to their use in the model (Neat)
were sequenced, it was possible to identify the bacteria which
initially declined or increased within the in vitro model but
were able to re-establish to pre-inoculation levels by the end
of the fermentation period. The abundance of Bacteroidales
BS11 gut group unclassified declined initially from 6.4 ± 0.29
to 2.7 ± 0.44%, but was present at 6.1 ± 0.67% at the
final sampling point. Both Ruminococcaceae UCG-010 and
Christensenellaceae R-7 group declined initially but were able to
recover somewhat (Supplementary Table 3). There were also
three genera which increased initially after the first fermentation
but were similar to their initial relative abundance by the end

of the experiment. These were Probable genus 10, Bacteroidales
S24-7 group unclassified, and Lachnospiraceae FCS020 group.
Anaeroplasma increased substantially (60x) from the neat rumen
fluid to the end of CBC1 (0.1± 0.05 to 5.61± 0.20%; p < 0.001),
but then had declined sevenfold at the end of CBC4 (0.8± 0.46%;
p < 0.001).

DISCUSSION

There is inter-animal variation in rumen microbiota (Jami and
Mizrahi, 2012) and this, alongside animal factors such as liver
function, immune response and digestion, has been suggested
to account for inter-animal variation in feed efficiency (Guan
et al., 2008; Hernandez-Sanabria et al., 2012; McCann et al.,
2014). Thus, there is interest in manipulating rumen microbiota.
However, attempts to do so in vivo have been unsuccessful to
date (Weimer et al., 2010; Ribeiro et al., 2017; Zhou et al.,
2018). It has been suggested the host animal exerts a controlling
effect on the microbiota that reside within the rumen, resulting
in a community that is resilient to perturbation (Weimer
et al., 2010; Fouhse et al., 2017). Here, we aimed to determine
whether cross inoculation of two rumen fluids could improve
fermentative digestion of a high fiber substrate in vitro where
the controlling influence(s) of the host animal were removed.
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FIGURE 3 | In vitro dry matter disappearance (IVDMD) for CBC1-4 (Experiment 2). Where white circles or bars = Good, black = Bad and gray = Mix. (A,B) Show the
fitted values from a simple linear regression with groups for CBC1 and CBC2, respectively, error bars show pooled SEM. Equations of the lines for CBC1 are
Good = 0.0071x + 0.3063, Bad = 0.0058x + 0.3153 and Mix = 0.0065x + 0.2942. For CBC2, the equations of the lines are: Good = 0.0076x + 0.3771,
Bad = 0.0086x + 0.3103 and Mix = 0.0077x + 0.3298. The mean values ± standard errors are shown for (C) CBC3 and (D) CBC4. Significant differences (p < 0.05)
are shown between time points by different superscript letters.

Using a consecutive batch culture technique, we showed that
cross inoculation was largely ineffective in vitro.

It was assumed the ability to harvest energy of the
superior inoculum provided a selection pressure, favoring its
establishment within the cross inoculated fluid. However, the
full establishment and performance of the rumen inoculum
with superior fiber digesting ability was not achieved when
cross inoculated with a poorer performing inoculum in equal
ratio, apparent to an intermediate level only after 24 h of
fermentation in Experiment 1 (34 vs. 20 vs. 29 g per 100 g DM,
for Good, Bad and Mix rumen inocula, respectively). After this,
the cross inoculated fluid performed most, similarly, to the poorer
performing fluid across the remaining consecutive batch cultures.
Factors such as bacteriophages and bacterioicins, which are
involved in structuring the microbial community (Koskella and
Meaden, 2013), the fungal community, and a lack of protozoal

survival (Soto et al., 2013; Yáñez-Ruiz et al., 2016) may have
prevented the full establishment of the Good community. No
effect of cross inoculation was seen in Experiment 2. The animals
used in Experiment 2 showed a much smaller initial difference
in IVDMD than those used in Experiment 1 (4 vs. 9 g difference
between Good and Bad, respectively). This may explain why no
effect of cross inoculation was observed as there was less scope
to improve digestive efficiency. In both experiments, when the
constraints of the host animal were removed, the rumen fluids
used to inoculate the model improved their ability to digest
the dried grass substrate over time and differences between the
fluids were lost with successive cultures. Differences in IVDMD
performance in the absence of differences in bacterial community
composition would suggest either differences in community
function or differences in communities not studied here such
as protozoa, fungi and archaea. Colony forming unit density
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TABLE 4 | Fermentations parameters for consecutive batch culture 1 (CBC1; Experiment 2).

Time point (hours) P value

Inoculum 6 12 18 24 30 36 42 481 SEM Time Inoculum Time*Inoculum2

Gas volume (ml) G 18.3a 56.3a 85.8a 132.6a 153.0 176.9 185.7 211.7 18.17 < 0.001 < 0.001 0.005

B 13.4b 52.6a 79.8 116.6b 150.2 166.9 186.9 199.3

M 7.8c 44.6b 75.7b 118.2b 146.9 178.1 195.6 213.0

pH G 6.60a 6.64a 6.69 6.66a 6.66a 6.63a 6.59a 6.57 < 0.001 < 0.001 < 0.001 0.006

B 6.63b 6.67b 6.69 6.69b 6.66a 6.66b 6.63b 6.57

M 6.65c 6.69b 6.69 6.71b 6.69b 6.65ab 6.62b 6.58

NH3-N (mg/ml) G 1.44 1.41 1.36 1.37 1.38 1.45 1.47 0.002 0.072 < 0.005 (0.595)

B 1.45 1.45 1.46 1.43 1.41 1.50 1.45

M 1.38 1.31 1.37 1.43 1.45 1.42 1.37

MCP (µg/ml) G 92.9 166.4 282.3 456.0 501.8 595.0 699.6 41.22 < 0.001 0.091 (0.172)

B 87.8 232.1 254.8 323.9 479.9 405.6 589.3

M 109.8 154.3 203.7 381.4 433.0 630.6 637.6

tVFA (mM) G 61.4 101.7 135.3 177.5 166.0 171.2 196.0 7.98 < 0.001 0.080 (0.053)

B 57.1 97.9 139.7 153.7 214.7 199.2 195.8

M 56.5 87.4 126.1 137.4 153.1 199.5 193.2

Acetate (mM) G 36.8 51.7 67.3 89.4 105.2 109.5 125.1 0.43 < 0.001 0.284 (0.275)

B 42.0 55.1 68.4 89.2 101.3 113.4 127.4

M 36.9 49.3 69.5 91.3 99.6 114.1 127.0

Propionate (mM) G 16.7 31.4 43.2 66.5a 32.9a 35.2 40.6 1.43 < 0.001 0.030 < 0.001

B 8.1 33.9 45.1 26.4ab 77.5b 35.0 39.7

M 7.6 29.2 44.0 26.7b 30.1a 36.3 40.3

Butyrate (mM) G 13.0 18.6 24.8 39.0a 27.9a 26.5 30.2a 0.65 < 0.001 0.001 < 0.001

B 7.0 18.1 26.2 21.4c 50.1b 26.2 28.6a

M 7.0 16.3 20.9 19.4b 23.4c 23.9 25.9b

With the exception of pH, mean values shown are normalized for substrate DM (1 g) added to the model. G, Good; B, Bad; M, Mix rumen fluid used as inoculum; SEM,
standard error of the mean; NH3-N, ammonia-nitrogen; MCP, microbial crude protein; tVFA, total volatile fatty acids. 1Not all parameter means are shown at 48 h due
to experimental error in preparation of these samples 2Where an interaction was not significant (P-values shown in brackets), it was removed from the analysis and the
model was re-run. a−cMeans within a column that do not share a common superscript are significantly different (p < 0.05).

may also have differed. Whilst IVDMD increased over each
Experiment, the bacterial community size did not (as measured
by MCP). There was a 27 and 44% decrease in MCP across the
experimental period for Experiment 1 and 2, respectively. This
would suggest that the bacterial community was smaller and
more efficient. A smaller and more efficient bacterial community
with lower richness of microbial gene content has previously
been identified in feed efficient dairy cows (Shabat et al., 2016).
The improved performance with each consecutive batch culture,
associated with reduced bacterial diversity, suggests a diverse
rumen bacterial population may be undesirable for the digestion
of DM associated with dried forages. It is possible that a decrease
in diversity may result in a decrease in resilience and therefore
may explain why the observed diversity is higher in vivo if
this results in an advantage to the host animal. It is also
likely that the substrate provided in vitro was simpler than that
consumed by a grazing animal, which is likely to have selected
for a less diverse microbial population. The bacterial populations
presumably adjusted to the substrate and different environmental
conditions presented within the model. Due to this fact, it is
unclear to what extent the improvement to the cross inoculated
fluid over time was due to the microbial community sourced
from the superior rumen fluid. It is likely that the improvement

could be wholly or partly attributable to the natural adaptation
of the microbial community to the substrate and environment
within the model.

It is possible that the change in population structure over
time was also caused by a loss of the protozoal population.
Protozoa account for up to 50% of the biomass in the rumen
(Newbold et al., 2015) and play a key role in carbohydrate
degradation (Williams and Coleman, 1992; Newbold et al., 2015).
Although not measured in this study, the protozoal population
was expected to be minimal within the batch in vitro model
due to the freeze-thaw process used during rumen inoculum
processing. Protozoa are lost after freezing (Yáñez-Ruiz et al.,
2016) and otherwise do not persist well in both batch and
continuous in vitro models (Soto et al., 2013; Cabeza-Luna et al.,
2018). In defaunated animals, it has been demonstrated that the
bacterial community is simplified and less diverse in the absence
of protozoa (Belanche et al., 2012, 2015), which may go some way
to explain the results presented here.

