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Editorial on the Research Topic

The interaction between digestive tract microbes and hosts in poultry

As a high-quality source of animal protein, poultry meat and egg products are

an important component of a rich, healthy, and well-balanced diet for humans. In

domestic animals, the health and function of the gut barrier is related to their growth

and performance. The intestinal microbiota and their products are an important part of

the intestinal mucosal barrier, and they have a profound influence on the functioning of

the intestine and thus of the host. Studies in mammals have shown that the intestinal

microbiota is essential for gut development, maturation, metabolism, and immune

programming. In birds, the intestinal microbiota also plays an important role in host

physiology (1). However, the characteristics of the colonization and prevalence of

intestinal microbiota in poultry have not been well studied. A better understanding of the

assembly and community composition of the microbiota in discrete periods of life will

therefore help elucidate the important role of the microbiome in poultry physiology (1).

Previous studies have confirmed that the structure of the intestinal microbiota (including

its diversity and abundance) is highly plastic and modifiable, and that the age of the host

has a dramatic effect on the colonization and prevalence of various microbes, as well as

on some of their unique regulatory functions. The effect of the host’s growth and aging on

the colonization and prevalence of digestive tract microbiota, particularly on microbial

function and metabolites, still needs further study in poultry.

Unlike mammals, birds have a relatively short growth cycle, but the composition

and proportions of the dominant intestinal microbiota during the early-life period are

quite different from those during the adult-life period (1). In Arbor Acres (AA) broiler

chickens, Firmicutes (F) (90.50%), Proteobacteria (5.57%), and Tenericutes (2.99%) made

up 99% of the cecal microbiota during the first phase of life (days 1–21). The proportions

of these three phyla in the cecum were reduced to 28.52, 2.51, and 1.20%, respectively,

during the second phase (days 22–42), while Bacteroidetes (B) was greatly increased, from

0.44 to 67.35%. The F/B ratio decreased from a value in the hundreds at 21 days of age to
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a few tenths at 42 days of age (i.e., by 600 times), suggesting that

the F/B ratio cannot be used as a measure of gut health in birds

as it is in mammals.

In this special e-collection, a long-term observation of the

changes of the intestinal microbiota in hens (Sun et al.) verified

that the diversity, composition, and function of the chicken

intestinal microbiota were distinct in different growth periods.

The dynamic succession of microbiota across the duodenum,

cecum, and feces of broilers at 1, 7, 21, and 35 days of age

(Zhou et al.) sheds direct light on the spatial and temporal

heterogeneity of the colonization of intestinal microbiota.

Moreover, several genera identified as distinct intestinal segment

biomarkers also changed with the growth of the hen and across

different intestinal segments. The community diversity of the

cecum increased rapidly over time and gradually reached a

relatively stable state, which confirms that the poultry cecum is a

species reservoir of intestinal microbes.

Ma J. et al. offer a gene catalog detailing the cecal bacteria

of Japanese quail, along with a discussion of gender-based

differences in bacterial composition. Insights like these can

foster greater understanding of the microbiota in the quail

ceca. However, due to the diversity of species, genera, breeds,

and lines in poultry, and due to variation in the farming

scales, growing stages, environments, and/or disease models

ranging from cultured communities, longitudinal observations

on and research into digestive tract microbes in poultry are still

lacking (2). Comparisons among different breeds or lines are

even scarcer.

Over the past decade, combined omics-informed studies

have revealed that intestinal microbiota and their metabolites

aid in the programming of important bodily systems such as

the immune and the central nervous system during critical

temporal windows of development, with possible structural and

functional implications throughout the lifespan (3). A recent

review of human early-life gut microbiota alteration (Guo et al.)

integrated current evidence to describe the feasibility of the

“able-to-be-regulated microbiota,” summarized the underlying

mechanisms of the “microbiota-driven immune system

education,” explored the optimal intervention time window, and

discussed the potential of designing early-probiotic treatment

as a new prevention strategy for inflammatory bowel disease.

In particular, nutritional interventions and environmental

stimulation during the early-life period are essential for the

plasticity and transitivity of characteristic functional intestinal

microbiota and the consequent programming of digestive

tract maturation, metabolism, and immunity. This early-life

period (i.e., from birth until the microbiota reach an adult

or pediocratic phenotype) opens up an exciting window

of opportunity.

A chick embryo model was used to investigate the effects of

L-arginine in ovo on the intestinal development and microbial

succession of embryos (Dai et al.).Modifications to themicrobial

assembly pattern and succession, particularly the enrichment

of several short-chain fatty acid (SCFA)–producing bacteria,

could mediate L-arginine supplementation, thereby improving

embryonic intestine development.

In geese, persistent purine abnormalities may lead to

aggravation of visceral inflammation and intestinal Bacteroides

dysbiosis (Ma W. et al.). In broiler chickens, heat stress affected

the modification of primary bile acids (BA) by altering the cecal

microbiota composition (Yin et al.), leading to disturbance of

BA metabolism, which probably influenced their heat stress

resistance capability. Treatment of postnatal ducks with blue

light (Xia et al.) significantly increased the beta diversity of

their intestinal microbiota and the relative abundances of BA

hydrolase–producing bacteria, which was accompanied by an

increase in the leg muscle and in the relative length of the

intestine. These findings may contribute to exploring nutritional

strategies for establishing health-promoting microbiota by

manipulating host-microbe interactions during the early-life

period for the healthy development of birds.

A series of metabolites and derivatives of intestinal

microbiota, such as SCFAs, lipopolysaccharides, secondary BAs,

trimethylamine, imidazolpropionic acid, branch chain amino

acids, and indole, can be used as messengers to influence a range

of factors, including host energy homeostasis, obesity, appetite,

blood sugar regulation, insulin sensitivity, inflammation, and

endocrine regulation, and to regulate host metabolism (4).

SCFAs are metabolites, mainly composed of acetate, propionate,

and butyrate, generated by bacterial fermentation of dietary fiber

in the hindgut (Liu et al.). They are primarily absorbed from

the intestine and used by enterocytes as a key substrate for

energy production. One crucial property of intestinal microbiota

in poultry is to establish resistance against pathogen invasion

and colonization by fermenting non-digestible carbohydrates

into SCFAs and then releasing H+ and decreasing the pH of

the hindgut. SCFAs (mainly butyrate) consume luminal oxygen

to create an anaerobic environment, thereby reducing aerobic

pathogens such as Salmonella in the gut lumen. Studies have

demonstrated that SCFAs (e.g., propionate, butyrate, formate,

caproate) can inhibit colonization by several pathogens, such as

Salmonella spp., Salmonella typ., Escherichia coli, and Shigella

spp., tomaintain a stablemicrobial environment in the intestines

of broiler chickens.

In this special e-collection, there are 10 papers which have

shown that SCFAs play a significant role in the regulation of

intestinal health in poultry. Several genera that are related to

the production of SCFAs, including Blautia, Ruminiclostridium

and Ruminococcus, were identified as biomarker bacteria of

the cecum in broilers after 21 days of age (Zhou et al.) or

broilers treated by L-arginine (Dai et al.), which confirms that

the poultry cecum is associated with the increased prevalence of

SCFA-producing bacteria.

There are also 2 papers devoted to the regulatory role

of BA. It has been indicated that BA and microbiota could

play an important role in gastrointestinal health. BA are

Frontiers in Veterinary Science frontiersin.org

7

https://doi.org/10.3389/fvets.2022.972769
https://doi.org/10.3389/fvets.2021.666535
https://doi.org/10.3389/fvets.2021.712226
https://doi.org/10.3389/fvets.2021.693755
https://doi.org/10.3389/fnut.2021.690073
https://doi.org/10.3389/fnut.2021.692305
https://doi.org/10.3389/fvets.2021.737160
https://doi.org/10.3389/fnut.2021.747136
https://doi.org/10.3389/fnut.2021.737059
https://doi.org/10.3389/fvets.2021.736739
https://doi.org/10.3389/fvets.2021.712226
https://doi.org/10.3389/fnut.2021.692305
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Hu and Shi 10.3389/fvets.2022.972769

produced in the liver as primary BA and metabolized in the

intestine to secondary BA, which participates in modifying the

microbiota (i.e., deconjugation and dehydroxylation). Alistipes

and Lactobacillus, which are related to the production of

secondary BA, have been identified as biomarkers in birds

under heat stress (Yin et al.) or treated by blue light (Xia

et al.). At present, studies on bacterial metabolites in poultry,

such as trimethylamine, imidazolpropionic acid, branch chain

amino acids, and indole, are relatively scarce. Increasing the

understanding of the intestinal microbiota and its metabolites

would be beneficial for improving the production performance

and health of poultry.

Recently, there has been increasing emphasis on the

importance of microbiome science in the field of human

medicine, especially the intestinal microbiome, which is

increasingly being recognized as an organ in its own right

or even as a “second brain”. Their role in the physiological

function and metabolism of other organs and tissues has been

the subject of a great deal of research (3, 5). Accompanied by

the specific process of intestinal microbiome colonization, the

microbiota-intestinal-brain axis or the microbiota-intestinal-

liver axis established in an individual during this period can

potentially represent the main determinants of the life-long

metabolic pattern. These axes therefore sit at the epicenter of

the microbe-host interactions and the holistic health of the host.

At the same time, microbial postgenomic medicine should be

embraced by the animal science community, especially for the

study of poultry, as it is sure to play a transformative role over

the next decade.

There are two papers that have shown that some bile

acids of microbial origin, such as taurine, tauro-conjugated

ursodeoxycholic acid (TUDCA), and hyocholic acids (HCAs),

may play important roles in maintaining homeostasis in the

intestinal-liver axis by reducing lipid levels in serum and

liver. This has been observed in birds under heat stress (Yin

et al.) or treated with blue light (Xia et al.). In a fecal

microbiota transplantation model, the intestinal microbiota

community of Arbor Acres broilers was remodeled by oral

gavage of a bacterial suspension derived from Beijing-You

broilers (Lei et al.), suggesting that the alteration of intestinal

microbiota induced certain changes in drip loss by regulating

muscle fiber diameter. The population of Lachnoclostridium

spp. was associated with drip-losing rate, meat fiber diameter,

body weight, and abdominal fat rate, and was therefore

identified as an indicator of meat quality. This provides

theoretical evidence for the existence of the microbiota-

muscle axis and a new strategy for optimizing meat quality.

However, it is worth noting that in-depth studies of the

interaction of molecular and physiological mechanisms between

digestive tract ecosystem communities and host organs in

poultry are relatively less advanced compared with those

in humans, pigs, and even ruminants. Studies in poultry

have, for example, focused almost exclusively on microbiota

in the posterior digestive tract and have only used in

vivomodels.

Studies on the functions of intestinal microbiota have

brought good news to the post-antibiotic era. New feed

additives and feeding management techniques targeting

intestinal microbiota and their metabolites or derivatives

have received maximum attention, research, and application.

In intensive modern breeding systems, domestic poultry are

exposed to various challenges, such as diet changes, pathological

environments, and especially the prohibition of antibiotic

growth promoters (AGP), which may cause decreases in

production performance, increases in incidence rates, and even

death. Preliminary research on safe and effective additives that

have regulating functions or are alternatives to AGP is urgently

needed. Such advances could improve birds’ intestinal health

and maintain optimum growth, thus guaranteeing healthy

farming (1).

Many studies in this collection were conducted to identify

functional feed additives with similar beneficial effects as

antibiotic growth promoters. They have examined a variety

of ingredients, including prebiotics, probiotics, organic acids,

enzymes, vitamins, essential oils, flavonoids, plant tannin,

lignocellulose, and medium-chain fatty acids. The functions of

these ingredients have been evaluated from the perspectives of

growth performance, antioxidant enzyme activity, inflammatory

cytokine concentration, and intestinal morphology, along with

sieving and separating the specific strains, developing the

recommended dosage and feeding management. A recent

review (Zhu et al.) integrated recent discoveries on gut health

maintenance through the use of these functional feed additives

as alternatives to antibiotics in the past 10 years. Ultimately,

the authors concluded that identifying a single “ideal” solution

within the wealth of options for gut health control would

be difficult.

Several measures and alternatives to antibiotics can be

used in conjunction with one another to achieve optimal

intestinal health. The common mechanism involved in these

interventions, especially in the context of poultry health,

is inseparable from the interaction between digestive tract

microbes and hosts. This latter topic is in need of further

extensive research.

In summary, the results of the above-mentioned studies

and reviews represent new relevant data on the composition

and development pattern of microbial communities in the

poultry digestive tract, on the relationship between digestive

tract microbiota and host physiological metabolism in poultry,

and on new feed additives and feedingmanagement technologies

that target digestive tract microbiota and metabolites. Despite

all the existing literature and evidence related to this extremely

important topic, the papers published in this e-book clearly show

that there are still many aspects to be clarified and understood

in the fascinating world of interactions between digestive tract

microbes and hosts, including in poultry. We hope that this
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editorial, along with other work on comparative longitudinal

observation and research on the structure and dynamics of the

microbial ecosystem in the digestive tracts of various breeds or

lines, along with research on themessenger function of microbes

and theirs metabolites and derivatives, will give the reader a

clearer picture of the research conducted to date and reinforce

the important role of the microbiome in host physiology.
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A long-term observation of changes of the gut microbiota and its metabolites would be

beneficial to improving the production performance of chickens. Given this, 1-day-old

chickens were chosen in this study, with the aim of observing the development of the gut

microbiota and gut microbial function using 16S rRNA gene sequencing and metabolites

short-chain fatty acids (SCFAs) from 8 to 50 weeks. The results showed that the relative

abundances of Firmicutes and genus Alistipeswere higher and fiber-degradation bacteria

were less at 8 weeks compared with 20 and 50 weeks (P < 0.05). Consistently,

gut microbial function was enriched in ATP-binding cassette transporters, the energy

metabolism pathway, and amino acid metabolism pathway at 8 weeks. In contrast, the

abundance of Bacteroidetes and some SCFA-producing bacteria and fiber-degradation

bacteria significantly increased at 20 and 50 weeks compared with 8 weeks (P < 0.05),

and the two-component system, glycoside hydrolase and carbohydrate metabolism

pathway, was significantly increased with age. The concentration of SCFAs in the cecum

at 20 weeks was higher than at 8 weeks (P < 0.01), because the level of fiber and the

number of dominant fiber-degradation bacteria and SCFA-producing bacteria were more

those at 20 weeks. Notably, although operational taxonomic units (OTUs) and the gut

microbial α-diversity including Chao1 and abundance-based coverage estimator (ACE)

were higher at 50 than 20 weeks (P < 0.01), the concentration of SCFAs at 50 weeks

was lower than at 20 weeks (P < 0.01), suggesting that an overly high level of microbial

diversity may not be beneficial to the production of SCFAs.

Keywords: gut microbiota, chicken, period, short-chain acid, functional prediction

INTRODUCTION

The gut microbiota play an important role in the poultry nutrition and health (1). Age is a dramatic
factor that affects the microbial communities. The gut microbiota are distinct in different growth
periods of chickens (2, 3). In the initial stage of colonization, facultative anaerobes were the
principal bacteria, followed by strict anaerobes (4). Bacteroides and Eubacteria are established in 2
weeks, and the gut microbiota take 6–7 weeks to complete their establishment in chickens (5). The
predominant phyla in the cecum are Firmicutes and Bacteroidetes over the whole life of chickens
(6). Most of the current research on the succession of bacteria of chickens with age has focused on
broilers (7–10). It was found that the colonization and function of the gut microbiota in broilers
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were different from 1 to 42 days (11, 12). In addition, some
studies have focused on the microbiota of layer hens (13–16),
the majority of which explored the short-term effect on the
microbiota of young layers. In term of long-term observation,
the gut microbiota in commercial Hy-Line layers from 1 to 51
weeks under field conditions were observed (17). A long-term
development of cecal microbiota in egg-laying hens Lohmann
Brown Light chickens from the day of hatching to 60 weeks
old was also characterized (18). However, the above research on
the layers’ microbiome rarely observed the changes of intestinal
microbiota function and microbial metabolites such as short-
chain fatty acids (SCFAs) at the same time with age.

SCFAs, mainly including acetate, propionate, and butyrate,
are derived from bacterial degradation and fermentation of
dietary fibers. The cecum is the principal place for microbial
fermentation of dietary fiber in chickens. Bacteroidetes is a kind
of “generalist” that degrades dietary fiber polysaccharides. It can
utilize a wide range of dietary polysaccharides from plants (19).
Excellent fiber-degrading members of Bacteroidetes including
Bacteroides (20) and Prevotella (21). Ruminococcus, Fibrobacter
(22), Clostridium, and Roseburia (23) are excellent cellulolytic
members of Firmicutes. SCFAs contribute to host nutrition
and immune health (15). SCFAs can be used as energy and
carbon source for poultry (24, 25). Acetate enters the liver for
metabolism as a substrate for peripheral adipogenesis. Propionate
reaches the liver as a substrate for gluconeogenesis. Butyrate
serves as an energy source for colonic epithelial cells once
SCFAs are absorbed. SCFAs can also regulate metabolism by
inhibiting histone deacetylase (HDAC) and G protein-coupled
receptors (GPCRs), such as GPR41 or GPR43 (26). In addition,
SCFAs reduce intestinal pH (27) and induce the differentiation
of regulatory T cells (28) to enhance the host health. SCFA
production was also impacted by age (29).

Research on longitudinal observation of the ISA Brown layers’
microbiome and SCFAs is lacking. Given this, ISA Brown Hens
(IBH) were chosen in this experiment to observe the succession
of the gut microbiota, enriched metabolic pathways, and SCFAs
in different growth periods. Increasing our understanding of
this would be beneficial to promoting production performance
and the health of chickens by improving the gut microbiota
and SCFAs.

MATERIALS AND METHODS

Experimental Design and Animal
Management
This study was approved by the Shanxi Agricultural University
Animal Experiment Ethics Committee (the license number:
SXAU-EAW-2017-002Chi.001). In total, 108 1-day-old IBHwere
chosen. Chickens were randomly divided into nine replicates,
with 12 chickens per replicate. Chickens were fed three different
diets (Table 1) during brooding periods (0–8 weeks), growing
periods (9–20 weeks), and laying periods (21–50 weeks).

Chickens were given free access to water and diet. The
management of the temperature, light, and humidity was
conducted according to the breeding manual. No conventional

TABLE 1 | Ingredients and nutrient levels of diets used in different growth periods.