Whilst cross inoculation of rumen fluid was not able to
improve fermentative digestion of forage in a batch in vitro model
beyond an initial intermediate response at 24 h in Experiment
1, digestive efficiency did increase for all three inocula types
over the course of both experiments. In the first experiment, the
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TABLE 5 | Fermentation parameters for consecutive batch culture 2 (CBC2; Experiment 2).

Time point (hours) P-value

Inoculum 6 12 18 24 36 48 SEM Time Inoculum Time*Inoculum1

Gas volume (ml) G 33.3 79.6 117.0 155.8 196.1 218.2 31.46 < 0.001 0.355 (0.226)

B 31.8 75.8 114.2 150.9 201.0 218.4

M 30.5 77.9 120.3 149.2 180.1 219.9

pH G 6.67 6.67 6.66 6.61 6.52 6.44 < 0.001 < 0.001 0.128 (0.377)

B 6.70 6.67 6.66 6.64 6.53 6.43

M 6.66 6.67 6.65 6.62 6.53 6.41

NH3-N (mg/ml) G 1.51 1.59 1.71 1.67 1.83 1.82 0.003 < 0.001 0.189 (0.120)

B 1.57 1.62 1.58 1.55 1.73 1.79

M 1.49 1.67 1.63 1.70 1.77 1.74

MCP (µg/ml) G 9.9 143.5 279.3 420.9 498.8 532.2 30.19 < 0.001 0.531 (0.087)

B 41.7 116.1 145.1 325.4 601.7 576.3

M 76.9 145.4 297.3 514.0 486.3 489.7

tVFA (mM) G 39.9 74.1 96.30 130.3 159.4 171.5 39.36 < 0.001 0.128 (0.976)

B 37.0 68.5 96.30 135.1 165.4 172.2

M 42.6 71.1 96.70 127.3 161.9 172.9

Acetate (mM) G 26.2 46.3 55.6 67.7 87.3 94.9 0.74 < 0.001 0.544 (0.929)

B 25.0 44.3 57.1 75.1 85.7 92.3

M 29.9 46.2 58.0 70.2 88.6 96.3

Propionate (mM) G 7.4 15.7 22.4 34.9 41.8 45.5 0.25 < 0.001 0.612 (0.904)

B 6.9 14.7 22.6 32.1 42.8 45.2

M 7.6 15.1 22.7 31.9 42.1 45.4

Butyrate (mM) G 6.2 12.0a 18.4 27.7 30.3a 31.1a 0.24 < 0.001 0.005 0.003

B 5.0 9.5b 16.6 27.9 37.0b 34.7b

M 5.1 9.8b 16.0 25.2 31.2a 31.3a

With the exception of pH, mean values shown are normalized for substrate DM (1 g) added to the model. G, Good; B, Bad; M, Mix; SEM, standard error of the mean;
NH3-N, ammonia-nitrogen; MCP, microbial crude protein; tVFA, total volatile fatty acids. 1Where an interaction was not significant (P-values shown in brackets) in the
model, it was removed from the analysis and the model was re-run. a−cMeans within a column that do not share a common superscript are significantly different
(p < 0.05).

average 24 h digestive efficiency for the three inocula improved
by 74%, and whilst this was lower with the second experiment
the 24 h fermentation efficiency still improved by 19%. This
difference in improvement is likely due to the different diets fed
to, and management of, the animals prior to commencement
of this experiment. The improvement in digestive efficiency was
reflected in changes in the bacterial community as they likely
adapted to the substrate and environment within the model
which was not unexpected. It is known that diet is the main driver
of bacterial composition in the rumen (Henderson et al., 2015).
As the animals used as donors in Experiment 2 were raised on
a 100% forage diet (pasture, albeit a different substrate to the
one used here), these results suggest that digestive ability may be
restrained within the host and that there is scope to maximize
fermentative performance in the rumen.

Future studies may consider combining both in vitro culturing
alongside in vivo inoculation. It would be of interest to determine
whether rumen fluid from cannulated animals could be cultured
in vitro to select for an optimum population using the same
substrate as the animals were fed and then re-inoculate back
into the rumen of the animal from which it was sourced. As
the rumen fluid originally came from the same animal, this
should minimize the host effect as observed in cross-inoculation

studies seen previously (e.g., Weimer et al., 2010). A study of this
nature may allow us to further determine whether the animal’s
digestive efficiency is limited by other factors such as the flow
rate of digesta and/or the absorption rate of VFAs across the
rumen wall rather than the microbial community itself. A study
of this kind may also allow us to identify whether manipulation
of the microbial community is the correct approach to improve
digestive performance of ruminant animals or whether it is
important to first consider the physiology of the animal.
Alternatively, it may be interesting to use optimized rumen fluid
for a particular substrate as an inoculum for calves from the
same herd to manipulate the bacterial community in the naïve
rumen toward optimal performance. There is a growing body
of evidence to suggest that manipulating the microbiome of the
young animal may be more successful (Yáñez-Ruiz et al., 2015).

The rumen fluid collected from both herds showed improved
digestive efficiency at the end of each respective consecutive
fermentation, coinciding with a change in the bacterial
community composition. Although similar, the same bacterial
community was not identified in both experiments. This is
reflective of the redundancy of the rumen microbiome (Weimer,
2015). This was not surprising as the two herds used in these
experiments were different in breed, age and life history. Rumen
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TABLE 6 | Fermentation parameters for consecutive batch culture 3 (CBC3; Experiment 2).

Time point (hours) P value

Inoculum 12 24 36 48 SEM Time Inoculum Time*Inoculum1

Gas volume (ml) G 62.2 144.5 196.1 232.1 75.18 < 0.001 0.003 (0.545)

B 55.5 134.3 184.5 216.7

M 49.9 130.0 164.5 222.2

pH G 6.58 6.53 6.45 6.43 0.01 < 0.001 0.018 (0.644)

B 6.61 6.57 6.51 6.46

M 6.61 6.56 6.55 6.44

NH3-N (mg/ml) G 1.68 1.69 1.81 1.91 0.001 < 0.001 0.077 (0.800)

B 1.70 1.77 1.87 1.95

M 1.71 1.69 1.87 1.92

MCP (µg/ml) G 129.3 341.8 1088.3 576.0 95.57 < 0.001 0.891 (0.941)

B 114.2 414.8 824.2 754.4

M 81.7 315.8 921.0 598.8

tVFA (mM) G 50.1 94.7 125.9 144.2 15.13 < 0.001 0.010 (0.540)

B 47.9 94.8 115.3 136.3

M 46.7 87.8 116.4 137.9

Acetate (mM) G 31.0 53.3 74.3 86.8 0.56 < 0.001 0.047 (0.410)

B 29.5 53.5 67.1 81.4

M 29.2 50.6 71.3 84.9

Propionate (mM) G 11.1 23.3 30.5 34.0 0.19 < 0.001 0.588 (0.642)

B 11.4 23.5 28.9 33.1

M 11.5 23.2 29.1 34.4

Butyrate (mM) G 8.0a 18.1a 21.1a 23.4a 0.15 < 0.001 < 0.001 0.040

B 7.0b 17.8a 19.3a 21.8a

M 6.0c 14.1b 16.0b 18.5b

With the exception of pH, mean values shown are normalized for substrate DM (1 g) added to the model. G, Good; B, Bad; M, Mix; SEM, standard error of the
mean; NH3-N, ammonia-nitrogen; MCP, microbial crude protein; tVFA, total volatile fatty acids. 1Where an interaction was not significant (P-values shown in brackets) in
the model, it was removed from the analysis and the model was re-run. a−cMeans within a column that do not share a common superscript are significantly different
(p < 0.05).

inoculum from both herds, however, did share an increase in
the abundance of the genus Pseudobutyrivibrio over the course
of both experiments reaching a final abundance of 5.4 ± 1.4%
in Experiment 1 and 6.0 ± 2.1% in Experiment 2. Members of
this genus have been associated with some of the highest xylanase
activity of all rumen bacteria (Zorec et al., 2014) and have been
identified as secondary colonizers of a grass substrate (Huws
et al., 2016; Mayorga et al., 2016; Belanche et al., 2017). It is
possible that increases in abundance of members of this genus
may have been responsible, at least in part, for the improved
digestive efficiency observed. Increases in this genus have been
identified previously when providing perennial ryegrass to an
in vitro model of rumen fermentation (Elliott et al., 2018) and
Pseudobutyrivibrio has also been identified as a native rumen
bacterium that holds potential as a rumen probiotic, due to
its ability to modulate in vitro fermentation to improve energy
yields (Fraga et al., 2014). As Pseudobutyrivibrio has been shown
to increase linearly with increasing NDF and ADF in the diet
(Li et al., 2019), it is possible that the substrate provided
to the model had higher proportions of these than the diet
consumed by the animal. In future experiments, it would be of
interest to measure enzyme activity as an indicator of changes in
bacterial activity.