Item 0–8 weeks 9–20 weeks 21–50 weeks

Ingredients (%)

Corn 61.95 60.49 60.00

Soybean meal 23.7 10 15.5

Bran 0 8.5 0

Soybean oil 1.1 0.5 0.6

Corn gluten meal 4 0 1.6

Spray corn husk 0 6.5 3.5

DDGS 4 5.75 5

Peanut meal 0 0 1

Stone power 1.8 2.1 9.02

CaHPO4 1.3 0.7 0.65

NaCI 0.3 0.28 0.25

Met 0.2 0.06 0.14

Lys 0.46 0.08 0.19

Thr 0.09 0.04 0

Multivitamina 0.4 0.35 0.4

Mineralsb 0.55 0.5 0.45

Zeolite 0 2 0.5

Choline chloride 0.1 0.05 0.1

Complex enzyme 0.05 0 0

Monosodium glutamate 0 2 1

Protein powder 0 0.1 0.1

Total 100 100 100

Nutrient levelsc

ME (MJ/kg) 12.43 11.50 10.62

Crude protein (%) 19.49 15.3 16

Crude fiber (%) 3.21 3.95 2.95

Crude fat (%) 4.27 3.99 3.72

Crude ash (%) 5.83 5.67 12.13

Ca (%) 1.05 0.99 3.55

Total P (%) 0.57 0.5 0.43

NaCI (%) 0.3 0.37 0.31

DDGS, dried distiller’s grain with solubles.
a0–8 weeks: per kilogram of diet contained vitamin A 2,100–2,500 KIU; vitamin B1

≥ 620mg; vitamin B2 ≥ 1,600mg; vitamin B5 ≥ 2,450mg; vitamin B6 ≥ 830mg;

niacinamide ≥ 7,000mg; vitamin B12 ≥ 4,200 µg; vitamin D3 800–1,240 KIU; vitamin

E ≥ 5,900 IU; vitamin K3 ≥ 600mg; folic acid ≥ 245mg; biotin ≥ 35mg. 9–20 weeks:

vitamin A 2,150–3,250 KIU; vitamin B1 ≥ 440mg; vitamin B2 ≥ 1,280mg; vitamin B5

≥ 2,140mg; vitamin B6 ≥ 640mg; vitamin B12 ≥ 3,200mg; vitamin D3 550–1,650 KIU;

vitamin E≥ 4,260 IU; vitamin K3≥ 430mg; nicotinamide≥ 6,400mg; folic acid≥ 280mg;

biotin ≥ 40mg. 21–50 weeks: vitamin A 145 to 190 KIU; vitamin B1 ≥ 26mg; vitamin B2

≥ 100mg; vitamin B5 ≥ 160mg; vitamin B6 ≥ 60mg; vitamin B12 ≥ 200mg; vitamin D3

30 to 95 KIU; vitamin E ≥ 355 IU; vitamin K3 ≥ 50mg; nicotinamide ≥ 552mg; folic acid

≥ 12mg; biotin ≥ 2mg; choline chloride ≥ 6.5 mg.
b0–8 weeks: per kilogram of diet contained Cu 8mg, Fe 80mg, Me 60mg, Se 0.15mg,

Zn 40mg, I 0.35mg. 9–20 weeks: Fe 1,300–7,400mg; Cu 120–650mg; Mn 1,450–

2,900mg; Zn 1,250–2,900mg; I 7–95mg; Se 6–9.5%; Ca 12–25%; P (adding phytase)

≥ 2.0%; NaCI 4–10%; methionine ≥ 1.8%; moisture ≤ 10%. 21–50 weeks: Fe 1,300–

7,400mg; Cu 120–650mg; Mn 1,450–2,900mg; Zn 1,250–2,900mg; I 8–95mg; Se

6–9.5%; Ca 12–25%; P (adding phytase) ≥ 2.1%; NaCI 4–10%; methionine ≥ 2.3%;

moisture ≤ 10%.
cThe composition was calculated but not measured for the diet used.

immunization schedule was performed to avoid impacts on the
gut microbiota.
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Sample Collection
A chicken from each replicate was chosen at the end of 8,
20, and 50 weeks. They were slaughtered humanely using oral
bloodletting slaughtering method. The contents of the left cecum
per bird were collected into multiple cryogenic tubes, and they
were put into a liquid nitrogen tank and then preserved at−80◦C
until the 16S rRNA gene sequence of the gut microbiota and the
determination of the concentration of SCFAs.

Sample Determination
16S rRNA Gene Sequencing of Gut Microbiota
It was sequenced by Genedenovo Biotechnology Ltd.
(Guangzhou, China) using High-Throughput Sequencing
Technology. First, DNA extraction was performed using
the HiPure Stool DNA Kits (Guangzhou, China). V3–V4
regions of the 16S rRNA gene were amplified by PCR using
primers 341F 5′-CCTACGGGNGGCWGCAG and 806R 3′-
GGACTACHVGGGTATCTAAT. The barcode is an eight-base
sequence unique to each sample. PCRs were as follows: 95◦C
for 2min, followed by 27 cycles at 98◦C for 10 s, 62◦C for 30 s,
68◦C for 30 s, and a final extension at 68◦C for 10min. PCRs
were performed in triplicate with 50 µl of mixture containing 5
µl of 10× KOD Buffer, 5 µl of 2.5mM of dNTPs, 1.5 µl of each
primer, 1 µl of KOD Polymerase, and 100 ng of template DNA.

Illumina Hiseq 2500 (Illumina, Inc., San Diego, CA, USA)
sequencing was then performed. Amplicons were extracted from
2% agarose gels and purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA) and
quantified using ABI Ste1OnePlus Real-Time PCR System (Life
Technologies, Carlsbad, CA, USA). Purified amplicons were
pooled in equimolar and paired-end sequenced (2 × 250) on
an Illumina platform. The datasets presented in this study can
be found in online repositories. The names of the repository
and accession number can be found in the National Center
for Biotechnology Information (NCBI) Sequence Read Archive
(SRA), PRJNA701972.

Bioinformatics Analysis

Quality Control and Read Assembly
Raw reads were further filtered using FASTP. Paired-end clean
reads were merged as raw tags using FLSAH (30) (version 1.2.11)
with a minimum overlap of 10 bp and mismatch error rates of
2%. Raw tag filtering noisy sequences of raw tags were filtered
by QIIME (31) (version 1.9.1) pipeline under specific filtering
conditions (32) to obtain the high-quality clean tags. Chimera
checking and removal: Clean tags were searched against the
reference database to perform reference-based chimera checking
using UCHIME algorithm. All chimeric tags were removed, and
the final obtained effective tags were used for further analysis.

Operational Taxonomic Unit Cluster
Effective tags were clustered into operational taxonomic units
(OTUs) with 97% similarity using the UPARSE pipeline (33).
The tag sequence with the highest abundance was selected as a
representative sequence within each cluster. Venn analysis was
performed in R project (version 3.4.1) to identify unique and
common OTUs.

Taxonomy Classification
The representative sequences were classified into organisms
using the Ribosomal Database Project classifier (version 2.2) (34)
based on SILVA database (35) with the confidence threshold
values ranging from 0.8 to 1. The abundance statistics of each
taxonomy were visualized using Krona (36) (version 2.6).

Microbial Diversity Analysis
α-Diversity indices including abundance-based coverage
estimator (ACE), Chao1, Shannon, and Simpson were calculated
in QIIME. The comparison of α-diversity indices among groups
was performed by the Kruskal–Wallis using Vegan package in
R project (37). β-Diversity was performed. Sequence alignment
was performed using Muscle (38) (version 3.8.31), and then
weighted uniFrac distance matrix was generated by GuniFrac
package (version 1.0) in R project.

Function Prediction
Functional profiles including Kyoto Encyclopedia of Genes and
Genomes (KEGG) Orthology (KO) and enriched metabolism
pathways of OTUs were inferred using a software package
Tax4Fun (39). Microbiome phenotypes of bacteria were classified
using BugBase. FAPROTAX database (Functional Annotation
of Prokaryotic Taxa) and associated software (version 1.0) were
used for generating the ecological functional profiles of bacteria.
Heatmaps were made by R pheatmap package. The predicted KO
and ko abundances were normalized by Z-score and then plotted.

Determination of the Concentration of Short-Chain

Fatty Acids
The concentration of SCFAs (mmol/100 g) in the cecum chyme
was measured using the internal standard method with High
Performance Gas Chromatography (Trace 1300, Thermo Fisher
Scientific, Waltham, MA, USA) (40).

First, a solution containing internal standard crotonic acid was
prepared. Metaphosphoric acid 25 g and crotonic acid 0.6464 g
were accurately weighed, and they were put into a 100-ml
volumetric flask and up to 100ml with ultrapure water. Then,
100ml of mixed standard stock solutions was prepared as follows:
different volumes of standards were added (Table 2) into a
100-ml volumetric flask, topped up to 100ml with ultrapure
water, and preserved at 4◦C. The concentration (g/L) of additive
was calculated according to the density of each standard (e.g.,
acetate is 1.050 g/ml), and then it was converted into the mol
concentration (mmol/L) based on molar mass of each standard
(e.g., acetate is 60 mol/g). The volatile fatty acid standard solution
was prepared as follows: 0.2ml of deproteinized metaphosphate
solution containing crotonic acid was added to three 1.5-ml
centrifuge tubes, and 1ml of mixed standard stock solution was
added to this. The peak area of crotonic acid in the standard
solution was measured.

Sample preparation: 0.5- to 1-g contents of the cecum
were added to nine times the weight of ultrapure water,
homogenate, and centrifuged at 10,000 rpm for 10min, and
the supernatant was removed. Then, 1ml of supernatant
sample was placed into a 1.5-ml Eppendorf (EP) tube, and
0.2ml of mixed solution of crotonic metaphosphate was
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TABLE 2 | The additive volume and concentrations of volatile fatty acid standards added to the standard stored solution.

Acetate Propionate Butyrate Isobutyrate Isovalerate Valerate

Additive volume(µl) 60 40 20 5 5 5

Concentrationa (g/L) 0.63 0.40 0.19 0.048 0.047 0.047

Mol concentrationb (mmol/L) 10.50 5.35 2.19 0.54 0.46 0.46

aConcentration of additive standards (g/L) = density of standards (g/mL) × additive volume (µl) ÷ 100.
bMol concentration (mmol/L) = concentration of additive standard (g/L) ÷ molar mass of standard (g/mol) × 1,000.

added and reacted for 3 h. Centrifugation at 12,000 r for
5min was undertaken. The supernatant was injected into the
chromatograph instantaneously with a 10-µl microinjector, and
the injection volume was 1.0 µl. Reaction conditions were set as
follows: injection temperature 220◦C; initial temperature 70◦C;
detector temperature 220◦C; split 5; split ratio 6; constant current
0.8 ml/min; tail blowing 40ml/min; and hydrogen 35ml/min and
air 350 ml/min.

The concentration of a certain acid (mmol/L) = (peak area
of certain acid of sample × peak area of crotonic acid in
standard solution × mol concentration of certain acid) ÷ (peak
area of crotonic acid in sample × peak area of certain acid in
standard solution).

Statistical Analysis
In terms of gut microbiota, the comparisons of the relative
abundance phyla and genera in groups were performed
by Metastats (41) (version 20090414). Metastats showed
significantly different relative abundances of bacteria using P
< 0.01 or 0.05. Multivariate statistical techniques including
principal component analysis (PCA), principal coordinates
analysis (PCoA), and non-metric multidimensional scaling
(NMDS) of weighted uniFrac distances were calculated and
plotted in R project. Statistical analysis of Welch’s t-test and
Anosim test was calculated using R project. The β-diversity
analyses between groups were calculated by the Kruskal–Wallis
using Vegan package in R project. Heatmap analysis was
performed using the R package. Analysis of function difference
between groups was calculated by Welch’s t-test in R package
(version 2.5.3). Statistical analyses of SCFAs were performed
using a one-way ANOVAwith SPSS 22.0 software. The results are
expressed as the means and standard error of the mean (SEM).

RESULTS

Operational Taxonomic Units and Microbial
Diversity of Chickens in Different Periods
For simplicity, “ISA Brown Hens-8 weeks” was named IBHE for
short, “ISA Brown Hens-20 weeks” was named IBHT, and “ISA
Brown Hens-50 weeks” was named IBHF.

The total and unique numbers of OTUs at 50 weeks (1,629 and
823) were more than those at 8 (963 and 193) and 20 weeks (958
and 144) (Figure 1). Moreover, the α-diversity indices including
ACE and Chao1 significantly increased with age (P < 0.01)
(Table 3). It is suggested that the microbial community richness
significantly increased with age. The gut microbial diversity of

FIGURE 1 | Venn diagram of operational taxonomic units (OTUs) in different

growth periods. Note that the overlapping parts show the OTUs shared by

three groups, and the numbers on both sides are the unique OTUs owned by

each group. IBHE, IBHT, and IBHF refer to “ISA Brown Hens-8 weeks,” “ISA

Brown Hens-20 weeks,” and “ISA Brown Hens-50 weeks,” respectively.

IBHFwas the highest among three periods (Table 3); this was also
consistent with the number of OTUs.

For the β-diversity indices, the PCA (Figure 2A) and PCoA
(Figure 2B) showed that the samples were separated in the first
principal component. NMDS showed that the stress = 0.091
< 0.1, indicating that the accuracy of the model was good
(Figure 2C). In addition, Anosim test showed that R = 1 >

0, indicating that the difference of microorganisms between
groups was greater than that within groups; however, P = 0.1
> 0.05 represented that there was no significant difference in
the pairwise comparison of three periods (Figure 2D). On the
whole, the samples were clustered by different growth periods,
but there was no significant difference between different periods
(P > 0.05).

Gut Microbial Composition in Different
Growth Periods
At the phylum level (Figure 3A), the dominant phyla of
all samples were both Firmicutes and Bacteroidetes. The
abundance of “generalist” Bacteroidetes (44.40, 62.55, and
73.65%) (Figure 3B) significantly increased at 8, 20, and 50
weeks, respectively (P< 0.01), but Firmicutes (40.47%, 23.41, and
16.76%) (Figure 3C) and Proteobacteria (7.27, 3.37, and 2.70%)
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TABLE 3 | Comparison of α-diversity indices among different growth periods.

Diversity indices 8 weeks 20 weeks 50 weeks SEM P-value

ACE 1,594.39Bc 1,653.17Bb 2,460.21Aa 168.13 0.0010

Chao1 1,547.78Bc 1,660.92Bb 2,422.61Aa 134.25 0.0070

Shannon 6.54 6.51 7.16 0.26 0.017

Simpson 0.95 0.97 0.98 0.0047 0.56

Means within a row lacking a common lowercase superscript letter mean significant differences with a P-value < 0.05, and means within a row lacking a common uppercase superscript

letter mean extremely significant differences with a P-value < 0.01. Data are expressed as the means and pooled standard error of the mean (SEM).

ACE, abundance-based coverage estimator.

(Figure 3D) significantly decreased with age (P < 0.01). Special
cellulose-degradation phylum Fibrobacteres was only found at 50
weeks (P < 0.01) (Figure 3E).

At the genus level (Figure 4A), the dominant genus of all
samples was Bacteroides (27.97, 24.84, and 26.29%) (P > 0.05).
The dominant bacteria at 8 weeks included the bile-tolerant
bacterium Alistipes (7.38%) (Figure 4B) and low-abundance
butyrate-producing genus Anaerostipes (0.4%) (Figure 5A)
compared with 20 weeks (1.23%) (0.033) and 50 weeks (0.76%)
(0.00021) (P < 0.01), respectively. In addition, Bacteroides
thetaiotaomicron (0.006%), which is one of the best fiber-
degrading species, was only detected at 8 weeks (Figure 5B).
The dominant bacteria genera at 20 and 50 weeks included
Rikenellaceae_RC9_gut_group (14.56 and 15.23%) (P < 0.01)
(Figure 4C), propionate-producing genus Phascolarctobacterium
(1.92 and 2.76%) (P < 0.01) (Figure 4E), fiber-degradation
bacteria Prevotellae_UCG_001 (1.81 and 2.13%) (P < 0.01)
(Figure 4D), and Alloprevotella (0.56 and 0.92%) (P < 0.05)
(Figure 4F) compared with those at 8 weeks (1.09, 0.80, 0.26, and
0.21%), respectively.

The dominant bacteria at 20 weeks also included low-
abundance fiber-degradation and acetate-producing genus
Bifidobacterium (0.028%) (Figure 5C) and potential fiber-
degradation bacteria Prevotellae_Ga6A1_group (0.62%)
(Figure 5D) compared with those at 8 and 50 weeks.
Bifidobacterium was also a famous probiotic genus. The
dominant bacteria at 20 weeks also included some lactate-
producing species such as Lactobacillus aviaries (0.014%),
Lactobacillus agilis (0.029%), and Lactobacillus alvi (0.043%)
(Figure 5E). Moreover, many unique fiber-degradation bacteria
including Fibrobacter (0.00072%), Prevotellae_UCG_003
(0.13%), Prevotella_1 (0.11%), and Prevotella_9 (0.0026%) were
only found at 50 weeks (Figures 5F,G).

Functional Prediction of the Gut Microbiota
in Different Growth Periods
The KO of OTUs was further predicted (Figure 6A). The
heatmap showed that ATP-binding cassette (ABC) transports
including K06147 (0.0066, 0.0063, and 0.0056%), K02003
(0.0042, 0.0039, and 0.0036%), and K01990 (0.0031, 0.0030,
and 0.0027%) significantly decreased at 8, 20, and 50 weeks (P
< 0.05) (Figure 6B), respectively. In contrast, β-galactosidase
K01190 (0.0039, 0.0050, and 0.0056%), β-glucosidase K05349
(0.0034, 0.0042, and 0.0051%), and two-component system (TCS)

including K00936 (0.0060, 0.0071, and 0.0075%) and K07636
(0.0029, 0.0035, and 0.0039%) significantly increased with age (P
< 0.01) (Figure 6C).

Then, the enriched metabolic pathways of OTUs were
predicted (Figure 7A). Amino acid metabolism pathways
ko00330 (0.021, 0.019, and 0.018%), the energy metabolism
pathway ko00190 (0.017, 0.016, and 0.015%), and the membrane
transport of ABC transporters ko02010 (0.075, 0.066, and
0.029%) significantly decreased at 8, 20, and 50 weeks (P < 0.01)
(Figure 7B), respectively. In contract, carbohydrate metabolism
pathways ko00500 (0.026, 0.027, and 0.029%) and ko00051
(0.017, 0.021, and 0.021%) (P < 0.01) and the TCS pathway
ko02020 (0.068, 0.070, and 0.072%) (P < 0.05) significantly
increased with age. In addition, the carbohydrate metabolism
pathway ko00051 (0.021 and 0.021%) was enriched at 20 and 50
weeks compared with 8 weeks (0.017%) (P < 0.01) (Figure 7C).

Concentration of Short-Chain Fatty Acids
in Different Growth Periods
Next, the concentration of gut microbial metabolites SCFAs was
measured (Table 4). The concentration of SCFAs at 20 weeks was
higher than that at 8 weeks (P < 0.01). Interestingly, although the
microbial diversity at 50 weeks was the highest, the concentration
of SCFAs at 20 weeks was also almost twice as high as that at 50
weeks (P < 0.01).

DISCUSSION

Changes of Microbial Diversity in Different
Growth Periods
The gastrointestinal tract of newly hatched chickens immediately
has microbial colonization (42). With the growth of age, the
cecal microorganisms form a complex community (43). In this
experiment, the numbers of OTUs and gut microbial α-diversity
including ACE and Chao1 of chickens significantly also increased
with age. The larger the value of ACE and Chao1, the higher the
community richness. This is consistent with previous reports that
increasing taxonomic richness and diversity were observed in
chickens through time (9). The α-diversity of the gut microbiota
of pigs also increased with age (21). In this experiment, the β-
diversity of the samples was clustered by different growth periods,
but NMDS analysis showed the difference between different
periods was not great. It was consistent with a report that NMDS
showed that 0- to 42-day-old chicken gut microbiota could
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FIGURE 2 | β-Diversity analysis of samples at 8, 20, and 50 weeks. (A) Weighted uniFrac principal coordinates analysis (PCoA) of samples at 8, 20, and 50 weeks.

IBHE, IBHT, and IBHF refer to “ISA Brown Hens-8 weeks,” “ISA Brown Hens-20 weeks,” and “ISA Brown Hens-50 weeks,” respectively. Dots of different colors

represent samples in different growth periods. The closer the distance between the two points, the smaller the difference of community composition. The bottom right

corner of the picture (green) was IBHE, the top right corner (pink) was IBHT, and the left corner (blue) was IBHF. (B) Weighted uniFrac principal component analysis

(PCA) of samples at 8, 20, and 50 weeks. In PCoA and PCA plots, abscissa and ordinate represent the first and second principal component explaining the greatest

proportion of variances in the communities, respectively. (C) non-metric multidimensional scaling (NMDS) of samples at 8, 20, and 50 weeks. The stress value is used

to estimate the accuracy of the model. The closer the stress value approaches zero, the better the model effect is. The model with stress value <0.1 can be accepted.

(D) Anosim analysis of samples at 8, 20, and 50 weeks. The abscissa represents the comparison among all samples (between) and the comparison within each

group, and the ordinate represents the distance between samples. The range of rank (R) is −1 to 1. R > 0 indicates that the difference between groups was greater

than that within groups. P-value > 0.05 indicates no statistical significance.

be clustered according to different ages, but microbial clusters
became quite similar after 28 days (11).

Changes of Gut Microbiota Composition in
Different Growth Periods
At the level of phyla, the predominant phyla were Firmicutes
and Bacteroidetes throughout the period in this experiment,

which was consistent with previous studies (6). In addition,
the relative abundance of Firmicutes was higher than that of
Bacteroidetes at 8 weeks in this study. It was also reported
that there were around 37% Firmicutes and 10% Bacteroidetes
in 8-week-old chickens (1). Firmicutes species are regarded
as “specialists” for storage plant polysaccharides (starch and
fructose) and oligosaccharides. In contrast, Bacteroidetes is a
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FIGURE 3 | Taxonomy stack distribution and abundance histograms of the dominant bacteria phyla of chickens in different growth periods. (A) Taxonomy stack

distribution of the dominant phyla at 8, 20, and 50 weeks. IBHE, IBHT, and IBHF refer to “ISA Brown Hens-8 weeks,” “ISA Brown Hens-20 weeks,” and “ISA Brown

Hens-50 weeks,” respectively. The top 10 dominant bacteria during different periods were classified. A distinctive color histogram represents the relative distribution of

these most dominant bacteria. The names of distinct levels of phyla are shown on the right of figures, and the names of samples are under the figure. (B–E)

Abundance histograms of some significant dominant phyla at 8, 20, and 50 weeks. Phyla with different superscript letters mean significant differences (P < 0.05)

between groups, and different superscript letters mean extremely significant differences (P < 0.01).

kind of “generalist” that degrades dietary fiber. It can utilize more
a wide range of plant polysaccharides than does Firmicutes (19).
In this experiment, Bacteroidetes increased from 8 to 50 weeks.
This was supported by studies that reported the gradual increase
of Bacteroidetes at the expense of Firmicutes during chicken
rearing and egg production (18). Members of Bacteroidetes were
present mainly in adult hens (44).

At the genus level, the composition of the gut microbiota in
different growth periods was also different in this experiment.
The dominant bacteria genus at 8 weeks did not include fiber-
degradation bacteria but included the bile-tolerant bacterium

Alistipes compared with that at 20 and 50 weeks. This
was maybe attributed to a high-fat and low-fiber diet (45).
Alistipes specially increased in the persons who consumed
animal-based diet instead of plant-based diet (46). In contrast,
fiber-degradation bacteria genus Prevotellae_UCG_001 and
Alloprevotella obviously increased at 20 and 50 weeks compared
with 8 weeks. For 20 weeks with a high-fiber diet, this
because the fiber content of it was higher than that at 8
weeks, resulting in increased fiber-degradation bacteria and
Prevotellae_Ga6A1_group and Bifidobacterium. Research on
human showed that the abundance of Prevotella is enriched in
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FIGURE 4 | Taxonomy stack distribution and abundance histograms of the dominant bacteria genera of chickens in different growth periods. (A) Taxonomy stack

distribution of the dominant genera at 8, 20, and 50 weeks. IBHE, IBHT, and IBHF refer to “ISA Brown Hens-8 weeks,” “ISA Brown Hens-20 weeks,” and “ISA Brown

Hens-50 weeks,” respectively. The top 10 dominant bacteria genera during different periods were classified. A distinctive color histogram represents the relative

distribution of these most dominant bacteria. The names of distinct levels of genera are shown on the right of the figures, and the names of the samples are under the

figure. (B–F) Abundance histograms of some significant dominant genera at 8, 20, and 50 weeks. Genera with different superscript letters mean significant differences

(P < 0.05) between groups, and different superscript letters mean extremely significant differences (P < 0.01).

a fiber diet (47) and has a strong ability to utilize fiber (48).
Prevotella gradually became the most diverse and predominant
genus with the increase of dietary fiber and age in pigs (21).

The research showed that increasing dietary fiber could increase
the abundance of Bifidobacterium (49). For 50 weeks with a
low-fiber diet, the feed intake was greater than that at 8 weeks,
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FIGURE 5 | Abundance histograms of some low-abundance dominant bacteria of chickens in different growth periods. (A,B) Abundance histograms of significant

dominant short-chain fatty acid (SCFA)-producing bacteria Anaerostipes and fiber-degradation bacteria species Bacteroides thetaiotaomicron at 8 weeks. (C–E)

Abundance histograms of significant dominant fiber-degradation bacteria genera Prevotellae_Ga6A1_group and Bifidobacterium and SCFA-producing species of

Lactobacillus at 20 weeks. (F,G) Abundance histograms of dominant fiber-degradation bacteria genera at 50 weeks. Bacteria with different superscript letters mean

significant differences (P < 0.05) between groups, and different superscript letters mean extremely significant differences (P < 0.01).

resulting in more dietary fiber being ingested. This may also
help to explain why fiber-degradation bacteria Prevotella_1 and
Prevotella_9 and excellent special cellulose-degradation genus
Fibrobacter were only detected at 50 weeks in this experiment.
Notably, as far as we know, it seems that Fibrobacter has not been
reported in chickens. Fibrobacter was once believed to only exist
in mammalian intestines (50), and it was first reported in the
cecum of birds (ostrich) in 2010 (51).

Function Annotation of Gut Microbiota in
Different Growth Periods
Software packages such as Tax4Fun can be used to predict the
functional profiles of OTUs using 16S rRNA gene sequences
based on the SILVA rRNA database (52). In this experiment,
functional annotation of the gut microbiota showed that
ABC transporters decreased at 8, 20, and 50 weeks. This
was related to the dominant phylum, which was Firmicutes,
decreasing during this period. Firmicutes has gram-positive
polysaccharide utilization loci (PULs) (gpPULs), which encode

ABC transporters and other transporters to introduce small sugar
into the periplasm for processing (15, 53). ABC transporter is a
type of transport ATPase on the bacterial plasma membrane, and
it transfers glucose to the other side of the membrane through
the change of conformation. Consistently, the energymetabolism
pathway and amino acid metabolism pathway were rich at 8
weeks in this study. Research also reported that the microbiota
in the hindgut of 42-day-old chickens were enriched in amino
acids metabolism and energy metabolism according to KEGG
functional analysis (11).

In contrast, functional annotation of OTUs included a TCS;
and β-glycosidase, carbohydrate metabolism pathway, and TCS
pathway increased at 8, 20, and 50 weeks. This was related to
the fact that the abundance of Bacteroidetes increased with age.
Contrary to the gpPULs of Firmicutes, Bacteroidetes can utilize
a series of plant-derived dietary polysaccharides via unique PUL
(54, 55). PUL has been identified in all members of Bacteroidetes
such as B. thetaiotaomicron and Bacteroides ovatus (19). PUL
encodes a hybrid TCS, extracellular glycoside hydrolase such as
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FIGURE 6 | (A) The heatmap of functional prediction of Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) of operational taxonomic units (OTUs) in

different growth periods. The color gradient of heatmap was from red to yellow to blue, which indicates that the KO abundance predicted by OTU in each sample

decreased gradually. The redder the color, the more bacteria performed this function. The bluer the color, the lesser bacteria performed this function. IBHE, IBHT, and

IBHF refer to “ISA Brown Hens-8 weeks,” “ISA Brown Hens-20 weeks,” and “ISA Brown Hens-50 weeks,” respectively. (B) The abundance histograms of significantly

reduced KO of OTUs from 8 to 20 and 50 weeks. (C) The abundance histograms of significantly increased KO of OTUs from 8 to 20 and 50 weeks. KO with different

superscript letters means significant differences (P < 0.05) between groups, and different superscript letters mean extremely significant differences (P < 0.01).

β-glycosidase (56), and other enzymes to degrade dietary fiber
by cleaving glycosidic bonds (19). Consistently, carbohydrate
metabolism pathway was increased with age in this experiment.

The Relation Between Short-Chain Fatty
Acids and Microorganisms in Different
Growth Periods
SCFAs are the major fermented metabolites of dietary fiber
for SCFA-producing bacteria; primarily acetate, propionate, and
butyrate account for 90–95% (57). SCFAs are very important for
the growth and health of host.

In this study, the concentration of SCFAs at 20 weeks
was higher than that at 8 weeks. This may be attributed
to the level of fiber increase, and the numbers of some
dominant fiber-degradation bacteria and SCFA-producing

bacteria were more in 20 weeks. The dominant fiber-

degradation bacteria at 20 weeks such as Prevotellae_UCG_001
and Alloprevotella broke down dietary fiber into more
monosaccharides, and then dominant SCFA-producing bacteria
Phascolarctobacterium, Bifidobacterium, and Lactobacillus

fermented monosaccharides into more SCFAs than those at 8
weeks. Phascolarctobacterium can ferment monosaccharide into
propionate (58), and Bifidobacterium produces acetate using
“bifid-shunt” (59). Members of Lactobacillus use dietary fiber
via ABC transporters to produce acetate (60), which can be
further fermented into butyrate by some butyrate-producing
bacteria (61).

In addition, the concentration of SCFAs at 20 weeks was
also greater than that at 50 weeks in this experiment. Given
that the relative abundance of the dominant SCFA-producing
bacteria showed no great difference between them, we speculated
that it was more likely that although the microbial α-diversity
including ACE and Chao1 at 50 weeks was higher than that
at 20 weeks, most of the bacteria were not fiber-degradation
bacteria or SCFA-producing bacteria; this means that more
bacteria compete for limited glucose as the carbon for growth
and that less glucose was fermented into SCFAs by few SCFA-
producing bacteria. This may also help to explain why obese
people have less microbial diversity but have more SCFAs than
lean people (62).
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FIGURE 7 | (A) The heatmap of functional prediction of enriched metabolic pathways (ko) of OTUs in different growth periods. The color gradient of heatmap was

from red to yellow to blue, which indicates that the metabolic pathway abundance predicted by OTUs in each sample decreased gradually. The redder the color, the

more bacteria performed this function. The bluer the color, the lesser bacteria performed this function. IBHE, IBHT, and IBHF refer to “ISA Brown Hens-8 weeks,” “ISA

Brown Hens-20 weeks,” and “ISA Brown Hens-50 weeks,” respectively. (B) The abundance histograms of significantly increased metabolic pathways of OTUs from 8

to 20 and 50 weeks. (C) The abundance histograms of significantly reduced metabolic pathways of OTUs from 8 to 20 and 50 weeks. Metabolic pathways with

different superscript letters mean significant differences (P < 0.05) between groups, and different superscript letters mean extremely significant differences (P < 0.01).

TABLE 4 | The concentration of short-chain fatty acids (SCFAs) (mmol/L) of

chickens in different growth periods.

SCFA 8 weeks 20 weeks 50 weeks SEM P-value

Acetate 2.42Bc 6.12Aa 3.71Bb 0.32 0.006

Propionate 0.62Bb 1.91Aa 0.99Bb 0.06 0.009

Butyrate 0.19Bb 0.60Aa 0.25Bb 0.021 0.005

Means within a row lacking a common lowercase superscript letter mean significant

differences with a P-value < 0.05, and means within a row lacking a common uppercase

superscript letter mean extremely significant differences with a P-value < 0.01. Data are

expressed as the means and pooled standard error of the mean (SEM).

CONCLUSIONS

The diversity, composition, and function of the gut microbiota
of chickens were distinct in different growth periods. The
relative abundance of the bile-acid resistant bacteria Alistipes

was higher at 8 weeks compared with 20 and 50 weeks. Fiber-
degradation bacteria Prevotellae_UCG_001 and Alloprevotella
and SCFA-producing bacteria Phascolarctobacterium increased
at 20 and 50 weeks compared with 8 weeks. In addition,
ABC transporters decreased from 8 to 50 weeks; it might
because the abundance of Firmicutes—which includes gpPULs—
decreased with age. In contrast, the TCS, glucosidase, and
carbohydrate metabolism pathway gradually increased from
8 to 50 weeks, because the abundance of Bacteroidetes—
which includes PULs—increased with age. The concentration
of SCFAs in the cecum at 20 weeks was higher than 8 and
50 weeks.
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Inflammatory bowel disease (IBD) is a recurrent chronic inflammatory condition of the

intestine without any efficient therapeutic regimens. Gut microbiota, which plays an

instrumental role in the development and maturation of the immune system, has been

implicated in the pathogenesis of IBD. Emerging evidence has established that early-life

events particularly maternal influences and antibiotic treatment are strongly correlated

with the health or susceptibility to disease of an individual in later life. Thus, it is proposed

that there is a critical period in infancy, during which the environmental exposures bestow

a long-term pathophysiological imprint. This notion sheds new light on the development

of novel approaches for the treatment, i.e., early interventions, more precisely, the

prevention of many uncurable chronic inflammatory diseases like IBD. In this review, we

have integrated current evidence to describe the feasibility of the “able-to-be-regulated

microbiota,” summarized the underlying mechanisms of the “microbiota-driven immune

system education,” explored the optimal intervention time window, and discussed the

potential of designing early-probiotic treatment as a new prevention strategy for IBD.

Keywords: early-life intervention, gut microbiota, probiotics, weaning, inflammatory bowel disease

INTRODUCTION

Inflammatory bowel disease (IBD), including ulcerative colitis and Crohn’s disease, is a life-long
disease once onset. It is characterized by recurrent intestinal inflammation, causes cumulative
and progressive damages to the bowel wall, and consequently leads to intestinal dysfunction,
obstruction, or perforation that require surgical intervention (1). IBD affects millions of people
in North America and Europe, and the incidence is increasing alarmingly with the progression of
global urbanization, particularly in the newly industrialized areas, such as Asia (2). Though the
last decades have witnessed a great advancement of medicines for IBD, especially the successive
launch of different biologics anti-TNF, anti-adhesion agents, and anti-IL-12/23 p40 antibody, etc.,
a proportion of patients are still not amenable to any medications. Some lose response over time,
some have to frequently change drugs due to severe adverse effects, and none of the regimens
is available to reverse the intestinal damages (3). Therefore, new therapeutic strategies are in
great demand.
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Several epidemiological studies have established a positive
correlation between the early-life exposures and the future risks
of IBD, including the mode of delivery (4), the feeding types
(5), the childhood hygiene (6), and the antibiotic use (7). All
of which are important environmental factors associated with
gut microbiota alterations. In infancy, the gut microbiota is less
diverse and resilient and more sensitive to the modulation. The
succession of gut microbiota parallels with the development of
the gut immune system and directs the health outcome via the
education of immunity (8). As unstable and sensitive as the infant
bacterial community structure is, it also opens up a “window
of opportunity” for the associated intervention (8, 9). From this
perspective, reducing the environmental incursions or facilitate
the gut microbiota equilibrium within an optimal time frame can
be a new therapeutic strategy for IBD. In this review, we will
first describe the postnatal development of gut microbiota and
the intestinal immune system, taking macrophages (MP) as an
example. Then, we will summarize current evidence depicting the
“window of opportunity” for the gut microbiota modulation, and
finally discuss the potential of designing early probiotic treatment
as a new prevention strategy for IBD.

GUT MICROBIOTA OF NEWBORNS

The mammalian gastrointestinal (GI) tract accommodates
the highest density of the microbial community on earth,
more precisely in the distal part where up to 100 trillion
microorganisms inhabit. It is far beyond the number of
eukaryotic cells of the host that holds itself (10). A healthy
adult intestine harbors 100s of bacterial species, including
the dominant genera Bacteroides, Clostridium, Prevotella,
Faecalibacterium, Eubacterium, Ruminococcus, Peptococcus,
Peptostreptococcusm, and Bifidobacterium, which are affiliated
to the four major phyla, i.e., Bacteroidetes, Firmicutes,
Proteobacteria, and Actinobacteria (11, 12). Despite the
considerable variation among individuals detected in the
microbiome, Arumugam et al. (10) have identified three
distinct clusters of gut microbiota driven by discriminative
genera such as enterotype1-Bacteroides, enterotype2-Prevotella,
and enterotype3-Ruminococcus, which applies to the global
microbiome of human beings and is generally stable over time
and in geography (13).

Gut microbiota shows an age-dependent succession
difference. Unlike the stable enterotypes in adults and the
deterioration occurring in old age (13), the gut microbial
ecosystem of newborns is characterized by rapid changes
in bacterial abundance, diversity, and large interindividual
variability of community composition (14). Conventionally,
the human GI tract is first colonized by bacteria from the
immediate environment. Often, by the maternal vagina and
feces-associated microbes including Lactobacillus and Prevotella
in infants of vaginal birth, or by bacteria from maternal skin
and the surroundings represented by Staphylococcus in babies
of cesarean delivery (15). Of note, recent studies have also
reported the microorganisms detections in the placenta (16)
or amniotic fluid (17). Nevertheless, facultative anaerobes,

predominantly Escherichia coli and other bacteria that belong to
Gammaproteobacteria are the first gut colonizers. Subsequently,
the oxygen in the intestinal microenvironment is exhausted by
these bacteria and becomes anaerobic that favors the growth
of strict anaerobes such as Bifidobacterium, Clostridium, and
Bacteroides, which constitute an early community of low
diversity. The aerobic to anaerobic transition seems to occur
very rapidly, as the obligate anaerobes can be detected to occupy
the intestine at the first week after birth (18). Thereafter, the
Bifidobacterium genus presents its diversity and prevalence in the
gut microbiome of young infants at the age of 7–42 days (19–21).
Given that, human milk is enriched with non-digestible human
milk oligosaccharides (HMOs) and the infant Bifidobacteria
are proficient at utilizing HMOs as the sole carbon source,
by dedicating a sizable fraction of the genome to encode the
proteins associated with the HMOs metabolism (12). Finally,
the introduction of solid foods during weaning (at about 6
months old) primes the infant gut microbiota to adapt to an
adult diet, which results in a significant increase in the bacterial
community diversity and complexity, accompanied by climbing
of Bacteroidetes and a decline of Bifidobacterium (22). However,
a recent study suggests that the cessation of breastfeeding, rather
than the solid food introduction, determines the maturation
of the microbiome into an adult-like phenotype. It is usually
around 1 year of age for human beings, thereafter, the gut
microbiota becomes relatively resilient and stable at the age of
3 (8, 14). Notably, two longitudinal cohort studies of Spanish
and Swedish infants revealed an overall directionality of gut
microbiota changes toward their mothers, both compositionally
and functionally within the first 12 months (18, 23).

INTESTINAL MACROPHAGE AND EARLY
MICROBIAL IMPRINTING

Constantly exposed to the extremely complicated gut microbiota,
the intestine also prepares itself with the largest compartment
of the immune system (24, 25), which consists of the organized
lymphoid tissue [Peyer’s patches (PPs), solitary isolated lymphoid
tissues (SILTs), and the draining lymph nodes], along with
the scattered effector cells distributed in the lamina propria
(LP) and the epithelium (26). Interestingly, although partially
programmed before birth, the LP and the epithelium are devoid
of mononuclear cells at birth (26).