The rumen fluid from both herds also demonstrated a loss of
diversity with time. In both experiments, Chao1 values decreased
by half, reaching final values of 1810.8 and 2037.5 for Experiment
1 and 2, respectively. Whilst a loss of alpha diversity is a known
artifact of this type of in vitro model (Soto et al., 2013; Fraga
et al., 2015; Lin et al., 2019), the bacteria that were lost from the
population are of interest. These bacteria may be less competitive
in the environment conferred by the model. As the digestive
performance improved in the absence of these bacteria, it is
likely that they are not essential for digestion of a high fiber
substrate in vitro. Across rumen fluids from both herds, the
genera Prevotella 1, Saccharofermentans, and Succiniclasticum
decreased between the first and last fermentation sampling
points. Prevotella is a large genus and there is high diversity
between both different species and strains within this group (Ley,
2016). It is commonly identified as the most abundant genus in
the rumen (Stevenson and Weimer, 2007; Jewell et al., 2015) likely
due to the wide functional capabilities of this genus. It is therefore
not surprising that in a more controlled, arguably simpler,
environment, the abundance of this genus is reduced by ca 50%.
Prevotella species have recently been shown to be a common
target of mega-bacteriophage in the gut (Devoto et al., 2019)
and it is possible that mechanisms of population structuring
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TABLE 7 | Fermentation parameters for consecutive batch culture 4 (CBC4; Experiment 2).

Time point (hours) P-value

Inoculum 24 48 SEM Time Inoculum Time*Inoculum1

Gas volume (ml) G 157.0 241.0 28.01 < 0.001 0.642 (0.531)

B 157.8 233.0

M 157.0 239.2

pH Ga 6.51 6.48 3.07 x 10−5 < 0.001 0.031 (0.274)

Bac 6.51 6.48

Mbc 6.49 6.48

NH3-N (mg/ml) G 1.26 1.66 0.006 < 0.001 0.893 (0.184)

B 1.39 1.58

M 1.35 1.63

MCP (µg/ml) G 175.0 312.6 36.20 < 0.001 0.288 (0.472)

B 201.2 431.6

M 208.7 335.6

tVFA (mM) G 73.8 101.1 3.20 < 0.001 0.650 (0.455)

B 73.6 103.3

M 75.6 101.7

Acetate (mM) G 40.2 57.6 0.39 < 0.001 0.064 (0.633)

B 40.2 59.5

M 42.3 60.3

Propionate (mM) Ga 23.9 30.7 0.19 < 0.001 0.002 (0.171)

Bb 25.0 32.6

Mb 26.3 32.2

Butyrate (mM) Ga 9.8 12.8 0.10 < 0.001 < 0.001 (0.403)

Bb 8.4 11.2

Mc 6.9 9.2

With the exception of pH, mean values shown are normalized for substrate DM (1 g) added to the model. G, Good; B, Bad; M, Mix; SEM, standard error of the mean;
NH3-N, ammonia-nitrogen; MCP, microbial crude protein; tVFA, total volatile fatty acids. 1Where an interaction was not significant (P-values shown in brackets) in the
model, it was removed from the analysis and the model was re-run. a−c Inocula that do not share a common superscript are significantly different (p < 0.05).

FIGURE 4 | The relative abundance of the 20 most abundant genera present in the rumen fluids used to inoculate the model (Neat), and the fermentation samples at
the end of the first (CBC1) and the last (CBC4) 48 h consecutive batch culture (Experiment 2).
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TABLE 8 | DESeq2 analysis of the operational taxonomic units (OTUs) that showed the most significant (A) increase, or (B) decrease, in abundance from the neat inocula
to the end of the first 48 h fermentation (CBC1) for Experiment 2.

A) Increased from neat inoculum to end of CBC1

Genus Fold changea P-valueb

OTU 2 Fibrobacter 9.79 <0.001

OTU 7 Ruminococcus 1 6.63 <0.001

OTU 9 Anaeroplasma 6.18 <0.001

OTU 4 Pseudobutyrivibrio 5.45 <0.001

OTU 19 Bacteroidales S24-7 group unclassified 9.01 <0.001

OTU 1 Fibrobacter 6.54 <0.001

OTU 47 Bacteroidales S24-7 group unclassified 6.56 <0.001

OTU 28 Prevotella 1 4.83 <0.001

OTU 6 Oribacterium 5.30 <0.001

OTU 61 Ruminococcus 1 5.20 <0.001

(B) Decreased from neat inoculum to end of CBC1

Genus Fold changea P-valueb

OTU 35 Candidate division SR1 unclassified −5.09 <0.001

OTU 127 Prevotella 1 −5.41 <0.001

OTU 119 [Eubacterium] coprostanoligenes group −4.65 <0.001

OTU 130 Prevotella 1 −4.45 <0.001

OTU 196 Candidate division SR1 unclassified −4.29 0.002

OTU 125 Prevotella 1 −4.76 0.002

OTU 328 Prevotella 1 −5.17 0.003

OTU 226 Bacteroidales BS11 gut group unclassified −4.31 0.003

OTU 320 p-1088-a5 gut group −4.99 0.003

OTU 277 WA aaa01f12 unclassified −4.41 0.004

aLog2 fold change bP-values shown are corrected for multiple testing using the Benjamin-Hochberg correction.

by bacteriophages may have targeted the Prevotella within the
in vitro model. Interestingly, Prevotella has been shown to have an
antagonistic relationship with Bacteroides (Johnson et al., 2017),
which were demonstrated to increase across the experimental
period for the rumen fluids from both herds (Bacteroidales BS11
and Bacteroidales UCG-001).

Saccharofermentans also declined across both experiments (ca
70%). This genus contains currently only one known species
which is unable to digest cellulose (Chen et al., 2010). Due
to the highly fibrous nature of the substrate used in this
model, it is likely that this genus was less competitive in this
environment. Succiniclasticum was also shown to decline across
both experimental periods by ca 60%. This genus converts
succinate to propionate and succinate has been shown as the
only medium that can support its growth (van Gylswyk, 1995).
Interestingly, Prevotella ruminocola is a succinate producer
(van Gylswyk, 1995), therefore the reduction in the genus
Prevotella possibly impacted the abundance of this bacterium.
Ruminococcaceae UCG-014 decreased to undetectable levels by
the end of the experimental period in Experiment 1 and had
declined by 85% (1.6–0.2% relative abundance) from the neat
rumen fluid to the end of Experiment 2. Other members
of the Ruminococcaceae family were found to decline across
fermentation samples for Experiment 1 and from the neat
rumen fluid to the first sampling point of Experiment 2, but
they did recover somewhat by the end of the experiment.

Similar to Prevotella, the Ruminococcaceae have been shown
to have high functional diversity (Bach et al., 2019), which
may explain their reduced abundance within the model.
A decline of species from the Prevotella and Ruminococcus genera
have been observed previously in an in vitro rumen model
(Weimer et al., 2011).

A key finding of this study is the importance of sequencing
the starting microbial population of any rumen fluid used to
inoculate a batch in vitro model when considering changes in
the microbial population. In Experiment 2 where the neat rumen
fluid was sequenced prior to fermentation, it was shown that
some bacterial populations showed a rise or decline in their
abundance after the first fermentation, but given time, i.e. in the
subsequent consecutive batch culture fermentations, were shown
to stabilize to pre-inoculation levels. Changes in population
structure are inevitable and may affect study interpretation if
not taken into consideration. Subsequent in-house studies have
shown that even when the same substrate is provided to the
model as the donor animal was fed, there are still large changes
in community composition (McDermott, 2018). The explanation
for this is that the environment within the model exerts different
selection pressures to that of the rumen. This study demonstrated
that the bacterial population within the batch in vitro model
begins to stabilize after ca 8 days of consecutive culturing,
therefore any changes in populations after a short fermentation
are likely indicative of an initial period of dysbiosis as the
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community establishes itself within this new environment which
may mask treatment effects.

CONCLUSION

The results of this study demonstrate that removal of host control
alone is not sufficient to allow successful cross-inoculation of
two complex microbial communities. It is likely that along
with host factors, there are individual factors within each
community that prevent other microbes from establishing. The
loss of the protozoal populations due to freeze-thaw during
the processing of rumen fluid likely influenced the bacterial
community compositions observed here.

DATA AVAILABILITY STATEMENT

The data can be found here: https://www.ncbi.nlm.nih.gov/sra/
PRJNA623627.

AUTHOR CONTRIBUTIONS

KM, KJM, and HG designed the experiment. KM performed the
experiments. KM, KJM, and HG analyzed the data. ML provided

access to the animals used in Experiment 2. KM, ML, KJM, and
HG prepared the manuscript. All authors read and approved the
final manuscript.

FUNDING

The study was funded by a 110 year Anniversary Ph.D.
Scholarship from the University of Leeds, United Kingdom.
The funders had no role in study design, collection, analysis or
interpretation of the data or preparation of the manuscript.

ACKNOWLEDGMENTS

We would like to acknowledge funding from BBSRC
(BB/J004308/1) North Wyke Farm Platform (NWFP) National
Capability who supplied the rumen fluid of forage fed animals
and both abattoirs for allowing sample collection.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.531404/full#supplementary-material

REFERENCES
Bach, A., López-García, A., González-Recio, O., Elcoso, G., Fàbregas, F.,

Chaucheyras-Durand, F., et al. (2019). Changes in the rumen and
colon microbiota and effects of live yeast dietary supplementation
during the transition from the dry period to lactation of dairy
cows. J. Dairy Sci. 102, 6180–6198. doi: 10.3168/jds.2018-
16105

Belanche, A., De La Fuente, G., and Newbold, C. J. (2015). Effect of progressive
inoculation of fauna-free sheep with holotrich protozoa and total-fauna
on rumen fermentation, microbial diversity and methane emissions. FEMS
Microbiol. Ecol. 91:fiu026.

Belanche, A., De La Fuente, G., Pinloche, E., Newbold, C. J., and Balcells, J. (2012).
Effect of diet and absence of protozoa on the rumen microbial community and
on the representativeness of bacterial fractions used in the determination of
microbial protein synthesis. J. Anim. Sci. 90, 3924–3936. doi: 10.2527/jas.2011-
4802

Belanche, A., Newbold, C. J., Lin, W., Rees Stevens, P., and Kingston-Smith, A. H.
(2017). A systems biology approach reveals differences in the dynamics of
colonization and degradation of grass vs. Hay by rumen microbes with minor
effects of vitamin e supplementation. Front. Microbiol. 8:1456. doi: 10.3389/
fmicb.2017.01456

Cabeza-Luna, I., Carro, M. D., Fernández-Yepes, J., and Molina-Alcaide, E. (2018).
Effects of modifications to retain protozoa in continuous-culture fermenters on
ruminal fermentation, microbial populations, and microbial biomass assessed
by two different methods. Anim. Feed Sci. Technol. 240, 117–127. doi: 10.1016/
j.anifeedsci.2018.04.004

Carberry, C. A., Kenny, D. A., Han, S., Mccabe, M. S., and Waters, S. M. (2012).
Effect of phenotypic residual feed intake and dietary forage content on the
rumen microbial community of beef cattle. Appl. Environ. Microbiol. 78, 4949–
4958. doi: 10.1128/aem.07759-11

Cardozo, P., Calsamiglia, S., Ferret, A., and Kamel, C. (2004). Effects of natural
plant extracts on ruminal protein degradation and fermentation profiles in
continuous culture. J. Anim. Sci. 82, 3230–3236. doi: 10.2527/2004.8211
3230x

Chen, S., Niu, L., and Zhang, Y. (2010). Saccharofermentans acetigenes gen.
nov., sp. nov., an anaerobic bacterium isolated from sludge treating brewery
wastewater. Int. J. Syst. Evol. Microbiol. 60, 2735–2738. doi: 10.1099/ijs.0.
017590-0

Devoto, A. E., Santini, J. M., Olm, M. R., Anantharaman, K., Munk, P., Tung,
J., et al. (2019). Megaphages infect Prevotella and variants are widespread
in gut microbiomes. Nat. Microbiol. 4, 693–700. doi: 10.1038/s41564-018-
0338-9

Elliott, C. L., Edwards, J. E., Wilkinson, T. J., Allison, G. G., Mccaffrey, K.,
Scott, M. B., et al. (2018). Using ‘omic approaches to compare temporal
bacterial colonization of lolium perenne, lotus corniculatus, and Trifolium
pratense in the rumen. Front. Microbiol. 9:2184. doi: 10.3389/fmicb.2018.
02184

Fouhse, J. M., Smiegielski, L., Tuplin, M., Guan, L. L., and Willing, B. P. (2017).
Host immune selection of rumen bacteria through salivary secretory IgA. Front.
Microbiol. 8:848. doi: 10.3389/fmicb.2017.00848

Fraga, M., Fernández, S., Cajarville, C., Martínez, M., Abin-Carriquiry, J. A., and
Zunino, P. (2015). In vitro modulation of rumen microbiota and fermentation
by native microorganisms isolated from the rumen of a fed-exclusively-on-
pasture bovine. Ann. Microbiol. 65, 2355–2362. doi: 10.1007/s13213-015-
1077-2

Fraga, M., Perelmuter, K., Valencia, M. J., Martínez, M., Abin-Carriquiry, A.,
Cajarville, C., et al. (2014). Evaluation of native potential probiotic bacteria
using an in vitro ruminal fermentation system. Ann. Microbiol. 64, 1149–
1156.

Guan, L. L., Nkrumah, J. D., Basarab, J. A., and Moore, S. S. (2008). Linkage of
microbial ecology to phenotype: correlation of rumen microbial ecology to
cattle’s feed efficiency. FEMS Microbiol. Lett. 288, 85–91. doi: 10.1111/j.1574-
6968.2008.01343.x

Henderson, G., Cox, F., Ganesh, S., Jonker, A., Young, W., and Janssen, P. H.
(2015). Rumen microbial community composition varies with diet and host,
but a core microbiome is found across a wide geographical range. Sci. Rep.
5:14567.

Hernandez-Sanabria, E., Goonewardene, L. A., Wang, Z., Durunna, O. N., and
Moore, S. S. (2012). Impact of feed efficiency and diet on adaptive variations in

Frontiers in Microbiology | www.frontiersin.org 16 September 2020 | Volume 11 | Article 531404433

https://www.ncbi.nlm.nih.gov/sra/PRJNA623627
https://www.ncbi.nlm.nih.gov/sra/PRJNA623627
https://www.frontiersin.org/articles/10.3389/fmicb.2020.531404/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.531404/full#supplementary-material
https://doi.org/10.3168/jds.2018-16105
https://doi.org/10.3168/jds.2018-16105
https://doi.org/10.2527/jas.2011-4802
https://doi.org/10.2527/jas.2011-4802
https://doi.org/10.3389/fmicb.2017.01456
https://doi.org/10.3389/fmicb.2017.01456
https://doi.org/10.1016/j.anifeedsci.2018.04.004
https://doi.org/10.1016/j.anifeedsci.2018.04.004
https://doi.org/10.1128/aem.07759-11
https://doi.org/10.2527/2004.82113230x
https://doi.org/10.2527/2004.82113230x
https://doi.org/10.1099/ijs.0.017590-0
https://doi.org/10.1099/ijs.0.017590-0
https://doi.org/10.1038/s41564-018-0338-9
https://doi.org/10.1038/s41564-018-0338-9
https://doi.org/10.3389/fmicb.2018.02184
https://doi.org/10.3389/fmicb.2018.02184
https://doi.org/10.3389/fmicb.2017.00848
https://doi.org/10.1007/s13213-015-1077-2
https://doi.org/10.1007/s13213-015-1077-2
https://doi.org/10.1111/j.1574-6968.2008.01343.x
https://doi.org/10.1111/j.1574-6968.2008.01343.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-531404 September 21, 2020 Time: 17:15 # 17

McDermott et al. Cross Inoculation of Rumen Fluid

the bacterial community in the rumen fluid of cattle. Appl. Environ. Microbiol.
78, 1203–1214. doi: 10.1128/aem.05114-11

Huws, S. A., Edwards, J. E., Creevey, C. J., Rees Stevens, P., Lin, W., Girdwood,
S. E., et al. (2016). Temporal dynamics of the metabolically active rumen
bacteria colonizing fresh perennial ryegrass. FEMS Microbiol. Ecol. 92:fiv137.
doi: 10.1093/femsec/fiv137

Jami, E., and Mizrahi, I. (2012). Composition and similarity of bovine rumen
microbiota across individual animals. PLoS One 7:e33306. doi: 10.1371/journal.
pone.033306

Jewell, K. A., Mccormick, C. A., Odt, C. L., Weimer, P. J., and Suen, G. (2015).
Ruminal bacterial community composition in dairy cows is dynamic over the
course of two lactations and correlates with feed efficiency. Appl. Environ.
Microbiol. 81, 4697–4710. doi: 10.1128/aem.00720-15

Johnson, E. L., Heaver, S. L., Walters, W. A., and Ley, R. E. (2017). Microbiome and
metabolic disease: revisiting the bacterial phylum bacteroidetes. J. Mol. Med. 95,
1–8. doi: 10.1007/s00109-016-1492-2

Jouany, J. (1982). Volatlile fatty acid and alcohol determination in digestive
contents, silage juices, bacterial cultures and anaerobic fermentor contents. Sci.
Alim. 2, 131–144.

Koskella, B., and Meaden, S. (2013). Understanding bacteriophage specificity
in natural microbial communities. Viruses 5:806. doi: 10.3390/v503
0806

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and Schloss, P. D.
(2013). Development of a dual-index sequencing strategy and curation pipeline
for analyzing amplicon sequence data on the MiSeq Illumina sequencing
platform. Appl. Environ. Microbiol. 79:e01043-13.

Ley, R. E. (2016). Prevotella in the gut: choose carefully. Nat. Rev. Gastroenterol.
Hepatol. 13, 69–70. doi: 10.1038/nrgastro.2016.4

Li, R., Teng, Z., Lang, C., Zhou, H., Zhong, W., Ban, Z., et al. (2019). Effect
of different forage-to-concentrate ratios on ruminal bacterial structure and
real-time methane production in sheep. PLoS One 14:e0214777. doi: 10.1371/
journal.pone.0214777

Lin, M., Dai, X., and Weimer, P. J. (2019). Shifts in fermentation end products
and bacterial community composition in long-term, sequentially transferred
in vitro ruminal enrichment cultures fed switchgrass with and without ethanol
as a co-substrate. Bioresour. Technol. 285:121324. doi: 10.1016/j.biortech.2019.
121324

López, S., Dhanoa, M. S., Dijkstra, J., Bannink, A., Kebreab, E., and France,
J. (2007). Some methodological and analytical considerations regarding
application of the gas production technique. Anim. Feed Sci. Technol. 135,
139–156. doi: 10.1016/j.anifeedsci.2006.06.005

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951).
Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193,
265–275.