Among the effector immune cells, the intestinal MPs are
the most plastic population. Located directly underneath the
surface epithelium in the LP, they serve as sentinels of the
first line of defense, are responsible for the bacterial antigen
presentation, and discriminating the innocuous agents from the
pathogenic insults in the gut lumen, and clearing apoptotic
and senescent epithelial cells (27). MP are important players in
maintaining gut homeostasis and contribute to IBD pathogenesis
(28). Discrete populations of MPs are also found in the
submucosa and muscularis mucosa throughout the GI tract,
together which exhibit a variety of functions to ensure the proper
immune reactions (29). Apart from being highly phagocytic and
producing TNF-α, IL-1, and IL-6 in response to inflammation,
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the intestinal MPs also mediate mucosal tolerance by secreting
the anti-inflammatory cytokine IL-10, thereby promote the
regulatory T-cell population (28, 30), suggesting a case of innate
immunity that controls adaptive immunity. The introduction of
the “macrophage-waterfall” of Ly6Chi monocytes, which develop
progressively into CX3CR1

hi-MHCIIhi resident cells based on
CD64 expression, makes it possible to more accurately identify
the intestinal resident MPs (28). The gut MPs represent a mixed
population, constantly replenished by the blood monocytes
originated from the bone marrow (29). During the neonatal
period, the MPs derived from embryo and yolk sac predominate
the cell pool (31), but only the latter is found to be replaced
by cells from a series of development including the chemokine
receptor CCR2-dependent recruitment of Ly6Chi monocytes,
downregulation of Ly6C, and upregulation of F4/80, CD64, and
CX3CR1 expressions, as well as obtaining the MHCII phenotype.
This process-driven largely by the microbiota, occurs during
weaning and peaks during the third week of life in mice, whereas
germ-free mice are found to have fewer MP in the gut wall, and
its turnover can be suppressed by antibiotics (29).

The phenotypic and functional identity of the MPs is
imprinted by the local environment. Microbiota as a whole is an
important stimulus for monocyte-MP differentiation (32). While
the number and the subsets diversity change during intestinal
inflammation and infection (27, 29). It is suggested that the gut
MPs are susceptible to environmental (re)programming, even
with the matured phenotype. There is a causal link between the
intestinalMPs and IBD, where the alteredmonocyte-macrophage
differentiation impairs the resolution of intestinal inflammation
in patients with IBD, leading to the chronic relapse in individuals
with the genetic predisposition (33). On the other hand, we
postulate in this study that the targeted MPs polarization of the
intestinal microenvironment, by therapeutic strategies like the
probiotic usage at an early stage, may induce sustained intestinal
immune protection. This is supported by a recent study by Danne
et al. (34) thatHelicobacter hepaticus-polysaccharides induced an
anti-inflammatory MP response.

CRITICAL TIME WINDOWS EXIST

As discussed above, the microbial colonization of the gut of an
infant represents the de novo assembly of a bacterial community
with functional attributes similar to adults. It usually takes 2–
3 years for humans and 4–6 weeks for mice (22). Important
changes are witnessed during weaning when the solid food is
gradually introduced to a suckling mammal while withdrawing
the milk of its mother (9, 35). This leads to a “weaning reaction”
of the immune system against the microbiota alterations. A
proper “weaning reaction” is associated with changes in the
global gene expression in the intestine, such as genes encoding
defensins, chemokine receptors, and mucins. Furthermore,
commensal microbiota induces gene upregulations of the pro-
inflammatory cytokines TNF-α and IFN-γ during weaning at 3
weeks of age in mice (9). An elevation of IL-1β expression was
also observed in 21-days old rats at weaning (36). In contrast, the
inhibition of “weaning reaction” in mice using antibiotics led to

a “pathological imprinting” of the immune system, which cannot
be reversed after weaning (9).

It is, therefore, instrumental that the microbiota establishes
its mutually beneficial cohabitation with the host in the time
window of early life, whereas the perturbations may result in
potentially persistent immune abnormalities (8, 37). Several
genome-wide association analyses and large-scale cohort studies
reveal that exposure to antibiotics in childhood especially during
the first year of life is associated with increased susceptibility
to IBD and allergy (7, 37, 38). Furthermore, a meta-analysis
demonstrates that breastfeeding is associated with lower risks
of IBD, with even lower disease incidence in infants under 12
months breastfeeding regimen than 6 months (39). A study
employing surrogate markers of childhood hygiene (e.g., fewer
siblings and living in urban areas) revealed that individuals raised
in a sanitary environment are at a higher risk of IBD later
in life (6). In contrast, children raised close to farm animals
develop less inflammation and allergies, which supports the
“hygiene hypothesis” (40). In germ-free mice, the immunological
abnormality can be reversed by introducing the commensal
bacteria from a healthy counterpart but only as an early-life
intervention (41). Furthermore, Cox et al. (35) found that
temporal antibiotics administration causes a transient microbiota
perturbation in mice infancy but induces a long-term metabolic
phenotype. These results highlight the importance of the early-
life microbial perturbations vs. the early-life intervention, with
the emphasis on gut microbiota modulation (8, 37). There is a
saying that “who started the trouble should end it.” It appears
that several aspects of immune development are indeed more
permissive to the microbial-mediated changes during early life,
and that specific bacterial taxa are crucial in these interactions.

THE POTENTIAL OF PROBIOTICS FOR
EARLY INTERVENTION

Because gut microbiota perturbation is one of the major
causes of IBD and the modulation is a goal, it is relevant to
consider using probiotics as a therapeutic strategy. Indeed, live
microorganisms given personally produce health benefits, are
defined as “probiotics” and have intrigued humans for centuries
(42). In particular, the probiotic effects in IBD treatment have
been studied to reverse the dysbiosis-associated inflammation
(43). Although having been added widely in snacks, drinks,
infant formulas, and consumed as health supplements, the
clinical use of probiotics as therapeutics and their effects are
still less demonstrated (42). The protective effects in animal
models of IBD and in vitro studies were robust as seen
by several conventional probiotic strains, e.g., Bifidobacterium
infantis, Lactobacillus plantarum, and Lactobacillus reuteri, as
well as verified by novel strains Lactobacillus helveticus PI5
and Lactobacillus salivarius LA307 (44). All of them point
to the efficacy and proficiency in strengthening the intestinal
epithelial barrier and improving the immune functions and the
microbiome (45). However, their clinical effects with patients
with IBD were poorly verified. In a meta-analysis study, no effect
was observed on probiotic-induced remission or prevention of
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relapse in Crohn’s disease, whereas some beneficial effects were
shown in patients with colitis (46).

One enigma is whether or not the probiotic bacteria could
colonize the intestine by peroral administration, if so for
how long they could stay in place after the administration
is removed. This would challenge the actions of probiotics
when regarded as contact-dependent (47). As aforementioned,

the established microbiota in adulthood remains quite stable
albeit the fluctuation under drastic changes (10). A recent
study demonstrates that human targeted probiotics exhibited
low-level mucosal colonization in SPF mice, due to resistance
from the indigenous microbiome (48). Several studies found a
decline of probiotic bacteria detection in the fecal microbiota
shortly after the administration cessation (49, 50). In human

FIGURE 1 | Critical time window: gut development and regulation. (A,B) Schematic summary of early-life environmental factors that impact the gut microbiota

establishment of an individual and drive its phenotype toward health or IBD. Typical phylum-level of microbiota composition in healthy individuals in different life stages

and the window of opportunity for possible modulation. (C) Gut resident macrophage ontogeny in the steady-state. A representative image of colon macrophage

(green), interacting with Escherichia coli (red, left panel).
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beings, the probiotics differentially affect the “permissive” and
“resistant” individuals, which features a personal effect of
combined factors including microbiota variation and host gene
signatures associated with immune responses and metabolism
(48). This could be a possible explanation for the ambiguous
effects achieved in clinical trials of IBD-probiotic treatments.
In both humans and mice, the probiotics are seen to induce
changes in microbiome and host GI transcriptome, despite the
limited colonization (48). The mechanisms behind this and the
causality of the microbiome in IBD onset warrant further studies.
In this regard, approaches combining high-resolution single-cell
RNA sequencing/scRNA-seq of inflammatory lesions with the
clinical characterization of patients with IBDmay provide deeper
insights (51). Interestingly, using scRNA-seq, Aschenbrenner et
al. (52) revealed that bacteria exposure induces functional IL-
10 resistance in monocytes and a hyperinflammation-associated
IL-23 production in patients with severe ulcerative colitis.

Surprisingly, several recent studies have described enhanced
probiotic colonization within or post-antibiotic treatment,
suggesting that probiotics were more likely to act in the
“microorganism less abundant” niches (53, 54), as a property
that can be found in the gut microbiota during early life.
Furthermore, Schultz et al. (55) have shown that administration
of Lactobacillus rhamnosus GG to pregnant women causes
infantile colonization for up to 24 months and increased
the bifidobacteria diversity in neonates. During the postnatal
period, L. reuteri DSM 17938 treatment is shown to promote
lactobacilli growth while inhibiting that of E. coli in infants
with colic (56). This is confirmed to be effective as an
infantile colic intervention. The probiotic treatment is also
considered well-tolerated and safe in preterm infants, to
prevent necrotizing enterocolitis and all-cause mortality (57).
However, there are very few longitudinal studies concerning
the probiotic intervention in infants and track their IBD
susceptibility growing up. It is recently shown that infants
born to IBD mothers exhibited altered gut microbiome
from the first week after birth to at least 3 months old,
causing aberrant adaptive immune responses (58). This again
underlines the urgency of early microbiota modulation for
IBD prevention.

We suggest that a better understanding of the gut microbiome
signature in infant exposure to maternal influences changes
of diets and medications using the readily available next-
generation sequencing tools could help to develop predictive
markers and guide the selection of the probiotic strain
fitted for the potential early-life intervention. For instance,
giving probiotic Bifidobacterium strains to the IBD mother-
delivered babies, who displayed a depletion of bifidobacteria
in the first week of life (58) to promote their health, or
use a combination of probiotic strains to enrich the gut
microbiota with low diversity, like in the cesarean section-
delivered newborns (15) and formula-fed infants (39). For
early antibiotic perturbations associated with the increase of
opportunistic pathogens, a probiotic designed to target the
corresponding bacterial taxa (e.g., Gammaproteobacteria) should
be considered. In addition, probiotics can also be tailored
for metabolic reprogramming, for instance, to restore a lipid

dysregulation caused by dysbiosis during a disrupted “weaning
reaction.” For those breast-fed, virginally delivered, full-term
healthy babies, who are not exposed to antibiotics but could
still suffer from IBD, the probiotic strains should be selected
according to the normal gut microbiota succession trend
discussed above. For example, with the probiotic strains from
Actinobacteria given before weaning and those from Firmicutes
afterward. Meanwhile, the characteristics of the gut microbiome
in adult patients with IBD should be used as a reference for
early intervention.

CONCLUSION

Because gut microbiota is implicated in human and animal
health and disease, an essential goal of this review is to better
understand the assembly and community composition of the
microbiota with a special emphasis on the early-life period.
Unlike the adult microbiota, which is relatively resistant
to perturbations and stable over time, the gut microbial
ecosystem of the newborn is characterized by rapid changes
in bacterial community composition, with lower diversity
and lower complexity. Therefore, a convergence in gut
microbiota succession, environmental stimuli for the time
being, and maturation of the immune system decide the
disease susceptibility in later life (Figure 1). Especially for
IBD that is life-long and is featured by recurrent chronic
intestinal inflammation and dysregulation of the immunity
toward commensal bacteria. Since the immune system is
more permissive to microbial-mediated changes during the
early-life period, specific probiotic bacteria could be the key
to the potential modulation. This early-life period (i.e., from
born till the microbiota reach an adult phenotype) opens up
an exciting “window of opportunity.” However, it should be
carefully defined, categorized, and evaluated. Stable and resilient
gut microbiota in an adult but with pathological imprinting
can be detrimental in many aspects. This may explain why
there are “permissive” and “resistant” patients with IBD
to medications.

AUTHOR CONTRIBUTIONS

H-YL, WB, and FG conceived this review. FG, DC, AC, YL,
HG, HQ, and QZ wrote the manuscript. H-YL, WB, and AC
supervised and approved the final version. All the authors have
read, revised, and approved the final manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (32002243), Natural Science Foundation
of Jiangsu Province (BK20200932), Natural Science Foundation
of the Higher Education Institutions of Jiangsu Province
(20KJB230001), Breeding and Reproduction Innovation Team

Frontiers in Nutrition | www.frontiersin.org 5 August 2021 | Volume 8 | Article 69007327

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


Guo et al. Gut Microbiota Modulation of Newborns

of Jiangsu Province Modern Agriculture (Swine) Industry
Technical System (JATS [2020] 4400), and the Priority Academic
Program Development of Jiangsu Higher Education Institutions
(PAPD). The work of FG was partly supported by the China
Scholarship Council (201706190200).

ACKNOWLEDGMENTS

The author specially thank to Dr. Xiaobo Chen (Center for

Environment and Sustainability, University of Surrey) for the

help of proofreading.

REFERENCES

1. Weimers P, Munkholm P. The natural history of IBD: lessons

learned. Curr Treat Options Gastroenterol. (2018) 16:101–

11. doi: 10.1007/s11938-018-0173-3

2. Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, et al.

Worldwide incidence and prevalence of inflammatory bowel disease in the

21st century: a systematic review of population-based studies. Lancet. (2017)

390:2769–78. doi: 10.1016/S0140-6736(17)32448-0

3. Gomollón F, Dignass A, Annese V, Tilg H, Van Assche G, Lindsay JO, et al.

3rd European evidence-based consensus on the diagnosis and management

of Crohn’s disease 2016: Part 1: diagnosis and medical management. J Crohns

Colitis. (2017) 11:3–25. doi: 10.1093/ecco-jcc/jjw168

4. Bager P, Simonsen J, Nielsen NM, Frisch M. Cesarean section and offspring’s

risk of inflammatory bowel disease: a national cohort study. Inflamm Bowel

Dis. (2012) 18:857–62. doi: 10.1002/ibd.21805

5. Xu L, Lochhead P, Ko Y, Claggett B, Leong RW, Ananthakrishnan AN.

Systematic review with meta-analysis: breastfeeding and the risk of Crohn’s

disease and ulcerative colitis. Aliment Pharmacol Ther. (2017) 46:780–

9. doi: 10.1111/apt.14291

6. Klement E, Lysy J, Hoshen M, Avitan M, Goldin E, Israeli E.

Childhood hygiene is associated with the risk for inflammatory

bowel disease: a population-based study. Am J Gastroenterol. (2008)

103:1775–82. doi: 10.1111/j.1572-0241.2008.01905.x

7. Kronman MP, Zaoutis TE, Haynes K, Feng R, Coffin SE. Antibiotic exposure

and IBD development among children: a population-based cohort study.

Pediatrics. (2012) 130:e794–e803. doi: 10.1542/peds.2011-3886

8. Gensollen T, Iyer SS, Kasper DL, Blumberg RS. How colonization by

microbiota in early life shapes the immune system. Science. (2016) 352:539–

44. doi: 10.1126/science.aad9378

9. Al Nabhani Z, Dulauroy S, Marques R, Cousu C, Al Bounny S,

Dejardin F, et al. A Weaning reaction to microbiota is required for

resistance to immunopathologies in the adult. Immunity. (2019) 50:1276–

88.e5. doi: 10.1016/j.immuni.2019.02.014

10. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,

et al. Enterotypes of the human gut microbiome. Nature. (2011) 473:174–

80. doi: 10.1038/nature09944

11. Hu Y, Wang L, Shao D, Wang Q, Wu Y, Han Y, et al. Selectived and reshaped

early dominant microbial community in the cecum with similar proportions

and better homogenization and species diversity due to organic acids as AGP

alternatives mediate their effects on broilers growth. Front Microbiol. (2019)

10:2948. doi: 10.3389/fmicb.2019.02948

12. Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, et al. The first

microbial colonizers of the human gut: composition, activities, and health

implications of the infant gut microbiota. Microbiol Mol Biol Rev. (2017)

81:e00036–17. doi: 10.1128/MMBR.00036-17

13. Costea PI, Hildebrand F, Arumugam M, Bäckhed F, Blaser MJ, Bushman FD,

et al. Enterotypes in the landscape of gut microbial community composition.

Nat Microbiol. (2018) 3:8–16. doi: 10.1038/s41564-017-0072-8

14. Matamoros S, Gras-Leguen C, Le Vacon F, Potel G, de La Cochetiere M-F.

Development of intestinal microbiota in infants and its impact on health.

Trends Microbiol. (2013) 21:167–73. doi: 10.1016/j.tim.2012.12.001

15. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G,

Fierer N, et al. Deliverymode shapes the acquisition and structure of the initial

microbiota across multiple body habitats in newborns. Proc Natl Acad Sci U S

A. (2010) 107:11971–5. doi: 10.1073/pnas.1002601107

16. Satokari R, Grönroos T, Laitinen K, Salminen S, Isolauri E. Bifidobacterium

and Lactobacillus DNA in the human placenta. Lett Appl Microbiol. (2009)

48:8–12. doi: 10.1111/j.1472-765X.2008.02475.x

17. DiGiulio DB, Romero R, Amogan HP, Kusanovic JP, Bik EM, Gotsch F, et

al. Microbial prevalence, diversity and abundance in amniotic fluid during

preterm labor: a molecular and culture-based investigation. PLoS One. (2008)

3:e3056. doi: 10.1371/journal.pone.0003056

18. Valles Y, Artacho A, Pascual-Garcia A, Ferrus ML, Gosalbes MJ, Abellan JJ,

et al. Microbial succession in the gut: directional trends of taxonomic and

functional change in a birth cohort of Spanish infants. PLoS Genet. (2014)

10:e1004406. doi: 10.1371/journal.pgen.1004406

19. Aires J, Thouverez M, Allano S, Butel MJ. Longitudinal analysis and

genotyping of infant dominant bifidobacterial populations. Syst Appl

Microbiol. (2011) 34:536–41. doi: 10.1016/j.syapm.2011.02.007

20. Sjögren YM, Tomicic S, Lundberg A, Böttcher MF, Björkstén B, Sverremark-

Ekström E, et al. Influence of early gut microbiota on the maturation of

childhood mucosal and systemic immune responses. Clin Exp Allergy. (2009)

39:1842–51. doi: 10.1111/j.1365-2222.2009.03326.x

21. Zhang S, Zhong G, Shao D, Wang Q, Hu Y, Wu T, et al. Dietary

supplementation with Bacillus subtilis promotes growth performance of

broilers by altering the dominant microbial community. Poultry Sci. (2021)

100:100935. doi: 10.1016/j.psj.2020.12.032

22. Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R,

et al. Succession of microbial consortia in the developing infant gut

microbiome. Proc Natl Acad Sci U S A. (2011) 108(Suppl. 1):4578–

85. doi: 10.1073/pnas.1000081107

23. Backhed F, Roswall J, Peng Y, Feng Q, Jia H, Kovatcheva-Datchary P, et al.

Dynamics and stabilization of the human gut microbiome during the first year

of life. Cell Host Microbe. (2015) 17:852. doi: 10.1016/j.chom.2015.05.012

24. Wu S, Shen Y, Zhang S, Xiao Y, Shi S. Salmonella interacts

with autophagy to offense or defense. Front Microbiol. (2020)

11:721. doi: 10.3389/fmicb.2020.00721

25. Shi S, Wu S, Shen Y, Zhang S, Xiao Y, He X, et al. Iron oxide nanozyme

suppresses intracellular Salmonella Enteritidis growth and alleviates infection

in vivo. Theranostics. (2018) 8:6149–62. doi: 10.7150/thno.29303

26. Doe WF. The intestinal immune system. Gut. (1989) 30:1679–

85. doi: 10.1136/gut.30.12.1679

27. Kühl AA, Erben U, Kredel LI, Siegmund B. Diversity of intestinal

macrophages in inflammatory bowel diseases. Front Immunol. (2015)

6:613. doi: 10.3389/fimmu.2015.00613

28. Bain CC, Scott CL, Uronen-Hansson H, Gudjonsson S, Jansson O, Grip O,

et al. Resident and pro-inflammatory macrophages in the colon represent

alternative context-dependent fates of the same Ly6Chi monocyte precursors.

Mucosal Immunol. (2013) 6:498–510. doi: 10.1038/mi.2012.89

29. Bain CC, Bravo-Blas A, Scott CL, Gomez Perdiguero E, Geissmann F, Henri

S, et al. Constant replenishment from circulating monocytes maintains the

macrophage pool in the intestine of adult mice. Nat Immunol. (2014) 15:929–

37. doi: 10.1038/ni.2967

30. Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N,

et al. Low-dose irradiation programs macrophage differentiation

to an iNOS+/M1 phenotype that orchestrates effective T cell

immunotherapy. Cancer Cell. (2013) 24:589–602. doi: 10.1016/j.ccr.2013.0

9.014

31. Hashimoto D, Chow A, Noizat C, Teo P, Beasley Mary B,

Leboeuf M, et al. Tissue-resident macrophages self-maintain locally

throughout adult life with minimal contribution from circulating

monocytes. Immunity. (2013) 38:792–804. doi: 10.1016/j.immuni.2013.0

4.004

32. Schridde A, Bain CC, Mayer JU, Montgomery J, Pollet E, Denecke

B, et al. Tissue-specific differentiation of colonic macrophages requires

TGFβ receptor-mediated signaling. Mucosal Immunol. (2017) 10:1387–

99. doi: 10.1038/mi.2016.142

Frontiers in Nutrition | www.frontiersin.org 6 August 2021 | Volume 8 | Article 69007328

https://doi.org/10.1007/s11938-018-0173-3
https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1093/ecco-jcc/jjw168
https://doi.org/10.1002/ibd.21805
https://doi.org/10.1111/apt.14291
https://doi.org/10.1111/j.1572-0241.2008.01905.x
https://doi.org/10.1542/peds.2011-3886
https://doi.org/10.1126/science.aad9378
https://doi.org/10.1016/j.immuni.2019.02.014
https://doi.org/10.1038/nature09944
https://doi.org/10.3389/fmicb.2019.02948
https://doi.org/10.1128/MMBR.00036-17
https://doi.org/10.1038/s41564-017-0072-8
https://doi.org/10.1016/j.tim.2012.12.001
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1111/j.1472-765X.2008.02475.x
https://doi.org/10.1371/journal.pone.0003056
https://doi.org/10.1371/journal.pgen.1004406
https://doi.org/10.1016/j.syapm.2011.02.007
https://doi.org/10.1111/j.1365-2222.2009.03326.x
https://doi.org/10.1016/j.psj.2020.12.032
https://doi.org/10.1073/pnas.1000081107
https://doi.org/10.1016/j.chom.2015.05.012
https://doi.org/10.3389/fmicb.2020.00721
https://doi.org/10.7150/thno.29303
https://doi.org/10.1136/gut.30.12.1679
https://doi.org/10.3389/fimmu.2015.00613
https://doi.org/10.1038/mi.2012.89
https://doi.org/10.1038/ni.2967
https://doi.org/10.1016/j.ccr.2013.09.014
https://doi.org/10.1016/j.immuni.2013.04.004
https://doi.org/10.1038/mi.2016.142
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Guo et al. Gut Microbiota Modulation of Newborns

33. Gren ST, Grip O. Role of monocytes and intestinal macrophages in

Crohn’s disease and ulcerative colitis. Inflamm Bowel Dis. (2016) 22:1992–

8. doi: 10.1097/MIB.0000000000000824

34. Danne C, Ryzhakov G, Martinez-Lopez M, Ilott NE, Franchini F, Cuskin F,

et al. A large polysaccharide produced by Helicobacter hepaticus induces an

anti-inflammatory gene signature in macrophages. Cell Host Microbe. (2017)

22:733–45.e5. doi: 10.1016/j.chom.2017.11.002

35. Cox LM, Yamanishi S, Sohn J, Alekseyenko AV, Leung JM,

Cho I, et al. Altering the intestinal microbiota during a critical

developmental window has lasting metabolic consequences. Cell. (2014)

158:705–21. doi: 10.1016/j.cell.2014.05.052

36. Mengheri E, Ciapponi L, Vignolini F, Nobili F. Cytokine gene

expression in intestine of rat during the postnatal developmental

period: increased IL-1 expression at weaning. Life Sci. (1996)

59:1227–36. doi: 10.1016/0024-3205(96)00446-8

37. Gollwitzer ES, Marsland BJ. Impact of early-life exposures on immune

maturation and susceptibility to disease. Trends Immunol. (2015) 36:684–

96. doi: 10.1016/j.it.2015.09.009

38. Theochari NA, Stefanopoulos A, Mylonas KS, Economopoulos

KP. Antibiotics exposure and risk of inflammatory bowel

disease: a systematic review. Scand J Gastroenterol. (2018)

53:1–7. doi: 10.1080/00365521.2017.1386711

39. Klement E, Cohen RV, Boxman J, Joseph A, Reif S. Breastfeeding and risk of

inflammatory bowel disease: a systematic reviewwithmeta-analysis.Am J Clin

Nutr. (2004) 80:1342–52. doi: 10.1093/ajcn/80.5.1342

40. Riedler J, Braun-Fahrländer C, Eder W, Schreuer M, Waser M,

Maisch S, et al. Exposure to farming in early life and development

of asthma and allergy: a cross-sectional survey. Lancet. (2001)

358:1129–33. doi: 10.1016/S0140-6736(01)06252-3

41. Olszak T, An D, Zeissig S, Vera MP, Richter J, Franke A, et al. Microbial

exposure during early life has persistent effects on natural killer T cell

function. Science. (2012) 336:489–93. doi: 10.1126/science.1219328

42. Suez J, Zmora N, Segal E, Elinav E. The pros, cons, and many unknowns of

probiotics. Nat Med. (2019) 25:716–29. doi: 10.1038/s41591-019-0439-x

43. Ni J, Wu GD, Albenberg L, Tomov VT. Gut microbiota and IBD:

causation or correlation? Nat Rev Gastroenterol Hepatol. (2017) 14:573–

84. doi: 10.1038/nrgastro.2017.88

44. Alard J, Peucelle V, Boutillier D, Breton J, Kuylle S, Pot B, et al. New

probiotic strains for inflammatory bowel disease management identified by

combining in vitro and in vivo approaches. Benef Microbes. (2018) 9:317–

31. doi: 10.3920/BM2017.0097

45. van Baarlen P,Wells JM, KleerebezemM. Regulation of intestinal homeostasis

and immunity with probiotic lactobacilli. Trends Immunol. (2013) 34:208–

15. doi: 10.1016/j.it.2013.01.005

46. Derwa Y, Gracie DJ, Hamlin PJ, Ford AC. Systematic review with meta-

analysis: the efficacy of probiotics in inflammatory bowel disease. Aliment

Pharmacol Ther. (2017) 46:389–400. doi: 10.1111/apt.14203

47. Atarashi K, Tanoue T, Ando M, Kamada N, Nagano Y, Narushima S, et al.

Th17 cell induction by adhesion of microbes to intestinal epithelial cells. Cell.

(2015) 163:367–80. doi: 10.1016/j.cell.2015.08.058

48. Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M, Bashiardes

S, et al. Personalized gut mucosal colonization resistance to empiric probiotics

is associated with unique host and microbiome features. Cell. (2018)

174:1388–405.e21. doi: 10.1016/j.cell.2018.08.041

49. Charbonneau D, Gibb RD, Quigley EM. Fecal excretion of Bifidobacterium

infantis 35624 and changes in fecal microbiota after eight weeks of oral

supplementation with encapsulated probiotic. Gut Microbes. (2013) 4:201–

11. doi: 10.4161/gmic.24196

50. Smith TJ, Anderson D, Margolis LM, Sikes A, Young AJ. Persistence of

Lactobacillus reuteri DSM17938 in the human intestinal tract: response

to consecutive and alternate-day supplementation. J Am Coll Nutr. (2011)

30:259–64. doi: 10.1096/fasebj.24.1_supplement.340.1

51. Corridoni D, Chapman T, Antanaviciute A, Satsangi J, Simmons A.

Inflammatory bowel disease through the lens of single-cell RNA-seq

technologies. Inflamm Bowel Dis. (2020) 26:1658–68. doi: 10.1093/ibd/iz

aa089

52. Aschenbrenner D, Quaranta M, Banerjee S, Ilott N, Jansen J, Steere B, et

al. Deconvolution of monocyte responses in inflammatory bowel disease

reveals an IL-1 cytokine network that regulates IL-23 in genetic and

acquired IL-10 resistance. Gut. (2021) 70:1023–36. doi: 10.1136/gutjnl-2020-3

21731

53. Grazul H, Kanda LL, Gondek D. Impact of probiotic supplements on

microbiome diversity following antibiotic treatment of mice. Gut Microbes.

(2016) 7:101–14. doi: 10.1080/19490976.2016.1138197

54. Suez J, Zmora N, Zilberman-Schapira G, Mor U, Dori-Bachash M, Bashiardes

S, et al. Post-antibiotic gut mucosal microbiome reconstitution is impaired

by probiotics and improved by autologous FMT. Cell. (2018) 174:1406–

23.e16. doi: 10.1016/j.cell.2018.08.047

55. Schultz M, Göttl C, Young RJ, Iwen P, Vanderhoof JA. Administration

of oral probiotic bacteria to pregnant women causes temporary

infantile colonization. J Pediatr Gastroenterol Nutr. (2004)

38:293–7. doi: 10.1097/00005176-200403000-00012

56. Savino F, Cordisco L, Tarasco V, Palumeri E, Calabrese R, Oggero

R, et al. Lactobacillus reuteri DSM 17938 in infantile colic: a

randomized, double-blind, placebo-controlled trial. Pediatrics. (2010)

126:e526–e33. doi: 10.1542/peds.2010-0433

57. AlFaleh K, Anabrees J. Probiotics for prevention of necrotizing

enterocolitis in preterm infants. Evid Based Child Health. (2014)

9:584–671. doi: 10.1002/ebch.1976

58. Torres J, Hu J, Seki A, Eisele C, Nair N, Huang R, et al. Infants born

to mothers with IBD present with altered gut microbiome that transfers

abnormalities of the adaptive immune system to germ-free mice. Gut. (2020)

69:42–51. doi: 10.1136/gutjnl-2018-317855

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Guo, Cai, Li, Gu, Qu, Zong, Bao, Chen and Liu. 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 Nutrition | www.frontiersin.org 7 August 2021 | Volume 8 | Article 69007329

https://doi.org/10.1097/MIB.0000000000000824
https://doi.org/10.1016/j.chom.2017.11.002
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.1016/0024-3205(96)00446-8
https://doi.org/10.1016/j.it.2015.09.009
https://doi.org/10.1080/00365521.2017.1386711
https://doi.org/10.1093/ajcn/80.5.1342
https://doi.org/10.1016/S0140-6736(01)06252-3
https://doi.org/10.1126/science.1219328
https://doi.org/10.1038/s41591-019-0439-x
https://doi.org/10.1038/nrgastro.2017.88
https://doi.org/10.3920/BM2017.0097
https://doi.org/10.1016/j.it.2013.01.005
https://doi.org/10.1111/apt.14203
https://doi.org/10.1016/j.cell.2015.08.058
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.4161/gmic.24196
https://doi.org/10.1096/fasebj.24.1_supplement.340.1
https://doi.org/10.1093/ibd/izaa089
https://doi.org/10.1136/gutjnl-2020-321731
https://doi.org/10.1080/19490976.2016.1138197
https://doi.org/10.1016/j.cell.2018.08.047
https://doi.org/10.1097/00005176-200403000-00012
https://doi.org/10.1542/peds.2010-0433
https://doi.org/10.1002/ebch.1976
https://doi.org/10.1136/gutjnl-2018-317855~
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/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


CORRECTION
published: 15 September 2021
doi: 10.3389/fnut.2021.760443

Frontiers in Nutrition | www.frontiersin.org 1 September 2021 | Volume 8 | Article 760443

Approved by:

Frontiers Editorial Office,

Frontiers Media SA, Switzerland

*Correspondence:

Hao-Yu Liu

haoyu.liu0523@outlook.com

Aoxue Chen

aoxue.chen@campus.lmu.de

Wenbin Bao

wbbao@yzu.edu.cn

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Nutrition and Microbes,

a section of the journal

Frontiers in Nutrition

Received: 18 August 2021

Accepted: 20 August 2021

Published: 15 September 2021

Citation:

Guo F, Cai D, Li Y, Gu H, Qu H,

Zong Q, Bao W, Chen A and Liu H-Y

(2021) Corrigendum: How Early-Life

Gut Microbiota Alteration Sets

Trajectories for Health and

Inflammatory Bowel Disease?

Front. Nutr. 8:760443.

doi: 10.3389/fnut.2021.760443

Corrigendum: How Early-Life Gut
Microbiota Alteration Sets
Trajectories for Health and
Inflammatory Bowel Disease?
Feilong Guo 1,2,3†, Demin Cai 1,4†, Yanwei Li 4, Haotian Gu 4, Huan Qu 4, Qiufang Zong 4,

Wenbin Bao 4*, Aoxue Chen 5* and Hao-Yu Liu 1,4*

1 Epigenetics and Epigenome Research Institute, Yangzhou University, Yangzhou, China, 2Department of General Surgery,

Jinling Hospital, School of Medicine, Nanjing University, Nanjing, China, 3Department of Medical Cell Biology, Uppsala

University, Uppsala, Sweden, 4College of Animal Science and Technology, Yangzhou University, Yangzhou, China,
5Department of Psychiatry and Psychotherapy, University Hospital, Ludwig-Maximilians-Universität München, Munich,

Germany

Keywords: early-life intervention, gut microbiota, probiotics, weaning, inflammatory bowel disease

A Corrigendum on

How Early-Life Gut Microbiota Alteration Sets Trajectories for Health and Inflammatory

Bowel Disease?

by Guo, F., Cai, D., Li, Y., Gu, H., Qu, H., Zong, Q., Bao, W., Chen, A., and Liu, H.-Y. (2021). Front.
Nutr. 8:690073. doi: 10.3389/fnut.2021.690073

In the published article, there was an error in affiliation 1. Instead of “Department of General
Surgery, Jinling Hospital, School of Medicine, Nanjing University, Nanjing, China,” it should
be “Epigenetics and Epigenome Research Institute, Yangzhou University, Yangzhou, China.”
There was an error in affiliation 2. Instead of “Department of Medical Cell Biology, Uppsala
University, Uppsala, Sweden,” it should be “Department of General Surgery, Jinling Hospital,
School of Medicine, Nanjing University, Nanjing, China.” There was an error in affiliation
3. Instead of “Department of Animal Nutrition, College of Animal Science and Technology,
YangzhouUniversity, Yangzhou, China,” it should be “Department ofMedical Cell Biology, Uppsala
University, Uppsala, Sweden.” And there was an error in affiliation 4. Instead of “Epigenetics
and Epigenome Research Institute, Yangzhou University, Yangzhou, China,” it should be “College
of Animal Science and Technology, Yangzhou University, Yangzhou, China.” Accordingly, the
placement of 1, 2, 3, and 4 has been updated.

In the published article, there was an error regarding the affiliations for Feilong Guo. As well as
having affiliations 2 and 3, he should also have affiliation 1 “Epigenetics and Epigenome Research
Institute, Yangzhou University, Yangzhou, China.”

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of

their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Guo, Cai, Li, Gu, Qu, Zong, Bao, Chen and Liu. 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.

30

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.760443
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.760443&domain=pdf&date_stamp=2021-09-15
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:haoyu.liu0523@outlook.com
mailto:aoxue.chen@campus.lmu.de
mailto:wbbao@yzu.edu.cn
https://doi.org/10.3389/fnut.2021.760443
https://www.frontiersin.org/articles/10.3389/fnut.2021.760443/full
https://doi.org/10.3389/fnut.2021.690073
https://doi.org/10.3389/fnut.2021.690073
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/


ORIGINAL RESEARCH
published: 17 August 2021

doi: 10.3389/fvets.2021.720851

Frontiers in Veterinary Science | www.frontiersin.org 1 August 2021 | Volume 8 | Article 720851

Edited by:

Shourong Shi,

Poultry Institute, Chinese Academy of

Agricultural Sciences, China

Reviewed by:

F. Capela e Silva,

University of Evora, Portugal

Yang Zhi,

Yangzhou University, China

*Correspondence:

Yu Yang

345605203@qq.com

Specialty section:

This article was submitted to

Animal Nutrition and Metabolism,

a section of the journal

Frontiers in Veterinary Science

Received: 05 June 2021

Accepted: 26 July 2021

Published: 17 August 2021

Citation:

Bai Y, Wang R, Yang Y, Li RR and Wu

XT (2021) Folic Acid Absorption

Characteristics and Effect on Cecal

Microbiota of Laying Hens.

Front. Vet. Sci. 8:720851.

doi: 10.3389/fvets.2021.720851

Folic Acid Absorption Characteristics
and Effect on Cecal Microbiota of
Laying Hens

Yan Bai 1, Rui Wang 1,2, Yu Yang 1*, Ruirui Li 1 and Xiaotian Wu 1

1 Laboratory of Poultry Production, College of Animal Science, Shanxi Agricultural University, Jinzhong, China, 2Department

of Life Sciences, Luliang University, Luliang, China

This experiment was conducted to investigate the characteristics of folic acid (FA)

absorption in laying hens and the effect of FA supplementation on cecal microbiota.

A total of 432 healthy hens (30-week-old) were randomly assigned to four diets

supplemented with FA: 0, 1, 6, and 24 mg/kg of feed for 8w. Blood, duodenum, jejunum,

ileum, cecum, and cecal chyme samples (six samples per treatment) were collected

from the hens at the end of the feeding trial. Expression profiles of folate transport and

transformation genes in intestine and cecal microbiota were detected. Results showed

that serum folate level significantly increased (P < 0.01) with an increase in dietary FA

supplementation, reaching a plateau at 6 mg/kg FA supplementation. The expression

of FA transport and transformation genes was not affected in the cecum (P > 0.05)

by dietary FA supplementation; however, it was affected in the duodenum, jejunum,

and ileum and mostly showed a downward trend in treatment groups (P < 0.05). The

genes affected include duodenal folate receptor (Folr) and dihydrofolate reductase (Dhfr),

jejunal proton-coupled folate transporter (Pcft) and reduced folate carrier (Rfc), and

ileal ATP binding cassette subfamily C member (Abcc2), Abcc3, Rfc, Folr, and Dhfr.

Furthermore, according to the operational taxonomic unit classification and taxonomic

position identification, the cecal microbiota population of the hens was not affected

by dietary FA supplementation at the phylum, class, order, family, genus, and species

levels (P > 0.05). However, the relative abundance of some microbiota was affected by

dietary FA supplementation (P < 0.05). In conclusion, FA transport from the intestinal

lumen into enterocytes, and then into the bloodstream, is strictly regulated, which

may be associated with the regulation of the expression profiles of genes involved in

FA absorption. Pathogenic bacteria decreased in the cecum, especially at 24 mg/kg

supplementation, but the beneficial bacteria (Bifidobacteriaceae) decreased at this level,

too. Overall, FA supplementation at 6 mg/kg, which was selected for folate-enriched egg

production, did not affect the health and metabolism of laying hens negatively.

Keywords: laying hen, folic acid, absorption, gut microbiota, functional prediction
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INTRODUCTION

The term folate (vitamin B9) refers to a group of compounds
belonging to the water-soluble vitamins, playing an important
role in one-carbon metabolism (1). Deficiency in folate has been
linked to a variety of disorders, including anemia (2), neural tube
defects during fetal development (3), mental illness (4), cancers
(5), eye diseases (6). People have gradually realized folate’s
importance and have started looking for ways to supplement
folate. Humans and animals lack the enzymes to synthesize folate
de novo, so they must obtain it from their food. Green vegetables,
yeast, animal livers, egg yolk, folic acid (FA)-fortified foods, or
additives are all good folate sources for humans (7, 8). Because
of folate’s instability in vegetable sources (9, 10), the potential
negative effects of synthetic FA (11–13), egg yolk folate draws
considerable attention thanks to its stability, natural occurrence,
and high bioavailability (14, 15). Studies have shown that folate
content in egg yolk can be increased by supplementing laying hen
feed with FA. However, attempts to increase folate concentration
in eggs beyond the achieved enrichment level were unsuccessful.
Egg folate has reached a maximum plateau and does not increase
further with increased dietary FA (16–19). Intestinal absorption
of FA is believed to be one of the main factors affecting the
transfer of dietary FA into the egg.