Makkar, H. P. S., Sharma, O. P., Dawra, R. K., and Negi, S. S. (1982). Simple
determination of microbial protein in rumen liquor. J. Dairy Sci. 65, 2170–2173.
doi: 10.3168/jds.s0022-0302(82)82477-6

Mayorga, O. L., Kingston-Smith, A. H., Kim, E. J., Allison, G. G., Wilkinson,
T. J., Hegarty, M. J., et al. (2016). Temporal metagenomic and metabolomic
characterization of fresh perennial ryegrass degradation by rumen bacteria.
Front. Microbiol. 7:1854. doi: 10.3389/fmicb.2016.01854

McCann, J. C., Wiley, L. M., Forbes, T. D., Rouquette, F. M. Jr., and Tedeschi,
L. O. (2014). Relationship between the rumen microbiome and residual feed
intake-efficiency of brahman bulls stocked on bermudagrass pastures. PLoS One
9:e91864. doi: 10.1371/journal.pone.091864

McDermott, K. (2018). A Batch Culture Study of the Rumen Bacterial Community
and the Fermentative Digestion of Forage in Cattle. Ph. D. thesis, University of
Leeds, Leeds.

McMurdie, P. J., and Holmes, S. (2013). phyloseq: An R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:e61217. doi: 10.1371/journal.pone.061217

Mould, F., Morgan, R., Kliem, K., and Krystallidou, E. (2005). A review and
simplification of the in vitro incubation medium. Anim. Feed Sci. Technol. 123,
155–172. doi: 10.1016/j.anifeedsci.2005.05.002

Newbold, C. J., De La Fuente, G., Belanche, A., Ramos-Morales, E., and Mcewan,
N. R. (2015). The role of ciliate protozoa in the rumen. Front. Microbiol. 6:1313.
doi: 10.3389/fmicb.2016.1313

Oksanen, J., Guillaume Blanchet, F., Friendly, M., Kindt, R., Legendre, P., Mcglinn,
D., et al. (2017). Vegan: Community Ecology Package [Online]. Available online
at: https://CRAN.R-project.org/package = vegan (accessed May 2017).

Orr, R. J., Murray, P. J., Eyles, C. J., Blackwell, M. S. A., Cardenas, L. M., Collins,
A. L., et al. (2016). The North Wyke Farm Platform: effect of temperate
grassland farming systems on soil moisture contents, runoff and associated
water quality dynamics. Eur. J. Soil Sci. 67, 374–385. doi: 10.1111/ejss.12350

Oss, D. B., Ribeiro, G. O., Marcondes, M. I., Yang, W., Beauchemin, K. A.,
Forster, R. J., et al. (2016). Synergism of cattle and bison inoculum on ruminal
fermentation and select bacterial communities in an artificial rumen (rusitec)
fed a barley straw based diet. Front. Microbiol. 7:2032. doi: 10.3389/fmicb.2016.
02032

Pitta, D. W., Parmar, N., Patel, A. K., Indugu, N., Kumar, S., Prajapathi, K. B.,
et al. (2014). Bacterial diversity dynamics associated with different diets and
different primer pairs in the rumen of Kankrej cattle. PLoS One 9:e111710.
doi: 10.1371/journal.pone.111710

Ribeiro, G. O., Oss, D. B., He, Z., Gruninger, R. J., Elekwachi, C., Forster, R. J., et al.
(2017). Repeated inoculation of cattle rumen with bison rumen contents alters
the rumen microbiome and improves nitrogen digestibility in cattle. Sci. Rep.
7:1276.

Schloss, P. D. (2009). A high-throughput DNA sequence aligner for microbial
ecology studies. PLoS One 4:e8230. doi: 10.1371/journal.pone.08230

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister,
E. B., et al. (2009). Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75, 7537–7541. doi: 10.1128/aem.
01541-09

Shabat, S. K. B., Sasson, G., Doron-Faigenboim, A., Durman, T., Yaacoby, S.,
Berg Miller, M. E., et al. (2016). Specific microbiome-dependent mechanisms
underlie the energy harvest efficiency of ruminants. ISME J. 10, 2958–2972.

Soto, E. C., Molina-Alcaide, E., Khelil, H., and Yáñez-Ruiz, D. R. (2013). Ruminal
microbiota developing in different in vitro simulation systems inoculated with
goats’ rumen liquor. Anim. Feed Sci. Technol. 185, 9–18. doi: 10.1016/j.
anifeedsci.2013.06.003

Stevenson, D. M., and Weimer, P. J. (2007). Dominance of Prevotella and low
abundance of classical ruminal bacterial species in the bovine rumen revealed
by relative quantification real-time PCR. Appl. Microbiol. Biotechnol. 75,
165–174. doi: 10.1007/s00253-006-0802-y

Udén, P. (2006). Recovery of insoluble fibre fractions by filtration and
centrifugation. Anim. Feed Sci. Technol. 129, 316–328. doi: 10.1016/j.anifeedsci.
2006.01.011

van Gylswyk, N. O. (1995). Succiniclasticum ruminis gen. nov., sp. nov., a ruminal
bacterium converting succinate to propionate as the sole energy-yielding
mechanism. Int. J. Syst. Bacteriol. 45, 297–300. doi: 10.1099/00207713-45-2-
297

Weimer, P. J. (2015). Redundancy, resilience, and host specificity of the ruminal
microbiota: implications for engineering improved ruminal fermentations.
Front. Microbiol. 6:296. doi: 10.3389/fmicb.2015.00296

Weimer, P. J., Stevenson, D. M., Mantovani, H. C., and Man, S. L. C. (2010).
Host specificity of the ruminal bacterial community in the dairy cow following
near-total exchange of ruminal contents. J. Dairy Sci. 93, 5902–5912. doi:
10.3168/jds.2010-3500

Weimer, P. J., Stevenson, D. M., Mertens, D. R., and Hall, M. B. (2011). Fiber
digestion, VFA production, and microbial population changes during in vitro
ruminal fermentations of mixed rations by monensin-adapted and unadapted
microbes. Anim. Feed Sci. Technol. 169, 68–78. doi: 10.1016/j.anifeedsci.2011.
06.002

Westcott, S. L., and Schloss, P. D. (2017). OptiClust, an improved method
for assigning amplicon-based sequence data to operational taxonomic Units.
mSphere 2:e0073-17.

Wickham, H. (2009). ggplot2: Elegant Graphics for Data Analysis. New York:
Springer-Verlag.

Williams, A. G., and Coleman, G. S. (1992). The Rumen Protozoa. Berlin: Springer
Science & Business Media.

Yáñez-Ruiz, D. R., Abecia, L., and Newbold, C. J. (2015). Manipulating rumen
microbiome and fermentation through interventions during early life: a review.
Front. Microbiol. 6:1133. doi: 10.3389/fmicb.2016.1133

Frontiers in Microbiology | www.frontiersin.org 17 September 2020 | Volume 11 | Article 531404434

https://doi.org/10.1128/aem.05114-11
https://doi.org/10.1093/femsec/fiv137
https://doi.org/10.1371/journal.pone.033306
https://doi.org/10.1371/journal.pone.033306
https://doi.org/10.1128/aem.00720-15
https://doi.org/10.1007/s00109-016-1492-2
https://doi.org/10.3390/v5030806
https://doi.org/10.3390/v5030806
https://doi.org/10.1038/nrgastro.2016.4
https://doi.org/10.1371/journal.pone.0214777
https://doi.org/10.1371/journal.pone.0214777
https://doi.org/10.1016/j.biortech.2019.121324
https://doi.org/10.1016/j.biortech.2019.121324
https://doi.org/10.1016/j.anifeedsci.2006.06.005
https://doi.org/10.3168/jds.s0022-0302(82)82477-6
https://doi.org/10.3389/fmicb.2016.01854
https://doi.org/10.1371/journal.pone.091864
https://doi.org/10.1371/journal.pone.061217
https://doi.org/10.1016/j.anifeedsci.2005.05.002
https://doi.org/10.3389/fmicb.2016.1313
https://CRAN.R-project.org/package
https://doi.org/10.1111/ejss.12350
https://doi.org/10.3389/fmicb.2016.02032
https://doi.org/10.3389/fmicb.2016.02032
https://doi.org/10.1371/journal.pone.111710
https://doi.org/10.1371/journal.pone.08230
https://doi.org/10.1128/aem.01541-09
https://doi.org/10.1128/aem.01541-09
https://doi.org/10.1016/j.anifeedsci.2013.06.003
https://doi.org/10.1016/j.anifeedsci.2013.06.003
https://doi.org/10.1007/s00253-006-0802-y
https://doi.org/10.1016/j.anifeedsci.2006.01.011
https://doi.org/10.1016/j.anifeedsci.2006.01.011
https://doi.org/10.1099/00207713-45-2-297
https://doi.org/10.1099/00207713-45-2-297
https://doi.org/10.3389/fmicb.2015.00296
https://doi.org/10.3168/jds.2010-3500
https://doi.org/10.3168/jds.2010-3500
https://doi.org/10.1016/j.anifeedsci.2011.06.002
https://doi.org/10.1016/j.anifeedsci.2011.06.002
https://doi.org/10.3389/fmicb.2016.1133
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-531404 September 21, 2020 Time: 17:15 # 18

McDermott et al. Cross Inoculation of Rumen Fluid

Yáñez-Ruiz, D. R., Bannink, A., Dijkstra, J., Kebreab, E., Morgavi, D. P., O’kiely,
P., et al. (2016). Design, implementation and interpretation of in vitro batch
culture experiments to assess enteric methane mitigation in ruminants—a
review. Anim. Feed Sci. Technol. 216, 1–18. doi: 10.1016/j.anifeedsci.2016.
03.016

Zhou, M., Peng, Y.-J., Chen, Y., Klinger, C. M., Oba, M., Liu, J.-X., et al. (2018).
Assessment of microbiome changes after rumen transfaunation: implications
on improving feed efficiency in beef cattle. Microbiome 6:62.