The folate sources for laying hens are the feedstuff and
synthetic crystalline FA. Plant-derived folate is mostly in the form
of polyglutamate with 5–9 glutamate tails (20), and it is absorbed
in the intestinal tract. While FA can be absorbed directly,
the polyglutamated forms must be first converted to their
monoglutamate form by folate hydrolase (1). Within the chicken
intestinal tract, the monoglutamate forms are transported across
the enterocytes through the action of specific transporters:
folate receptor (FOLR), reduced folate carrier (RFC) (21), and
proton-coupled folate transporter (PCFT) (22). Once inside the
enterocytes, synthetic FA is reduced to tetrahydrofolate (THF)
by dihydrofolate reductase (DHFR) to gain a metabolic activity
similar to other folate species. Multidrug-resistance-associated
protein 2 (MRP2), coded by ATP binding cassette subfamily
C member 2 (ABCC2), is expressed at the small intestine
apical brush-border membrane and can pump folates back into
the intestinal lumen, thereby countering the inward transport
mediated by PCFT. MRP3 (coded by ABCC3) and MRP5 (coded
by ABCC5) are expressed in the basolateral membrane where
they export folate for transit into the vascular system (23). FA
absorption rate in the everted intestinal sac model of laying hens
reaches a plateau after a certain FA content (24). The regulation
of FA intestinal intake is crucial for folate transport to the egg,
but the specificmechanism is unclear. The absorption transporter
might be regulated at the gene expression, protein and translation
levels. Alternatively, the process of enterocyte FA excretion
is regulated, thus saturating FA absorption in the intestinal
epithelial cells. In this study, the mRNA expression levels of
Pcft, Rfc, Abcc2, Abcc3, Abcc5, Folr, and Dhfr in the duodenum,
jejunum, ileum, and cecumwere detected to understand folic acid
absorption characteristics in the intestinal tract of laying hens.

Owing to the specific and saturable process of folate transport
into the enterocytes (25), a large amount of FA or its degradants

may be excreted through feces. When a large amount of FA is
fed to hens for the production of folate-enriched eggs, excess
FA is transferred into the cecum. The cecum contains several
microbes, which play an important role in maintaining the
nutritional status of birds (26, 27). Some of the microbes present
in the cecum are capable of synthesizing folate, whereas others
depend on dietary folate for growth. Gut microbe-synthesized
folate is an important source for the host animal (28). The gut
microbiota is an important factor regulating gastrointestinal tract
homeostasis and energy metabolism, as well as the immune and
central nervous systems of laying hens. Chicken performance and
gut health dependent on the complex gut microbial community,
which plays a role in nutrient assimilation, biosynthesis, and
prevention of pathogen colonization.

Several studies have examined the gut microbiota of chickens
under various experimental conditions; however, studies on the
effect of FA on the intestinal microbiota of poultry are limited.
Therefore, the aim of this study was to assess the effects of FA on
the gut microbiota of laying hens and to determine whether the
ecological balance of the cecal microorganisms is affected by FA
supplementation. Additionally, we investigated the effect of FA
supplementation on the cecal microbiota structure of laying hens
using 16S rRNA high-throughput sequencing.

METHODS AND MATERIALS

The study was carried out in accordance with the Chinese
guidelines for animal welfare and experimental protocol, and was
approved by Shanxi Agricultural University Animal Experiment
Ethics Committee (SXAU-EAW-2018-002Chi.001).

Animals, Diets, and Experimental Design
The 8-week experiment (2-week pre-experiment and 6-week
formal experiment) was performed in Xingmin Animal
Husbandry Industry Cooperative (Taigu, Jinzhong, Shanxi,
China) and a single factor test design was adopted. Four hundred
and thirty-two 30-week-old healthy Jinghong laying hens were
randomly allotted into four groups, each with six replicates
of 18 birds. The replicates were divided into six cages with
three birds per cage [50 × 50 × 45/38 cm (long × wide ×

front high/back high)]. The management of the indoor light,
temperature followed the chickens’ breeding manual (16 h:8 h
light: dark cycles, 20 ± 3◦C). The chickens had free access to
water and food. The dietary treatments consisted of a corn-
soybean meal-based diet (Table 1) supplemented with folic
acid at 0, 1, 6, and 24 mg/kg (marked as FA0, FA1, FA6, and
FA24, respectively), which was purchased from Ketai Biological
Co. Ltd. (Shijiazhuang, Hebei, China) with purity of 99.8%.
FA0 acted as the control group, 1 mg/kg was the supplemental
amount for laying hens according the breeding manual, 6
mg/kg was the most appropriate dose for folate-enriched eggs
production based on our previous results, and 24 mg/kg for
excess added treatment. The production performance and egg
quality measurements were performed weekly and detailed in
Appendix Table 1.
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TABLE 1 | Ingredients and Composition (g/kg diet) of the basal diet (air-dry basis).

Ingredients Content Nutrient levelsc Nutrient

Composition

Corn 645 Crude protein 164.6

Soybean meal 210 Crude fiber 30.0

Cottonseed meal 10 Ether extract 28.9

Linseed meal 20 Ash 126.1

Limestone 96.6 Calcium 35.1

NaCl 3 Total phosphorus 5.0

DL-Methionine (98%) 1.4 Available phosphorus 2.2

L-Lysine·H2SO4 (70%) 0.4 Methionine 3.9

Choline Chloride (50%) 1 Lysine 7.8

Vitamin premixa 0.4 Threonine 5.8

Minerals premixb 2 Folate (mg /kg) 0.35

Calcium hydrophosphate 10 Metabolism energy /(MJ/kg) 11.08

Phytase (5000 IU/g) 0.2

Total 1,000

aThe multivitamin premix provided per kilogram of diet: vitamin A 14,400 IU, vitamin D

5,400 IU, vitamin K3 3.2mg, vitamin B1 2.4mg, vitamin B2 10mg, vitamin B12 0.025mg,

vitamin E 32mg, biotin 0.16mg, pantothenic acid 14mg, and niacin 48 mg.
bThe mineral premix provided per kilogram of diet: Cu (as copper sulfate) 8mg, Fe (as

ferrous sulfate) 50mg, Mn (as manganese sulfate) 100mg, Zn (as zinc sulfate) 90mg,

I (as potassium iodide) 0.40mg, Se (as sodium selenite) 0.36mg, and Co (as cobalt

sulfate) 0.26mg.
cThe composition of ME, available phosphorus, amino acids were calculated, the others

were measured.

Sample Collection
At the end of the experiment, one hen with a final body weight
(BW) close to mean BW of each replication (a total of six samples
per treatment) was euthanized and subjected to a full post-
mortem examination following an overnight fast. Immediately
before euthanasia, blood was collected from the wing vein into
5-mL vacuum tubes without anticoagulant to obtain a serum
sample. The duodenum, jejunum, ileum, cecum, and the cecal
chyme were sampled aseptically.

Blood samples were incubated in a water bath at 37◦C for
1 h, followed by centrifugation at 3000 rpm for 10min (TG16-
WS, Xiangli Scientific Instruments Co. Ltd. Changsha, Hunan,
China). The upper serum layer was aspirated with a pipette
into a 0.5-mL Eppendorf tubes and immediately preserved at
−20◦C, pending further analysis. About 2 cm of the anterior
duodenum, the middle jejunum, and ileum, and the right cecum
were rinsed in precooled saline, packed into separate cryogenic
tubes, plunged into liquid nitrogen, and then maintained at
−80◦C, pending detection by quantitative real-time polymerase
chain reaction (qRT-PCR). The contents of the left cecum were
collected for 16S rRNA sequencing to identify the gut microbiota.

Folate and Homocysteine Content in the
Serum
The folate and homocysteine serum levels were assayed using
a chicken enzyme linked immunosorbent assay kit (Solarbio
Science and Technology Ltd., Beijing, China) following the
manufacturer’s instructions.

TABLE 2 | Nucleotide sequences of the primers used in the qRT-PCR assay.

Gene Primer sequence (5′-3′) GenBank

accession no.

Size

(bp)

Abcc2 F: CTACGGACATCAGCAGCGGTTC XM_015288821.2 133

R: GACCACCAGGCTCCCAACAAAC

Abcc3 F: GCTGTTCGGTGTCCTGCTGTG XM_015295526.2 87

R: GGTGGTGGTGTTCTGCTCTGC

Abcc5 F: AAGACCTGACCTAGCCATCCTTCC XM_004943392.3 89

R: TTCTCTGACGCTGTCCTCCACTC

Pcft F: TGGTCGGTGAGACGGAGCAG NM_001205066.1 153

R: AAGGTGGAAGGGTAGAGGGAGTTG

Rfc F: CGCTGGTGATTGGAGTGGTGAC NM_001006513.1 103

R: GGTAGGAGCCACGGAAGAGGAC

Folr F: CAAAGAGGACTGCGAGGAATGGTG NM_204834.1 87

R: GTTGCCCAGTTCCAGCCCTTG

Dhfr F: GTCAGAACATGGGCATCGGGAAG XM_025144726.1 91

R: GAGGTGCTGGTCATTCTCTGGAAG

β-actin F: CAACACAGTGCTGTCTGGTGGTA NM_205518.1 205

R: ATCGTACTCCTGCTTGCTGATCC

Abcc, ATP-binding cassette subfamily C member; Dhfr, dihydrofolate reductase; F,

forward primer; Folr, folate receptor; Pcft, proton coupled folate transporter; R, reverse

primer; Rfc, reduced folate carrier.

Quantitative Real-Time PCR Analysis of
Gene Expression
The intestinal samples were ground with liquid nitrogen,
and their total RNA was extracted using the RNAiso Plus
reagent (Takara Biotechnology Co., Ltd, Dalian, Liaoning,
China) following the manufacturer’s instructions. The quantity
and quality of the extracted total RNA were determined
with a spectrophotometer (NanoDrop 2000, Thermo Fisher
Scientific, Waltham, MA, USA) at 260 and 280 nm. First-
strand cDNA was synthesized from 1,000 ng of total RNA
using a PrimeScriptTM RT reagent Kit with gDNA Eraser
(Perfect Real Time; Takara Biotechnology Co., Ltd.) following the
manufacturer’s instructions. The genes’ mRNA level (gene names
and the primer sequences were listed in Table 2) was analyzed by
quantitative real-time PCR. The genes expression was quantified
in triplicate with a StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) and TB Green Premix Ex Taq
II (Tli RNase H Plus; Takara Biotechnology Co., Ltd.) following
the manufacturer’s instructions, at a reaction volume of 20 µl.
The relative expression of the target genes was calculated using
the 2−11Ct method, with β-actin as the housekeeping gene.

Microbial DNA Extraction, 16S rRNA Gene
Amplification of the V3-V4 Region,
Sequencing, and Bioinformatic Analysis
Total genomic DNA of cecal chyme microbiota were
extracted using the Fast DNA SPIN extraction kits (MP
122 Biomedicals, Santa Ana, CA, USA), following the
manufacturer’s instructions, and stored at −20◦C, pending
further analysis. The quantity and quality of the extracted DNAs
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TABLE 3 | Effect of folic acid supplementation on serum folate and homocysteine levels.

Items FA0 FA1 FA6 FA24 SEM P-value

Folate (ng/L) 226.3Aa 241.0Aa 285.6Bb 285.4Bb 8.3 < 0.001

Homocysteine (µmol/L) 13.11Aa 11.81Aa 6.85Bb 6.94Bb 0.80 0.001

Data are expressed as mean and pooled standard error of the mean (SEM) (n = 6). Means values within a row with different lowercase superscript letters are significantly different at P

< 0.05, and mean values with different uppercase superscript letters are significantly different at P < 0.01. FA = folic acid supplementation. The numbers after FA refer to the amounts

added in mg/kg feed.

were assessed using NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel
electrophoresis, respectively.

PCR amplification of the bacterial 16S rRNA genes in the
V3-V4 region was performed using the 338F forward primer
(5′-ACTCCTACGGGAGGCAGCA-3′) and the 806R reverse
primer (5′-GGACTACHVGGGTWTCTAAT-3′). Sequencing
was performed using the Illumina MiSeq platform with MiSeq
Reagent Kit v3 at the Shanghai Personal Biotechnology Co., Ltd
(Shanghai, China).

The Quantitative Insights into Microbial Ecology (QIIME,
v1.8.0) pipeline was employed to process the sequencing data,
as previously described (29). Briefly, raw sequencing reads with
exactmatches to the barcodes were assigned to respective samples
and identified as valid sequences. The low-quality sequences were
filtered based on the following criteria (30, 31): sequences that
had a length of < 150 bp or an average Phred score of < 20,
contained ambiguous bases or mononucleotide repeats of> 8 bp.
Paired-end reads were assembled using Fast Length Adjustment
of Short reads (FLASH) (32). After chimera detection, the
remaining high-quality sequences were clustered into operational
taxonomic units (OTUs) at 97% sequence identity by UCLUST
(33). A representative sequence was selected from each OTU
using default parameters. OTU taxonomic classificationwas done
by Basic Local Alignment Search Tool (BLAST), searching the
Greengenes Database (34) against sequence sets, using the best
hit (35). An OTU table was generated to record the abundance
of each OTU in each sample and the taxonomy of these OTUs.
OTUs containing <0.001% of total sequences across all samples
were discarded. To minimize differences in sequencing depth
across samples, an averaged, rounded rarefied OTU table was
generated by averaging 100 evenly resampled OTU subsets under
90% of the minimum sequencing depth for further analysis.

Sequence data analyses were mainly performed using QIIME
and packages in R (Version 3.2.0). OTU-level α diversity
indices, such as Chao1 richness estimator, Abundance-based
Coverage Estimator (ACE) metric, Shannon diversity index,
and Simpson index, were calculated using the OTU table in
QIIME. Kruskal–Wallis test by ranks was applied to compare
the relative abundance of bacteria at the phylum, family,
and genus levels. Spearman correlation coefficient was used
to analyze the correlation between FA supplementation and
bacterial abundance.

Microbial functions were predicted by Phylogenetic
Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt) based on high-quality sequences, and mapped

the data to Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway database. The correlation values between the relative
abundance of KEGG pathways and the bacteria were shown in a
heatmap based on spearman correlation analysis.

Statistical Analysis
The data of serum parameters, and expression level of genes
were analyzed by one-way analysis of variance (ANOVA) with
the Duncan post hoc test for multiple comparisons, using IBM
SPSS statistical software for Windows (Version 26.0, IBM Corp.,
Armonk, NT, USA). Results are expressed as treatment means
with their pooled standard error of the mean. A probability value
of P < 0.05 was considered statistically significant.

RESULTS

Serum Folate and Homocysteine
Concentration
Serum folate and homocysteine levels were measured to
determine the effect of dietary FA supplementation on folate
metabolism in hens. There was an increase (P < 0.001) in serum
folate level and a decrease (P = 0.001) in serum homocysteine
level with increase in dietary FA supplementation (Table 3).
Moreover, serum folate level was negatively correlated (R =

−0.794; P = 0.002) with serum homocysteine level.

Relative mRNA Expression of Folic Acid
Transfer Genes in the Duodenum, Jejunum,
Ileum, and Cecum
The cecal expression characteristics of FA transport and transfer
genes was distinct (Table 4). Cecal expression of Abcc2, Dhfr,
Folr, Pcft, and Rfc was lower than that in the other parts of
the intestines, whereas that of Abcc3 was higher, and they were
not different among groups (P > 0.05), indicating differences
in FA absorption efficiency between the intestinal segments, and
that the contribution of folate absorption in cecum may be
relatively small.

Pcft, Rfc, and Folr are relevant in FA absorption from the
intestinal lumen into enterocytes. Duodenal Pcft expression
showed a decreasing tendency (P = 0.067), whereas jejunal Pcft
expression decreased (P = 0.049) in treatment groups. Duodenal
Rfc expression was higher (P = 0.015) in birds in the FA1 group
compared to birds in the other treatment groups, while jejunal
Rfc expression was lower in birds in the FA1 and FA6 group
(P = 0.026) and ileal Rfc expression was significantly lower in
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TABLE 4 | Relative mRNA expression of genes involved in folic acid absorption in the intestines.

Items FA0 FA1 FA6 FA24 SEM P-value

Abcc2 Duodenum 1.007 0.857 0.812 1.269 0.088 0.267

Jejunum 1.215 0.969 0.826 1.096 0.117 0.735

Ileum 2.412Aa 1.077Bb 0.658Bb 0.819Bb 0.231 0.003

Cecum 0.007 0.014 0.006 0.003 0.002 0.340

Abcc3 Duodenum 1.008 2.483 2.777 2.452 0.307 0.161

Jejunum 1.817AaB 0.935Aa 3.033Bb 1.819AaB 0.260 0.009

Ileum 3.865b 1.174a 2.952b 2.689b 0.346 0.015

Cecum 7.551 6.498 6.815 7.397 0.676 0.958

Abcc5 Duodenum 1.137 1.062 1.179 0.839 0.115 0.787

Jejunum 0.961 0.721 1.137 0.798 0.087 0.372

Ileum 0.952 0.693 0.963 0.592 0.119 0.672

Cecum 0.651 0.915 1.037 0.529 0.092 0.177

Pcft Duodenum 1.022 0.625 0.639 0.761 0.063 0.067

Jejunum 0.471a 0.229b 0.294ab 0.315ab 0.046 0.049

Ileum 0.604 0.623 0.673 0.384 0.058 0.335

Cecum 0.128 0.091 0.121 0.100 0.011 0.645

Rfc Duodenum 1.007a 1.564b 0.564a 0.942a 0.127 0.015

Jejunum 1.208a 0.559b 0.680b 0.966ab 0.093 0.026

Ileum 1.271a 0.830ab 0.576b 0.906ab 0.094 0.035

Cecum 0.506 0.647 0.507 0.458 0.046 0.557

Folr Duodenum 1.002Aa 0.371Cc 0.219Cc 0.550Bb 0.090 <0.001

Jejunum 0.341 0.271 0.119 0.288 0.037 0.179

Ileum 0.792a 0.291b 0.461b 0.343b 0.072 0.025

Cecum 0.014 0.020 0.013 0.012 0.002 0.508

Dhfr Duodenum 1.007Aa 0.947Aa 0.514Bb 0.517Bb 0.077 0.002

Jejunum 0.526 0.369 0.578 1.036 0.102 0.087

Ileum 0.722Aa 0.410Bb 0.256Bc 0.386Bbc 0.055 <0.001

Cecum 0.231 0.391 0.494 0.332 0.040 0.099

Data are expressed as mean and pooled standard error of the mean (SEM) (n = 6). Mean values within a row with different lowercase superscript letters are significantly different at P <

0.05, and mean values with different uppercase superscript letters are significantly different at P < 0.01. FA, folic acid supplementation. The numbers after FA refer to the amounts added

in mg/kg feed. Abcc, ATP-binding cassette subfamily C member; Dhfr, dihydrofolate reductase; Folr, folate receptor; Pcft, proton coupled folate transporter; Rfc, reduced folate carrier.

birds in the FA6 group (P = 0.035) compared to birds in control
group. Duodenal and ileal Folr expression significantly decreased
(P < 0.001, and P = 0.025, respectively) in birds in the treatment
groups compared with that of birds in the control groups. The
down regulation of these genes may suggest a decrease in FA
transport from the intestinal lumen into the enterocytes.