Zorec, M., Vodovnik, M., and Marinsek-Logar, R. (2014). Potential of selected
rumen bacteria for cellulose and hemicellulose degradation. Food Technol.
Biotechnol. 52, 210–221.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 McDermott, Lee, McDowall and Greathead. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 18 September 2020 | Volume 11 | Article 531404435

https://doi.org/10.1016/j.anifeedsci.2016.03.016
https://doi.org/10.1016/j.anifeedsci.2016.03.016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact 

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover
	Frontiers eBook Copyright Statement
	Gut Microbiome Modulation in Ruminants: Enhancing Advantages and Minimizing Drawbacks
	Table of Contents
	Editorial: Gut Microbiome Modulation in Ruminants: Enhancing Advantages and Minimizing Drawbacks
	Early Life Nutritional Interventions
	Gut Microbiota and Health
	Diet Composition
	Feed Additives
	Feed Efficiency
	Rumen Methanogenesis
	Rumen Protozoa
	Technological Advances to Understand the Rumen Microbiome
	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References

	Application of MootralTM Reduces Methane Production by Altering the Archaea Community in the Rumen Simulation Technique
	Introduction
	Materials and Methods
	Ethics Statement
	Plant Material
	Rumen Simulation Technique (Rusitec) Experiment
	Sampling and Sample Analysis
	DNA Isolation
	Single Strand Conformation Polymorphism
	Statistical Analysis
	16S DNA Illumina Sequencing and Data Analysis
	Accession Number

	Results
	Effect of the Experimental Mixture on Bacterial Fermentation
	Gas Production
	SSCP Analysis
	Illumina Amplicon Sequencing
	Archaeal Community Composition
	Intra and Inter Community Diversity
	Effects of the Treatments on the Archaeal Community Composition
	Correlation of Archaeal OTU Abundance to Methane Production


	Discussion
	Mootral Effectively Reduced Methane Production Without Impairing Ruminal Fermentation
	Mootral Induced Changes in the Archaeal Community Composition
	Several OTUs Can Be Linked to Specific Treatment Groups and Might Contribute to Differences in Methane Production

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Dynamic Distribution of Gut Microbiota in Goats at Different Ages and Health States
	Introduction
	Materials and Methods
	Ethics Statement
	Animals and Sample Collection
	DNA Extraction
	PCR Amplification of 16S rDNA
	Bioinformatics and Statistical Analysis

	Results
	DNA Sequence Data and Microbial Diversity Index Analysis
	Bacterial Community Composition at Different Taxonomical Levels
	Correlation of GM With Health Level and Age Difference

	Discussion
	Conclusion
	Author Contributions
	Funding
	References

	Shifts of Hydrogen Metabolism From Methanogenesis to Propionate Production in Response to Replacement of Forage Fiber With Non-forage Fiber Sources in Diets in vitro
	Introduction
	Materials and Methods
	Experimental Design and in vitro Incubation
	Sampling and Analyses of Biogas and VFAs
	DNA Extraction
	Microbial 16S rRNA Genes Amplification and Illumina Sequencing
	Sequencing Data Processing and Analysis
	Statistical Analysis
	Nucleotide Sequence Accession Number

	Results
	Biogas Production, Degradability, pH, and VFA
	Diversity of Methanogenic and Bacterial Community
	Archaea
	Bacteria

	Relative Abundance of Methanogenic and Bacterial Communities
	Archaea
	Bacteria


	Discussion
	Archaea
	Bacteria

	Conclusion
	Author Contributions
	Funding
	References

	Comparison of Mothur and QIIME for the Analysis of Rumen Microbiota Composition Based on 16S rRNA Amplicon Sequences
	Introduction
	Results
	Taxonomical Richness
	Classification
	GreenGenes
	SILVA

	Diversity

	Discussion
	Materials and Methods
	Filtering and Chimera Removal
	Richness and Relative Abundance
	Dissimilarity Matrix and Principal Component Analyses

	Author Contributions
	Funding
	Acknowledgments
	References

	Composition of Rumen Bacterial Community in Dairy Cows With Different Levels of Somatic Cell Counts
	Introduction
	Materials and Methods
	Ethics Statement
	Experimental Design
	Sample Collection and Analysis
	DNA Extraction and Sequencing
	Analysis of Sequencing Data
	Statistical Analysis

	Results
	Measurement of SCC, Lactation Performance and Rumen VFAs
	Rumen Bacterial Communities in Cows With Different Levels of SCC
	Differential Rumen Bacterial Taxa in Cows With Different Levels of SCC

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	A Multi-Kingdom Study Reveals the Plasticity of the Rumen Microbiota in Response to a Shift From Non-grazing to Grazing Diets in Sheep
	Introduction
	Materials and Methods
	Animals and Diets
	Rumen Sampling and Analyses
	Next Generation Sequencing (NGS)
	Calculations and Statistical Analyses

	Results
	Rumen Fermentation and Microbial Diversity
	Core Microbiota and Microbial Network
	Bacterial Community Structure and Taxonomy
	Methanogens and Protozoa Community Structure and Taxonomy
	Fungal Community Structure and Taxonomy

	Discussion
	Rumen Core Microbiota
	Rumen Microbiota in Animals fed Non-grazing Diets
	Microbial Adaptation to Grazing Diets

	Implications
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Nutritional Interventions Improved Rumen Functions and Promoted Compensatory Growth of Growth-Retarded Yaks as Revealed by Integrated Transcripts and Microbiome Analyses
	Introduction
	Materials and Methods
	Ethics Statement
	Experimental Animals and Design
	Sample Collection
	Comparative Transcriptome of the Ruminal Epithelium Between Growth-Retarded and Normal Yaks
	Nutritional Regulated of Rumen Functional Gene Expressions Detected by Real-Time PCR (qRT-PCR)
	Microbial DNA Extraction, Library Construction and Sequencing
	Statistical Analyses
	Sequence Data Accession Numbers

	Results
	Effects of Nutritional Interventions on the Growth Performance of Growth-Retarded Yaks
	Effects of Nutritional Interventions on the Serum Parameters of Growth-Retarded Yaks
	Effects of Nutritional Interventions on the Rumen Histomorphology of Growth-Retarded Yaks
	Comparative Transcriptome Analysis of the Ruminal Epithelium Between Growth-Retarded and Normal Yaks
	Effects of Nutritional Interventions on Ruminal Epithelium Functional Gene Expression of Growth-Retarded Yaks
	Effects of Nutritional Interventions on Rumen Bacterial Fermentation of Growth-Retarded Yaks
	Effects of Nutritional Interventions on Rumen Bacterial Community of Growth-Retarded Yaks
	Correlations Between Ruminal Epithelium Gene Expression and Bacteria Populations

	Discussion
	Effects of Nutritional Interventions on Compensatory Growth and Rumen Development of Growth-Retarded Yaks
	Effects of Nutritional Interventions on Ruminal Epithelium Transcripts of Growth-Retarded Yaks
	Effects of Nutritional Interventions on Rumen Bacterial Fermentation and Community of Growth-Retarded Yaks
	Correlation Between Ruminal Epithelium Gene Expressions and Bacteria Populations

	Author Contributions
	Funding
	Supplementary Material
	References

	Saponin-Induced Shifts in the Rumen Microbiome and Metabolome of Young Cattle
	Introduction
	Materials and Methods
	Animals, Diets, and Experimental Design
	Sample Collection and Measurements
	DNA Extraction and Sequencing
	Bioinformatic Analysis
	Metabolite Extraction
	LC-MS/MS Analysis
	Metabolomic Data Preprocessing and Multivariate Statistical Analysis
	Construction of the Metabolic Pathway
	Correlations Between Microbial Communities and Rumen Metabolites
	Statistical Analysis

	Results
	Rumen Fermentation Characteristics
	Saponin-Induced Ruminal Bacteria Changes
	Predicted Function of the Rumen Microbiota in Response to Saponins
	Metabolomic Profiles in the Rumen
	Identification of Metabolites
	Correlation Between the Rumen Microbiome and Metabolome

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Long-Term Encapsulated Nitrate Supplementation Modulates Rumen Microbial Diversity and Rumen Fermentation to Reduce Methane Emission in Grazing Steers
	Introduction
	Materials and Methods
	Animals and Grazing Area
	Experimental Supplements
	Intake Estimation
	Methane Emissions and Body Weight Gain
	Rumen Fermentation Parameters
	Ruminal Microorganism
	Statistical Analyzes

	Results
	Intake, Methane Emissions, and Weight Gain
	Rumen Fermentation Parameters
	Ruminal Microorganism

	Discussion
	Data Availability
	Author Contributions
	Funding
	Supplementary Material
	References

	Corrigendum: Long-Term Encapsulated Nitrate Supplementation Modulates Rumen Microbial Diversity and Rumen Fermentation to Reduce Methane Emission in Grazing Steers
	Metagenomic Analyses of Microbial and Carbohydrate-Active Enzymes in the Rumen of Holstein Cows Fed Different Forage-to-Concentrate Ratios
	Introduction
	Materials and Methods
	Experimental Design, Animals Feeding, and Sample Collection
	Enzyme Activity Analysis
	RNA Extraction, RNA Reverse Transcription, and qPCR Primer Design and Analysis
	DNA Extraction, 16S rRNA Gene Amplicon Preparation, and Sequencing
	Metagenome Library Preparation and Sequencing
	Metagenome Assembly and Bioinformatic Analysis
	CAZyme Annotation and Taxonomic Profiling
	Pyrosequencing Data Accession Number
	Statistical Analysis