When FA is absorbed into enterocytes, it must be converted
into its active biological form, tetrahydrofolate, by DHFR.
Duodenal Dhfr expression decreased in birds in the FA6 and
FA24 treatment groups compared to birds in the control and FA1
groups (P = 0.002); jejunal Dhfr expression in the laying hens
decreased in the treatment groups (P < 0.001). The absorption of
FA may be limited by the down-regulation of Dhfr due to that FA
cannot absorption into blood directly and must be reduced into
THF by DHFR.

Abcc3 and Abcc5 are involved in the process of expelling folate
from enterocytes into the vascular system, and Abcc2 is involved
in the process of pumping folates back into the intestinal lumen.
The Abcc5 expression in the different intestinal segments was
not affected by dietary FA supplementation. Jejunal and ileal

Abcc3 expression first decreased in FA1 group and then rose in
FA6 group (P = 0.009, and P = 0.015, respectively). Ileal Abcc2
expression of the laying hens decreased in treatment groups (P
= 0.003). That Abcc2 and Abcc3 expression changes with the
concentration of FA in diet implies their involvement in the
maintenance of folate homeostasis in the intestinal epithelium.

Effects of Folic Acid Supplementation on
Cecal Microbiota of Laying Hens
A total of 1,243,900 sequence tags with a median length of
425 bp (V3 + V4, ∼402 to 453 bp) were obtained from the
samples after removing redundant sequences. Each sample from
the experimental laying hens contained 52,794± 5,832 sequence
tags. The sequences were further clustered into 35,392 OTUs
using a 97% similarity cut-off value. Rarefaction curves generated
from the OTUs suggested that a high sampling coverage (∼99%)
was achieved for all samples. Bacterial community richness index
values (Chao1 andACE) and diversity index values (Shannon and
Simpson) were not affected (P > 0.05) by FA supplementation
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TABLE 5 | Effect of folic acid on the cecal microbial diversity in laying hens.

Items FA0 FA1 FA6 FA24 SEM P-value

Simpson 0.9910 0.9907 0.9902 0.9913 0.0005 0.890

Chao1 1969.6 1839.4 1919.4 1968.1 65.68 0.899

ACE 2032.7 1926.2 1993.8 2073.6 68.98 0.906

Shannon 8.33 8.32 8.33 8.41 0.60 0.960

Data are expressed as the means and pooled standard error of the mean (SEM) (n = 6). FA, folic acid supplement, the numbers after FA refer to the amounts added in mg/kg feed;

ACE, abundance-based coverage estimator metric; Chao1, Chao1 richness estimator; Shannon, Shannon diversity index; Simpson, Simpson index.

FIGURE 1 | The composition of the cecal microbiota at different classification levels. The taxonomic-composition distribution histograms of each sample are shown at

the phylum, class, order, family, genus, and species levels separately. FA, folic acid supplement, the numbers after FA refer to the amounts added in mg/kg feed, the

numbers after (-) indicate samples in each group.

(Table 5). Based on unweighted UniFrac distance analysis, the
β-diversity of cecal microbiota was significantly affected by the
treatments (R = 0.2312; P = 0.003); however, analysis based on
weighted UniFrac distance showed that the β-diversity of the
cecal microbiota was not affected (R = 0.0076; P = 0.375) by
dietary FA supplementation. Furthermore, according to the OTU
classification and taxonomic position identification, the cecal
microbial composition of the hens was not affected by dietary FA
supplementation at the phylum, class, order, family, genus, and
species levels (Figure 1).

A total of 17 phyla were identified, with Firmicutes,
Bacteroidetes, and Proteobacteria accounting for almost 95% of
the sequences. Firmicutes was the most abundant phylum (45
to 68%) in all four groups, followed by Bacteroidetes (21 to
38%) and Proteobacteria (4 to 26%). The remaining 14 phyla
accounted for only 5% of the total. The relative abundance of
Verrucomicrobia, TM7, and Fusobacteria were affected (P <

0.05) by dietary FA supplementation. Higher FA consumption
seemed to be associated with lower relative abundance of
Fusobacteria, TM7, and WPS-2, and a higher relative abundance
of Verrucomicrobia (Figure 2).

At the family level, 107 families were identified in the
cecal contents, of which, 71 families each accounted for more
than 0.1% of the total microbial population in at least one

sample and were selected for further analysis. After elimination
of unclassified families, there were significant differences in
the relative abundance of 10 families in the cecum of the
laying hens. Spearman correlation coefficient analysis showed
that the relative abundance of seven families was negatively
correlated with dietary FA supplementation, whereas the relative
abundance of five families was positively correlated with dietary
FA supplementation (Figure 3).

At the genus level, 193 genera were identified in the cecal
contents, of which, 105 genera each accounted for more
than 0.1% of the population in at least one sample and were
selected for further analysis. After eliminating unclassified
genera, we observed that there were significant differences
in the relative abundances of five genera in the cecum of
the laying hens (P < 0.05). Spearman correlation coefficient
analysis showed that the relative abundance of six genera
was negatively correlated with dietary FA supplementation,
whereas the relative abundance of five genera was positively
correlated with dietary FA supplementation (Figure 4).
Fusobacteriaceae and Fusobacterium were the only family
and genus classified in Fusobacteria, and Campylobacter was
the only genus classified in Campylobacteraceae. Therefore,
only Fusobacterium and Campylobacter are discussed in the
following sections.
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FIGURE 2 | Distribution of the cecal microbiota at the phylum level. (A) Spearman’s correlation coefficients of dietary folic acid supplementation and the relative

abundance of bacteria at the phylum level, ** indicated highly significant correlation (P < 0.01), * indicated significant correlation (P < 0.05). (B) Taxonomic

composition at the phylum level across different samples. (C)–(E) Comparison of the relative abundance of Verrucomicrobia,TM7, and Fusobacteria in different

groups, respectively. Different letters in the column represent significant differences (P < 0.05). FA, folic acid supplement, the numbers after FA refer to the amounts

added in mg/kg feed, the numbers after (-) indicate samples in each group.

In summary, compared with the FA0 group, the number of
different bacteria in the FA1, FA6, and FA24 groups were 7, 7, and
16 at the three levels, respectively, and 4, 8, and 6 bacteria differed
between FA1 and FA6, FA1 and FA24, FA6 and FA24, respectively
(Appendix Table 2).

The functional profiles of the microbiota based on the
analysis of KEGG level 2 categories showed six pathways
were different among the relative abundance of the groups
(P < 0.05). Four pathways were positively correlated with the
dietary FA supplementation, whereas seven pathways were
negatively correlated with the dietary FA supplementation.
Of the pathways, four (membrane transport, carbohydrate
metabolism, metabolism of cofactors and vitamins, and
nucleotide metabolism) were among the top 10 according to
relative abundance. The number of different predominant
gene functions of the three pair-wise comparisons of
FA0, FA1, and FA6 was one. Compared with FA24, the
numbers of different predominant gene functions of FA0,
FA1, and FA6 groups were 10, 6, and 5, respectively. The
microbial gene functions related to metabolic pathways
(carbohydrate metabolism, metabolism of cofactors and
vitamins, nucleotide metabolism, and metabolic diseases)

were negatively correlated with dietary FA supplementation
(Table 6).

The correlation between the bacteria of different relative
abundance and the top 10 microbial gene functions was analyzed
(Figure 5). At the phylum level, Actinobacteria and TM7 were
positively correlated with carbohydrate metabolism, and TM7
was positively correlated with nucleotide metabolism. At the
family level, the Rs-045 group in TM7 and Bifidobacteriaceae
were positively correlated with carbohydrate metabolism
and nucleotide metabolism; the BS11 group in Bacteroidetes
was positively correlated with the metabolism of cofactors
and vitamins, while Comamonadaceae and Rhodocyclaceae
were negatively correlated with functions involved in the
metabolism of cofactors, and vitamins and nucleotide
metabolism; Rikenellaceae was negatively correlated with
carbohydrate metabolism, and the metabolism of cofactors
and vitamins. The RFP12 group in Verrucomicrobia and
Rhodocyclaceae were positively correlated with membrane
transport, while BS11 and Peptostreptococcaceae were negatively
correlated with membrane transport. At the genus level,
Fusobacteria was positively correlated with the metabolism
of cofactors and vitamins, and negatively correlated with
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FIGURE 3 | Distribution of the cecal microbiota at the family level. (A) Spearman’s correlation coefficients of dietary folic acid supplementation and the relative

abundance of bacteria at the family level [only statistically significant differences (P < 0.05) are shown], ** indicated

(Continued)
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FIGURE 3 | highly significant correlation (P < 0.01), * indicated significant correlation (P < 0.05). (B–K) Comparison of the relative abundance of Prevotellaceae,

BS11, [Barnesiellaceae], Spirochaetaceae, Peptostreptococcaceae, RFP12, Bifidobacteriaceae, Campylobacteraceae, Rs-045, Fusobacteriaceae, respectively.

Different letters in the column represent significant differences (P < 0.05). (L) Taxonomic composition at the family level across different samples (top 20 classified

bacteria are shown). FA, folic acid supplement, the numbers after FA refer to the added in mg/kg feed, the numbers after (-) indicate samples in each group.

membrane transport. Faecalibacterium and Aeriscardovia
were positively correlated with carbohydrate metabolism;
additionally, Faecalibacterium was positively correlated with
the metabolism of cofactors and vitamins. Perlucidibaca was
negatively correlated with the metabolism of cofactors and
vitamins, and nucleotide metabolism.

DISCUSSION

Folic Acid Absorption Characteristic in the
Intestines of Laying Hens
Plasma folate concentration appeared to reach saturation at a FA
concentration between 2 and 4 mg/kg of the hen diet (16). In
the present study, the serum folate level reached a plateau at a
dietary FA concentration of 6 mg/kg. Perhaps, the strain used
in this study had a different sensitivity to FA. The sensitivity
of plasma homocysteine to folate status is well-documented
the literature, which can be attributed to the role of folate
in homocysteine re-methylation to methionine (18). Tactacan
et al. (36) reported that the inclusion of crystalline FA or 5-
methyltetrahydrofolic acid (5-MTHF) in the hens’ diet increased
serum and egg folate levels and decreased plasma homocysteine
level. Although the effect of FA supplementation on plasma
homocysteine level may differ between hen strains, the decrease
in homocysteine level is not indefinite and it reaches a plateau,
similar to that of serum folate (16). These findings indicate that
FA absorption in the intestines, metabolism in the liver, and
excretion into the blood is well-regulated. The intestines, liver,
and kidneys play essential roles in regulating folate homeostasis
in the body.

The mucosal-to-serosal FA uptake rate in the jejunum of
laying hens reaches a plateau at FA concentrations higher than
0.1µM; this pattern is reminiscent of the response demonstrated
by laying hens in egg folate concentration when their dietary
FA supplementation is increased (24). We assume that a folate
homeostasis regulation mechanism exists in intestinal epithelial
cells. In the present study, we focused on intestinal factors that
might play a role in folate homeostasis. The relative mRNA
expression levels of transporters and enzymes involved in folate
homeostasis in the duodenum, jejunum, ileum, and cecum of
laying hens were compared.

The mRNA expression of enzymes and transporters involved
in FA absorption was detected in the four segments of the
intestinal tract, indicating the presence of an FA transport system
throughout the intestinal tract of laying hens. However, the
uptake rate was higher in the duodenum and jejunum than in the
ileum and cecum (24). Rfc and Pcft were extensively expressed
in most tissues, suggesting that they play important roles in
chickens. FA supplementation (10 mg/kg) did not affect the

expression of these genes, but jejunal Rfc expression exhibited a
decreasing trend with the increase in dietary FA supplementation
(21, 22). In the present study, there was no change in Pcft
expression levels in the experimental groups, although a tendency
for reduced Pcft expression was observed, which concurs with the
findings of Jing et al. (22). There was a significant increase in the
duodenal Rfc expression levels and a significant decrease in the
jejunal Rfc expression levels of hens in the FA1 group compared
with those of hens in the other treatment groups, indicating that
Rfc expression might be regulated by FA concentration in the
intestines. Folate oversupplementation led to down-regulation
of intestinal folate uptake in rat, which was caused by down-
regulating the expressions of RFC and PCFT in the protein
level (37). Under the folate oversupplemented condition, the
uptake of folic acid by Caco-2 and HK-2 cell was specifically
lower than the folate-sufficient condition, which was associated
with the decrease in mRNA levels of RFC, PCFT, and FOLR,
and also the decrease in protein level of RFC and the activity
of the RFC promoter (38). We speculate that, Rfc, Pcft, and
Folr transcription processes and their protein levels may also be
regulated in chicken intestine, and the down-regulation of these
genes would contribute to a lower folic acid absorption efficiency.

Although apical uptake transporters have been extensively
explored, the molecular entities involved in basolateral efflux
transport and reverse transport to the lumen are yet to be
identified in chickens. ABCC3 is involved in the serosal efflux
of FA and leucovorin, as well as 5-MTHF in mice (39), and the
down- and up-regulation of ABCC3 expression can influence
2,008 human ovarian cells’ folate homeostasis (40). Although
duodenal Abcc3 expression was not different between treatment
groups, it showed an increasing trend with the increase in dietary
FA supplementation, indicating that folate transfer from the
intestinal epithelial cells into the bloodstream might be regulated
to maintain body folate homeostasis. Jejunal and ileal Abcc3
expression decreased in the FA1 group and then increased in
the FA6 and FA24 groups, which may indicate that priority
may be given to meet body need when the diet folate is short.
Efflux may increase to maintain folate homeostasis when the diet
folate is in excess. Ileal Abcc2 expression decreased in treatment
groups indicating that there was a balance of folate concentration
between intestinal lumen and epithelial cells. Further studies
should pursue this.

The DHFR-mediated dihydrofolate reduction can be inhibited
by its own substrate folic acid (41) and its production (6s)-5,6,7,8-
tetrahydrofolate (42). Duodenal DHFR activity was reported to
be lower in birds fed diets supplemented with 10 mg/kg FA than
in birds in the control group (36). In the present study, duodenal
and ileal Dhfr expression decreased with the increase in dietary
FA supplementation, which might be associated with a decrease
in DHFR activity.
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FIGURE 4 | Distribution of the cecal microbiota at the genus level. (A) Spearman’s correlation coefficients of dietary folic acid supplementation and the relative

abundance of bavteria at the genus level [only statistically significant differences (P < 0.05) are shown], ** indicated highly significant correlation (P < 0.01), * indicated

significant correlation (P < 0.05). (B–F) Comparison of the relative abundance of Megamonas, Prevotella, Campylobacter, Barnesiella, Fusobacterium, respectively.

Different letters in the column represent significant differences (P < 0.05). (G) Taxonomic composition at the genus level across different samples. (top 20 classified

bacteria are shown). FA, folic acid supplement, the numbers after FA refer to the amounts added in mg/kg feed, the numbers after (-) indicate samples in each group.
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In summary, FA transport and transfer from the intestinal
lumen into enterocytes, and then into the bloodstream, are
strictly regulated. It can be concluded that feeding excessively
high levels of FA can cause large amounts of unabsorbed FA or
its degradants to flow into the cecum of laying hens.

Effect of Folic Acid Supplementation on the
Cecum Chyme Microbiota in Laying Hens
Cecal microbiota plays an important role in chicken health,
growth performance (43), and egg production (44). Although
unabsorbed FA or its degradants flowed into the cecum in the
experimental groups, our data suggest that there was no change in
the microbial diversity due to FA supplementation. This outcome
might be associated with the minor effect of FA supplementation
on egg production performance (Appendix Table 1).

Excess consumption of folate by humans can significantly
increase the relative abundance of Faecalibacterium,
Subdoligranulum, Alistipes, Haemophilus, Desulfovibrio,
Prevotella, Odoribacterium, Dialister, and Akkermansia, and
significantly decrease the relative abundance of Lachnospiraceae,
and Erysipelatoclostridium at the genus level (45). In the
present study, the relative abundance of Alistipes, Akkermansia,
Barnesiella, Perlucidibaca, and Blvii28 were positively correlated
with FA supplementation, whereas the relative abundance of
Faecalibacterium, Fusobacterium, Campylobacter, Butyricicoccus,
Aeriscardovia, and Megamonas were negatively correlated.
The abundance of Prevotella exhibited a quadratic pattern,
peaking at 1 mg/kg diet (FA1 group) and decreasing at
higher supplementation levels (FA6 and FA24 groups). These
discrepancies might be attributed to differences in intestinal
microbiota between humans and chickens. Additionally,
Escherichia coli and Salmonella are major pathogen in poultry
industry (46–48), the biochemical modulation of folate may
potentially help the host cope with those challenging situations
(49) and increase the host survival (50). Nevertheless, they were
not detected by 16S sequencing in the present study, and a
further study is required.

Compared with FA0, the relative abundance of TM7, Rs-045
groups in TM7, BS11 groups in Bacteroidetes, Campylobacter,
Megamonas, and Fusobacterium were decreased in the cecum of
hens fed FA-supplemented diets, which might indicate that these
bacterial classes were sensitivity to FA. TM7 is associated with
oral inflammation, and its abundance increases in the patient’s
mouth with gingivitis severity and periodontal disease (51).
Fusobacterium is a proinflammatory bacterium. In colorectal
cancer tumors, Fusobacterium species are over-represented and
a significant co-occurrence was observed for Fusobacterium,
Leptotrichia, and Campylobacter species, which was associated
with the Interleukin-8 gene and over-expression of other host
genes (52). There was a high Fusobacterium abundance in
53-week-old hens with poor egg production, indicating the
negative effects of Fusobacterium on chicken health (53).
Campylobacter spp. are associated with the gastrointestinal
tract of several animals, and Campylobacter jejuni and C. coli
cause ∼90% of human campylobacteriosis cases (foodborne
bacterial gastroenteritis causing bloody diarrhea, fever, and
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FIGURE 5 | Heatmap illustrating correlation between the predicted gene functions (the KEGG level 2 categories in the top 10) and bacteria with different relative

abundances among groups at the phylum, family and genus levels. The color scale indicates the degree of correlation (red: strong positive correlation, blue: strong

negative correlation). *P < 0.05, **P < 0.01, ***P < 0.001.

abdominal pain). Chickens are natural hosts for Campylobacter,
and chicken meat and eggs are the most important sources of
human campylobacteriosis (54). Campylobacter is a commensal
microorganism without any obvious clinical signs; however, oral
uptake of C. jejuni can significantly affect nutrient absorption,
intestinal epithelial barrier activity, and immune reaction,
resulting in decreased weight gain in seemingly healthy chickens
(55). The BS11 groups in Bacteroidetes participates in multiple
pathways for fermenting hemicellulose monomeric sugars to
short-chain fatty acids (56). Megamonas species are important

propionate and acetate producers (57). In the present study, we
found that BS11 and Megamonas were positively but weakly
correlated with carbohydrate metabolism. Briefly, dietary FA
supplementation can decrease the number of pathogenic bacteria
in the intestines and the number of genera associated with short-
chain fatty acid production.