	Results
	Rumen Metagenome Sequence Data Statistics and Rumen Bacterial Diversity
	Rumen Metagenome Mapping for CAZymes and Microbial Composition
	Comparison of GH Families of Cows Fed Two Different Diets
	Enzyme Activity of Cows Fed Two Different Diets
	Fiber-Degrading Bacteria Characterization and Predominant Fiber-Degrading Bacteria Relative Quantification

	Discussion
	Rumen Metagenome Mapping for CAZymes
	GH Family Composition and Diversity
	Microbial Community Analysis of Putative CAZyme Contigs and Cellulase Degradation

	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	The Bacterial and Fungal Microbiota of Nelore Steers Is Dynamic Across the Gastrointestinal Tract and Its Fecal-Associated Microbiota Is Correlated to Feed Efficiency
	Introduction
	Materials and Methods
	Animals, Diets, and Sampling
	Concentration of Volatile Fatty Acids
	DNA Extraction and Sequencing
	Sequence Analysis
	Statistical Analysis

	Results
	Sequencing
	The Bacterial Microbiota Changes Across the Gastrointestinal Tract
	The Fungal Ruminal Microbiota Differs From the Distal Segment of the Gastrointestinal Tract
	Microbial Fermentation Profile Changes Across the Gastrointestinal Tract
	Specific Bacterial and Fungal OTUs in Fecal Samples Are Associated With the p-RFI and n-RFI Phenotype in Nelore Steers

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	The Association Between Inflammaging and Age-Related Changes in the Ruminal and Fecal Microbiota Among LactatingHolstein Cows
	Introduction
	Materials and Methods
	Ethics Statement
	Experimental Design and Sample Collection
	The Measurement of Cytokines and Milk Components, and Routine Blood Analysis
	Determination of Ruminal and Fecal Bacteria Communities
	Statistical Analysis
	Nucleotide Sequence Accession Numbers

	Results
	Changes of Inflammation-Related Cytokines, Routine Bloods, and Production Performances With Increasing Age
	Variation of Fecal Microbiota Among the Six Farms
	Change of Fecal Bacterial Communities With Increasing Age
	Changing Pattern of Bacterial Functions With Increasing Age
	Correlation Analysis
	Further Association of the Ruminal Bacteria to the Lactation Group, and to Fecal Bacteria and Physiological Indexes

	Discussion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Dietary Bioactive Lipid Compounds Rich in Menthol Alter Interactions Among Members of Ruminal Microbiota in Sheep
	Introduction
	Materials and Methods
	Experimental Design, Animals, and Feeding
	Feed Analysis
	Sampling of Ruminal Solid and Liquid Fractions and Microbiota Analysis
	Extraction of DNA
	16S rRNA Gene Sequencing and Downstream Analysis
	Prediction of Metabolic Pathways and Functions of Microbiota
	Statistical Analysis

	Results
	Ruminal Fermentation
	Rumen Microbiota Diversity
	Microbiota Composition
	Correlations Between Microbial Taxa and SCFA
	Interactions Among Microbiota
	Predicted Functions and Metabolic Pathways of the Bacterial Microbiota

	Discussion
	Effect of PBLC on Ruminal Fermentation
	Effect of PBLC on Ruminal Microbiota
	Correlations Between SCFA and Ruminal Microbiota
	Interactions Among Microbiota
	Functional Redundancy in the Ruminal Microbiota

	Conclusion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Characterization and Comparison of Microbiota in the Gastrointestinal Tracts of the Goat (Capra hircus) During Preweaning Development
	Introduction
	Materials and Methods
	Ethics Statement
	Animals and Sample Collection
	DNA Abstract, PCR Amplification, 16S rRNA Sequencing, and Data Processing
	Prediction of Microbial Function
	Quantitative Real-Time PCR Analysis
	Statistical Analysis

	Results
	Data Acquisition and Analysis
	Temporal Changes of Bacterial Microbiome in Rumen, Small Intestine, and Large Intestine
	Bacterial Diversity and Composition Across Different Goat Gastrointestinal Tracts
	Predicted Function of Bacteria Based on 16S rRNA Gene Sequencing
	Comparison of Total Bacterial Microbiota Among Each Goat GIT

	Discussion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Use of Lactic Acid Bacteria to Reduce Methane Production in Ruminants, a Critical Review
	Introduction
	Results and Discussion
	General Characteristics of Lactic Acid Bacteria
	LAB and the Rumen
	How Are LAB Used in Ruminant Agriculture?
	Methanogens and the Rumen
	How Have LAB Been Shown to Affect Ruminant CH4 Production?

	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References

	Evaluating Strategies to Reduce Ruminal Protozoa and Their Impacts on Nutrient Utilization and Animal Performance in Ruminants – A Meta-Analysis
	Introduction
	Materials and Methods
	Data Collection
	Inclusion Criteria
	Experiments Included
	Statistical Analysis

	Results
	Effects on Ruminal Bacteria and Methane Production
	Effectiveness of Supplemental Phytochemicals and Lipids on RP Numbers Inhibition
	Effects on Total Tract Digestibility
	Effects on Ruminal Fermentation and Ammonia Concentration
	Effects on DMI, Body Weight Gain, Milk Yields, and Milk Compositions
	Effects of Treatment, RP Numbers, and Their Interaction on Ruminal Microbe, Ruminal Fermentation, and Animal Performance

	Discussion
	Future Perspectives About Inhibition of Ruminal Protozoa

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Inhibition of Rumen Protozoa by Specific Inhibitors of Lysozyme and Peptidases in vitro
	Introduction
	Materials and Methods
	Inhibitor Selection
	Preparation of Protozoa-Enriched Rumen Fluid and in vitro Experimental Procedures
	DNA Extraction and Microbiome Analysis
	Quantitative Real-Time PCR
	Statistical Analysis

	Results
	The Protozoa Present in the Rumen of the Two Cows
	Effects of Lysozyme and Peptidase Inhibitors on the Counts of Rumen Protozoa
	Effect of the Lysozyme and Peptidase Inhibitors on the Prokaryotic Microbiota
	Effects of Lysozyme and Peptidase Inhibitors on Fermentation Characteristics
	Effect of the Lysozyme and Peptidase Inhibitors on the Predicted Functions of the Microbiota

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Feed Additives Differentially Impact the Epimural Microbiota and Host Epithelial Gene Expression of the Bovine Rumen Fed Diets Rich in Concentrates
	Introduction
	Materials and Methods
	Experimental Design and Sample Collection
	Rumen Papilla Biopsies
	DNA-Extraction and Sequencing
	RNA Isolation and Reverse Transcription qPCR
	Statistical Analyses

	Results
	Diversity of the Epithelial Microbiota
	Microbial Composition
	Biomarker Genera Within the Epithelial Microbial Community
	mRNA Expression of Host Genes
	Correlation Analysis for Rumen Epithelial Ecology

	Discussion
	Role of AY
	Role of PHY

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Changes in the  Solid-, Liquid-, and Epithelium-Associated Bacterial Communities in the Rumen of Hu Lambs in Response to Dietary Urea Supplementation
	Introduction
	Materials and Methods
	Experimental Design, Animals and Diets
	Sample Collection
	Measurement of Rumen Fermentation Parameters
	DNA Extraction, PCR Amplification, Library Construction and Sequencing
	Sequences Analysis
	Quantitative Real-Time PCR
	Statistical Analysis

	Results
	Rumen Fermentation Parameters of the Lambs in the Three Treatment Groups
	Summary of Sequence Analysis of the Bacterial 16S rRNA Gene
	Bacterial Community and Potential Function in the Solid Fraction Under the Three Treatments
	Bacterial Community and Potential Function in the Liquid Fraction Under the Three Treatments
	Bacterial Community and Potential Function in the Epithelial Fraction Under the Three Treatments
	Quantification of Protozoal Density

	Discussion
	Differences in the Rumen Fermentation Parameters Among the Three Treatments
	Differences in Bacterial Community Structure Among the Solid, Liquid, and Epithelial Fractions
	Changes in the Rumen Bacteria With Urea Supplementation

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	From Maternal Grazing to Barn Feeding During Pre-weaning Period: Altered Gastrointestinal Microbiota Contributes to Change the Development and Function of the Rumen and Intestine of Yak Calves
	Introduction
	Materials and Methods
	Animals and Experimental Design
	Sample Collection and Determination of Organ Index
	Determination of Rumen and Intestinal Morphology
	Determination of VFA in Rumen Fluid
	Measurement of the Activities of Gastrointestinal Digestive Enzymes and Immune Cytokines
	Microbial DNA Extraction, 16S rRNA Gene Amplification of the V3 + V4 Region, Sequencing, and Bioinformatics Analysis
	RNA Isolation From the Rumen Epithelium, Sequencing, and Bioinformatics Analysis
	qRT-PCR Analysis
	Statistical Analysis

	Results
	Barn Feeding of Yak Calves During Early Life Significantly Promoted Growth and Organ Development
	Significantly Enhanced Rumen Fermentation, Intestinal Digestion, and Gastrointestinal Development Were Identified in the Yak Calves in the Barn Feeding Group
	Barn Feeding Was Beneficial to the Gastrointestinal Immune Function of Yak Calves
	Diversity and Abundance Changes of Gastrointestinal Microbiota Response to Two Different Feeding Strategies

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Metabolic Hydrogen Flows in Rumen Fermentation: Principles and Possibilities of Interventions
	Introduction
	Background
	Definitions
	Carbohydrate Metabolism and Production of Volatile Fatty Acids
	The Role of Dihydrogen as an Intercellular Electron Carrier
	Production of Volatile Fatty Acids and Balances of Reducing Equivalents
	Other Incorporating Pathways Incorporating Metabolic Hydrogen
	Importance of the Rumen Fermentation Profile

	Discussion
	The Control of the Rumen Fermentation Profile
	Effects of Electron Carriers Other Than Dihydrogen on the Rumen Fermentation Profile
	The Competition for Dihydrogen
	Effects of Dihydrogen Accumulation on the Rates of Fermentation and Digestion
	Effects of Metabolic Hydrogen Flows on Microbial Growth

	Conclusion and Future Directions
	Author Contributions
	Funding
	Supplementary Material
	References

	Identification of Complex Rumen Microbiome Interaction Within Diverse Functional Niches as Mechanisms Affecting the Variation of Methane Emissions in Bovine
	Introduction
	Materials and Methods
	Animals, Experimental Design, and Diets
	Genomic Analysis
	Co-abundance Network Analysis
	Influence of Each Cluster in CH4 Emissions
	Animal Grouping, Statistical Analysis, and Separate Co-abundance Networks

	Results
	Systemic Factors Influencing CH4 Emissions
	Composition of the 10 Clusters in the Rumen Microbiome of 63 Beef Cattle
	Identification of the Main Clusters and Variables Explaining Variability in CH4 Emissions
	Changes in Methanogenesis Cluster Between HME and LME

	Discussion
	Functional Niches in the Rumen Microbiome
	Importance of Methanogens Explaining Differences in CH4 Emissions Between HME and LME
	Importance of the Network Structuring Organic Matter Metabolic Pathways
	Importance of Clusters Involved in Metabolite Pathways Impacting on CH4 Emissions

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Effects of Dietary Energy Levels on Rumen Fermentation, Microbial Diversity, and Feed Efficiency of Yaks (Bos grunniens)
	Introduction
	Materials and Methods
	Ethics Statement
	Animals, Diets, and Experimental Design
	Sample Collection
	Determination of Rumen Fermentation Parameters
	Rumen Bacterial Diversity Analysis
	Analysis of the Transcripts Abundance of VFA Transporter Genes
	Statistical Analysis
	Data Availability

	Results
	Yak Growth Performance
	Rumen VFA Concentrations and Transcript Abundances of VFA Transporter Genes
	Bacterial 16S rRNA Gene Sequencing
	Bacterial Diversity Analysis
	Correlation of Bacterial Genera With VFA Concentrations and Transcript Abundances of VFA Transporter Genes

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Metagenomic Analyses of Microbial and Carbohydrate-Active Enzymes in the Rumen of Dairy Goats Fed Different Rumen Degradable Starch
	Introduction
	Materials and Methods
	Ethics
	Animals and Diets
	Sample Collection and Analysis
	DNA Extraction, Metagenome Library Preparation and Sequencing
	Sequence Quality Control and Genome Assembly
	Gene Prediction, Taxonomy, and Functional Annotation
	Pyrosequencing Data Accession Number
	Statistical Analysis

	Results
	Ruminal Parameters
	Ruminal Microbial Composition
	Functions of the Rumen Microbiome
	Carbohydrate Genes Related to Carbohydrate Degradation Pathway
	The Fermentation Pathways From Pyruvate Into Acetate and Propionate by Microorganisms


	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Effect of Alfalfa Hay and Starter Feeding Intervention on Gastrointestinal Microbial Community, Growth and Immune Performance of Yak Calves
	Introduction
	Materials and Methods
	Ethics Approval Statement
	Animals and Experimental Design
	Sample Collection
	Measurement of Blood and Plasma Biochemical and Immune Indexes
	Determination of Rumen and Intestinal Morphology
	Determination of VFAs in Rumen Fluid
	Measurement of the Activities of Gastrointestinal Digestive Enzymes and Immune Cytokines
	Microbial DNA Extraction, 16S rRNA Gene Amplification of the V3 + V4 Region, Sequencing, and Bioinformatics Analysis
	Rumen Epithelial RNA Isolation, Sequencing, and Bioinformatics Analysis
	Quantitative Real-Time PCR (qRT-PCR) Analysis
	Statistical Analysis

	Results
	Simultaneous Supplementation of Alfalfa and Starter Feeding Significantly Promoted the Growth of Yak Calves
	Simultaneous Supplementation of Alfalfa*-0.55pt and Starter Feeding Significantly*-0.55pt Enhanced the Ruminal Fermentation and*-0.55pt Epithelium Development, and Increased*-0.55pt Ruminal and Abomasal Enzymic*-0.55pt Activities*-0.55pt
	Simultaneous Supplementation of Alfalfa and Starter Feeding Significantly Increased Intestinal Enzymic Activities and Promoted Intestinal Epithelium Development
	Simultaneous Supplementation of Alfalfa and Starter Feeding Significantly Enhanced Health Condition of Yak Calves
	Significantly Altered Gastrointestinal Microbiota Induced by Simultaneous Supplementation of Alfalfa and Starter Feeding

	Discussion
	Simultaneous Supplementation of Alfalfa and Starter Feeding Was Mostly Beneficial to Promote the Growth and Improve Immune Functions of Yak Calves
	Alfalfa and Starter Feeding Significantly Promoted the Growth and Improved Gastrointestinal Immune Functions of Yak Calves in Differential and Complementary Ways
	Altered Gastrointestinal Microbiota in Response to Alfalfa and Starter Feeding Intervention Contribute to Improved Gastrointestinal Nutrient Utilization and Immune Homeostasis in Yak Calves

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Identification of Microbial Genetic Capacities and Potential Mechanisms Within the Rumen Microbiome Explaining Differences in Beef Cattle Feed Efficiency
	Introduction
	Materials and Methods
	Ethics Statement
	Animals, Experimental Design, and Animal Grouping
	Metagenomics Annotation and Analysis
	Statistical Analysis

	Results
	Differences in Microbial Activities and Host Feed Efficiency Between Groups of Differently Feed Efficiency Animals
	Variation in the Rumen Microbiome Composition Between Low and High Feed Efficiency Animals*1pt
	Selected Rumen Microbiome Genes and Potential Mechanisms Explaining Variation in FCR and RFI
	Identification of Potential Microbial*1pt Species Carrying Studied Genes and*1pt Explaining Variation in FCR and RFI*1pt

	Discussion
	Contribution of the Rumen Microbial Communities in Low and High Feed Efficient Beef Cattle
	Importance of Microbial Biomarkers Explaining Differences in Feed Efficiency in Beef Cattle
	Possible Microbial Mechanisms Detected in High Feed Efficient Beef Cattle
	Possible Microbial Mechanisms Detected in Low Feed Efficient Beef Cattle
	Link Between Methane Emissions and Feed Efficiency in Beef Cattle

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Repeated Inoculation of Young Calves With Rumen Microbiota Does Not Significantly Modulate the Rumen Prokaryotic Microbiota Consistently but Decreases Diarrhea
	Introduction
	Materials and Methods
	Animal Experiment and Rumen Microbiota Inoculation
	Animal Growth Measurement, Sampling, and Analysis
	Rumen Prokaryotic Microbiota Analysis
	Statistical Analysis

	Results
	Repeated Inoculation With Rumen Microbiota Had No Effect on Animal Growth Performance
	Repeated Inoculation With Rumen Microbiota Reduced Diarrhea
	Repeated Inoculation With Rumen Microbiota Had Limited Effect on the Rumen Prokaryotic Microbiota and Its Functions in Calves

	Discussion
	Repeated Inoculation With Rumen Microbiota Had No Effect on Animal Growth Performance
	Repeated Inoculation With Rumen Microbiota Had Limited Effect on the Rumen Prokaryotic Microbiota and Its Predicted Functions in Calves
	Repeated Inoculation With Rumen Microbiota Reduces Diarrhea

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Ruminal Fermentation Pattern, Bacterial Community Composition, and Nutrient Digestibility of Nellore Cattle Submitted to Either Nutritional Restriction or Intake of Concentrate Feedstuffs Prior to Adaptation Period
	Introduction
	Materials and Methods
	Animals, Treatments, and Management
	Feeding Behavior and Particle Sorting
	Sample Collection and Laboratory Methods
	In situ Degradability
	Ruminal Fermentation Variables
	Ruminal Protozoa Counting
	Ruminal Bacterial Community Composition

	Total Tract Apparent Digestibility
	Ruminal Dynamics
	Statistical Analysis

	Results and Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Cross Inoculation of Rumen Fluid to Improve Dry Matter Disappearance and Its Effect on Bacterial Composition Using an in vitro Batch Culture Model
	Introduction
	Materials and Methods
	Experimental Design
	Experiment 1
	Experiment 2

	Chemical Analysis
	Bacterial Community Analysis
	Statistical Analysis
	Curve Fitting
	Data Availability

	Results
	Experiment 1
	DM Disappearance and Fermentation Parameters
	Bacterial Community
	Diversity indices and community composition


	Experiment 2
	DM Disappearance and Fermentation Parameters
	Bacterial Community Composition
	Good and bad profile from neat inoculum
	Bacterial community of fermentation samples
	Diversity indices and bacterial community composition



	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Back Cover