There was a significant increase in the relative abundances
of Verrucomicrobia, RFP12 family (within Verrucomicrobia),
and Barnesiella (within Bacteroidetes), and a significant decrease
in the relative abundance of Peptostreptococcaceae (within
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Firmicutes), Bifidobacteriaceae (within Actinobacteria), and
Spirochaetaceae (within Spirochaetes) in the intestines of
birds in the FA24 group compared to birds in the other
treatment groups. The relative abundance of Akkermansia
accounted for the highest proportion in Verrucomicrobia, and
it was positively correlated with dietary FA supplementation.
Zhang et al. (58) reported that chemical folate modulated the
microbiota of rats by increasing the abundance of the genus
Akkermansia, which further increased the relative abundance
of the phylum Verrucomicrobia to the second most abundant
phylum. Verrucomicrobia can improve glucose metabolism in
animals (59), and have the potential to induce regulatory
immunity (60). Akkermansia is an important microorganism
because of its probiotic role, including thickening of the mucous
layer, improving gut barrier function (61), enhancing glucose
tolerance, reducing insulin resistance, modulating pathways
involved in establishing homeostasis for basal metabolism,
enhancing immune tolerance against commensal microbiota
(62), and prolonging the life of mice from premature aging
(63). Barnesiella is an effective immunomodulator that inhibits
the colonization of pathogenic antibiotic-resistant bacteria in
the gut (64), and promote the nutrient metabolism of chicken
(65). Characterized Peptostreptococcaceae species are anaerobic
bacteria that include pathogens associated with tissue infections
and antibiotic resistance (66). Bifidobacteriaceae are considered
to be the most important beneficial microbes in the gut (67),
and some species in genus Bifidobacterium have the capacity for
de novo folate biosynthesis, and are developed into probiotic
products (68). FA supplementation of the laying hen diet
at 24 mg/kg increased the relative abundance of beneficial
bacteria and decreased the relative abundance of pathogenic
bacteria, which were involved in the regulation of immunity.
However, there was a decrease in the relative abundance of
Bifidobacteriaceae, a beneficial bacterium, in the intestines of
birds in the FA24 treatment group, this may suggest the folic
acid supplementation associate with probiotics-Bifidobacteria
The gene functions of microbiota in the intestines of birds in
the FA24 group were significantly different from those of birds
in the other treatment groups, indicating that 24 mg/kg FA
supplementation may influence folate metabolism in laying hens.
In conclusion, FA supplementation at 24 mg/kg was not suitable
for laying hens.

According to the findings of our previous work, a suitable
amount of dietary FA for folate-enriched egg production
is 6 mg/kg of the diet. In this study, compared with the
FA1 group, there was a significant decrease in the relative
abundance of Prevotellaceae and Prevotella, and gene function
associated with unclassified cellular processes and signaling in
the intestines of hens in the FA6 group. Prevotellaceae are
known degraders of intestinal mucus and can destroy this
important intestinal barrier (69). This may indicate that dietary
FA supplementation has little effect on the health andmetabolism
of laying hens for folate-enriched egg production from the
microbial perspective.

CONCLUSIONS

Serum folate level of laying hens reached a plateau in the
FA6 group, which was possibly associated with the regulation
of the expression of genes involved in FA absorption in the
intestine. Unabsorbed FA may enter the cecum when added
in excess, leading to a decrease in the relative abundance of
some pathogenic bacteria, especially in the FA24 group. The
beneficial bacteria (Bifidobacteriaceae) decreased in FA24 group.
Overall, FA supplementation at 6 mg/kg, which was selected for
folate-enriched egg production, did not affect the health and
metabolism of laying hens negatively.
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The gut microbiota of chickens plays an important role in host physiology. However,

the colonization and prevalence of gut microbiota have not been well-characterized.

Here, we performed 16S rRNA gene sequencing on the duodenal, cecal and fecal

microbiota of broilers at 1, 7, 21, and 35 days of age and characterized the dynamic

succession of microbiota across the intestinal tract. Our results showed that Firmicutes

was the most abundant phylum detected in each gut site at various ages, while the

microbial diversity and composition varied among the duodenum, cecum, and feces at

different ages. The microbial diversity and complexity of the cecal microbiota increased

with age, gradually achieving stability at 21 days of age. As a specific genus in the

cecum, Clostridium_sensu_stricto_1 accounted for 83.50% of the total abundance at

1 day of age, but its relative abundance diminished with age. Regarding the feces,

the highest alpha diversity was observed at 1 day of age, significantly separated from

the alpha diversity of other ages. In addition, no significant differences were observed

in the alpha diversity of duodenal samples among 7, 21, and 35 days of age. The

predominant bacterium, Lactobacillus, was relatively low (0.68–6.04%) in the intestinal

tract of 1-day-old chicks, whereas its abundance increased substantially at 7 days

of age and was higher in the duodenum and feces. Escherichia-Shigella, another

predominant bacterium in the chicken intestinal tract, was also found to be highly

abundant in fecal samples, and the age-associated dynamic trend coincided with that

of Lactobacillus. In addition, several genera, including Blautia, Ruminiclostridium_5,

Ruminococcaceae_UCG-014, and [Ruminococcus]_torques_group, which are related

to the production of short-chain fatty acids, were identified as biomarker bacteria of the

cecum after 21 days of age. These findings shed direct light on the temporal and spatial

dynamics of intestinal microbiota and provide new opportunities for the improvement of

poultry health and production.
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INTRODUCTION

As a high-quality source of animal protein, chicken meat is an
important component of a healthy and well-balanced diet for
humans (1). The demand for chicken products has grown rapidly
in recent decades (2). More than 72 billion broiler chickens
were produced in 2019 (FAOSTAT), making chicken meat widely
available and more affordable than other meats. With the global
population approaching 8 billion people, ensuring an adequate
supply of safe food has become increasingly important, especially
for developing countries.

The intestinal microbiota is crucial for host health
and productivity (3). Previous studies have demonstrated
that specific gut microbiota was strongly linked to
chicken phenotypes such as feed efficiency (4) and fat
deposition (5). Lactobacillus strains inhabit the chicken
gut microbiota and express antimicrobial activities that
participate in the gastrointestinal tract (GIT) system of
defense of the host (6, 7). Salmonella and Campylobacter
contamination is highly prevalent in poultry production,
and poultry is often implicated as a main source of human
infection (8–11).

However, the microbial composition of the chicken GIT is
not static but presents temporal variations related to age (12).
Videnska et al. (13) suggested four distinct developmental phases
of the cecal microbiota in egg-type chickens in their production
cycle. In meat-type chickens, several studies revealed a succession
of bacterial communities and an increasing microbial diversity in
different compartments of the GIT during growth (14, 15). Newly
hatched chicks with small amounts of bacteria are susceptible to
environmental conditions, and the composition of their intestinal
microbiota is largely dependent on the surrounding environment
(16). The establishment of the gut microbiota occurs quickly
and is primarily colonized by facultative anaerobes. The simple
microbiota gradually transits to complex and obligate anaerobes
with age and eventually reaches a relatively stable dynamic state
(6, 12, 15).

In addition, the chicken GIT is composed of many different
regions, and each region plays a unique role in nutrient
digestion and absorption and harbors its own unique microbial
composition (6, 17, 18). Chickens have two paired ceca, and
both harbor similar bacterial communities (17). The cecum
has attracted the most attention because of its high microbial
density and metabolism-related functions, acting as a key region
for bacterial fermentation of nondigestible carbohydrates (19).
Most of the cecal microorganisms are obligate anaerobes,
including Clostridium, Bacteroides, and Ruminococcus (20). The
small intestine, including the duodenum, jejunum, and ileum,
where nutrients are primarily digested and absorbed, contains
lower numbers of microorganisms and tends to be colonized
primarily by acid-tolerant and facultative anaerobes such as
Lactobacillus, Enterococcus, and Streptococcus (21, 22). The
composition of the fecal microbiota largely fluctuates depending
on varying contributions of microbiota from different gut
segments (23). Owing to the convenience and non-invasiveness
of fecal sampling, feces is a common proxy for the gut
microbial community.

Therefore, the objective of the present study was to compare
the microbial composition of the duodenum, cecum and feces
at four timepoints: 1, 7, 21, and 35 days of age. A detailed
understanding of the spatial-temporal succession of the gut
microbial composition could help to develop new interventions
to optimize the gut microbiota that would ultimately improve
production performance.

MATERIALS AND METHODS

Animal and Sample Collection
Male Arbor Acres broilers (n = 57) from a single hatch were
raised in individual cages at the Poultry Genetic Resource and
Breeding Experimental Unit of China Agricultural University.
Birds were provided with ad libitum access to water and fed with
two soybean-corn diets (Supplementary Table 1) from 1 day
post-hatching to 5 weeks old. No drugs, prebiotics, probiotics,
and antibiotics were used during the experimental period. In
addition, we didn’t use any vaccine because vaccines can also
have a profound effect on the gut microbiota. The body weight
of each bird was measured weekly with an electronic scale (to
the nearest 5 g). As shown in Figure 1, chickens were sampled
at 1, 7, 21, and 35 days of age (six individuals per age). On each
sampling day, fresh fecal samples from each bird were collected
by laying sterile plastic plates on the cage floor, and the droppings
were collected as soon as excreta were discharged. The middle of
the feces was collected to avoid environmental contamination.
Birds were then euthanized by cervical dislocation followed
by decapitation. Both the digesta and mucosa were sampled
based on the consideration that the microbes from both sources
may contribute to host interactions with respect to nutrient
metabolism and immunity (24). The details of the collection
of duodenal and cecal samples have previously been described
by Yan et al. (25). In the duodenum, 6 samples at 1 day of
age, 1 sample at 7 days of age and 1 sample at 21 days of age
were excluded due to insufficient sample amount. A total of
64 intestinal samples remained for further DNA extraction and
16S rRNA gene sequencing. All samples were stored at−80 ◦C
immediately after sample collection.

DNA Extractions and 16S rRNA Gene
Sequencing
Microbial DNA was extracted by using a QIAamp Stool
Minikit (Qiagen, D4015-01, Hilden, Germany) according to the
manufacturer’s recommendations. The completeness of the DNA
extract was checked by 1% agarose gel electrophoresis, and the
final DNA concentration and purification were determined using
a Nanodrop instrument (Thermo Fisher Scientific, Waltham,
MA, USA).

PCR (polymerase chain reaction) amplification of the V4
region of the 16S rRNA gene was performed using the
forward primer 515F (GTGYCAGCMGCCGCGGTAA) and the
reverse primer 806R (GGACTACHVGGGTWTCTAAT). PCR
was performed using ABIGeneAmp R© 9700 (Applied Biosystems,
Foster, CA, USA), and the reaction volume contained 4 µl 5×
TransStart FastPfu buffer, 2 µl 2.5mM dNTPs, 0.8 µl 5µM
forward primer, 0.8 µl 5µM reverse primer, 0.4 µl TransStart
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FastPfu DNA polymerase, 0.2 µl BSA, 10 ng template DNA and
ddH2O up to 20 µl. The PCR program was as follows: 95◦C for
3min, 27 cycles of 95◦C for 30 s, 55◦C for 30 s and 72◦C for 45 s
with a final extension of 72◦C for 10 min (26).

The PCR product was extracted from a 2% agarose
gel and purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA) according
to the manufacturer’s instructions and quantified using a
QuantusTM Fluorometer (Promega, USA). After quantification,
equimolar amounts of PCR products were pooled for paired-end
sequencing, performed on the Illumina MiSeq PE300 platform
according to the standard protocols by Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China).

Analysis of 16S rRNA Sequencing Data
The raw 16S rRNA gene sequencing reads were quality-
filtered by fastp (ver 0.20.0) with default parameters (27) and
merged by FLASH (ver 1.2.11) (28) according to the following
criteria: (a) the 300 bp reads were truncated at any site
receiving an average quality score of <20 over a 50-bp sliding
window, and the truncated reads shorter than 50 bp were
discarded. Reads containing ambiguous characters were also
discarded; (b) only overlapping sequences longer than 10 bp
were assembled according to their overlapping sequence. The
maximummismatch ratio of the overlapping region was 0.2, and
unassembled reads were discarded; and (c) the number of primer
mismatches was <2.

The resultant data were clustered by UPARSE (ver 7.1) to
harvest operational taxonomic units (OTUs) with identities of
>97% and filter chimera from the dataset. Sequencing data were
thenmapped to the Silva database (Release132) by RDP Classifier
(ver 2.2) (29) using a confidence threshold of 0.7 (30). The
singleton OTUs were discarded because they were generated
mainly by sequencing errors.

Characterizing the Spatial and Temporal
Changes of the Gut Microbiota
An OTU count matrix was used to calculate the microbial
diversity. The Shannon index and Simpson index were calculated
to describe the community diversity and evenness of the gut
microbial community using the vegan package (31) in R project
(ver 4.0.2). To compare the differences in the alpha diversity
index among groups, pairwise comparisons were conducted
with the Wilcoxon rank-sum test. Principal coordinate analysis
(PCoA) was conducted based on Bray–Curtis dissimilarities. The
different groups were statistically compared through analysis
of similarity (ANOSIM) with 999 permutations in the vegan
package. The dynamics of the GIT microbiota at the phylum,
family, and genus levels were presented in the form of alluvial
diagrams and stacked histograms, respectively. A union set
of genera with a mean relative abundance >2% in each
gut section and timepoint was calculated. Linear discriminant
analysis effect size (LEfSe) was performed to identify the bacteria
enriched in different gut sections and different timepoints
(32). The differences in features were identified at genus.
The LEfSe analysis conditions were as follows: (1) the alpha
value for the factorial Kruskal-Wallis test among classes was
<0.05; (2) the alpha value for the pairwise Wilcoxon rank-
sum test among subclasses was <0.05; (3) the threshold on
the logarithmic LDA score for discriminative features was
<4.0; and (4) multiclass analysis was set as all-against-all.

RESULTS

Characterization of Host Phenotypes and
Sequencing Output
The body weight of birds from hatching to 5 weeks of age was
visualized in Supplementary Figure 1. Body weight increased

FIGURE 1 | Schematic of the study design for assessing the influence of different timepoints or gut sections on chicken microbiota. Each sampling day is depicted in

orange circles, and the number of birds at different timepoints is also shown. Six chickens were randomly selected for sample collection of the duodenum, cecum,

and feces of each bird. The number of gut samples with sufficient sample amount for 16S rRNA sequencing is shown in the dashed box.

Frontiers in Veterinary Science | www.frontiersin.org 3 August 2021 | Volume 8 | Article 71222648

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Zhou et al. Microbial Spatial-Temporal Colonization Patterns

FIGURE 2 | Age-related dynamics of alpha diversity measurements based on the Shannon index (A) and Simpson index (B) across three intestinal segments. The

center point indicates the mean value in the corresponding group, and the data are expressed as the mean ± SE.

rapidly from 14 days of age to 35 days of age and reached an
average of 1,941.23± 224.37 g at the end of the trial.

A total of 64 samples collected from 1 day post hatching
to market age (35 days of age) were analyzed to characterize
the temporal and spatial dynamics of the gut microbiota
(Figure 1). A total of 3,378,731 quality-filtered sequences
were generated with an average of 52,793 reads per sample
(Supplementary Table 2). These sequences were clustered into
1,057 OTUs and subsequently classified into 22 phyla, 37 classes,
100 orders, 178 families, 406 genera, and 580 species.

Diversity and Composition of the Gut
Microbiota
As shown in Figure 2, the Shannon index and Simpson index,
which represent community richness and evenness, respectively,
showed the same trend in different gut sections. In the feces, a
high community diversity was exhibited at 1 day of age compared
with the community diversity of other ages in this study. The high
community diversity dropped dramatically at 7 days of age and
increased at 21 days of age. Although, the community diversity of
the fecal microbiota decreased at 35 days of age, no significant
difference was observed compared with 21 days of age (p >

0.05, Supplementary Table 3). In the duodenum, the community
diversity at 7 days of age was the highest and decreased at 21
days of age, while no significant changes were found between
these two ages (p > 0.05, Supplementary Table 3). The results of
the cecum demonstrated that the community diversity increased
over time, reached the highest level at 21 days of age and then
stabilized (Supplementary Table 3). Moreover, the cecum had
higher community diversity than the other two sample types after
1 day of age (p < 0.05, Supplementary Table 4).

The PCoA plot showed an obvious difference among
different gut sections at 1, 7, 21, and 35 days of age
(Figures 3A,B), and ANOSIM confirmed this separation (p <

0.05, Supplementary Table 5) except between the duodenal and
fecal samples at 7 days of age (p> 0.05, Supplementary Table 5).
The microbial community structure exhibited clear differences
among ages (Figure 3C). In the cecum, samples were clustered

at 1, 7, 21, and 35 days of age (R > 0.79, p < 0.01,
Supplementary Table 6). The gut microbiota of the feces was
significantly divergent among 1, 7, and 21 days of age (p < 0.01,
Supplementary Table 6). In the duodenum and feces, samples at
21 days of age were indistinguishable from those at 35 days of age.
The results from ANOSIM showed that the duodenal microbial
structure between 21 and 35 days of age was similar (R < 0.15,
p > 0.05, Supplementary Table 6). A similarity of microbial
communities was also found in the feces between the two ages.

The shared taxa at all timepoints in the duodenum, cecum
and feces were deemed to be core bacterial microbiota and were
shown by a Venn diagram. We observed that 331 OTUs were
shared across all timepoints in the duodenum, 228 in the cecum
and 202 in the feces (Figure 4). These OTUs represented high
proportions of sequences in all subgroups except cecal samples at
1 day of age (Supplementary Figure 2), indicating that the most
abundant members detected in these groups belonged to the core
microbiota. Moreover, the number of commonOTUs between 21
and 35 days of age at different sites was higher than the number
of common OTUs in the other groups (Figure 4).

At the phylum level, microbiota displayed different
abundances with respect to age (Figure 5 and
Supplementary Table 7). The three gut segments had
similar dominant phyla, in which Firmicutes, Proteobacteria,
Actinobacteria, and Bacteroidetes were the top four phyla.
Firmicutes was the most abundant phylum, followed by
Proteobacteria, across each age group, and these phyla accounted
for more than 90% of the total sequences. Lactobacillaceae was
the most abundant family in the duodenum and feces except 1
day of age in the feces. The cecum became populated by family
Clostridiaceae immediately after hatching. A week later, the
members of family Lachnospiraceae and Ruminococcaceae
became predominant (Supplementary Figure 3 and
Supplementary Table 8). Among the top 32 genera with
over 2% abundance, 22 belonged to the phylum Firmicutes.
The distribution and dynamics of relative abundance among
different bacterial genera were shown in Figure 6. In the
duodenum and feces, the genus Lactobacillus dominated the
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FIGURE 3 | Principal coordinate analysis plot generated using OTU metrics based on Bray-Curtis dissimilarities. (A) Principal coordinate analysis plot of all samples

according to age and gut sites. Each point represents a sample. (B) Principal coordinate analysis plots across gut sites. (C) Principal coordinate analysis plots

across timepoints.

FIGURE 4 | Venn diagram illustrating core OTUs across different timepoints in duodenal (A), cecal (B), and fecal (C) samples.

bacterial community, except for fecal samples at 1 day of
age. Escherichia-Shigella accounted for a large proportion of
the feces (17.16–32.78%) after 1 day of age. Interestingly,

Clostridium_sensu_stricto_1 accounted for 83.50% of the total
sequences in the cecum at 1 day of age but decreased substantially
thereafter (Supplementary Table 9).
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FIGURE 5 | Age-related dynamics of the top four predominant microbial phyla grouped by gut sites. The average abundance of each group is shown in an alluvial plot.

FIGURE 6 | Relative abundance of predominant genera of groups in different gut sites. Only the genera with an average abundance of over 2% in each group are

shown with annotation information.

The Segment- and Age-Related Bacteria
Because the microbial diversity and composition of samples
were similar between 21 and 35 days of age, the genera
identified to be significantly representative of each gut section
were taken by LEfSe at these two timepoints (Figure 7). We
identified Escherichia-Shigella as a biomarker of 21 and 35-
day-old broilers (LDA effect size > 4) in the feces and
Acinetobacter in the duodenum. Five genera, including Alistipes,
Blautia, Ruminiclostridium_5, Ruminococcaceae_UCG-014, and

[Ruminococcus]_torques_group, were significantly enriched in
the cecum at both 21 and 35 days of age. Interestingly,
Butyricoccuswas a significantly representative genus of the cecum
at 21 days of age; however, Butyricoccus was a biomarker of the
feces at 35 days of age. Furthermore, the genera identified to be
representative microbiota of each time point in the duodenum,
cecum and feces were also shown in Supplementary Figure 4.
Clostridium_sensu_stricto_1 was the most significant biomarker
of 1 day of age in the cecum.
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FIGURE 7 | LEfSe results for the duodenal, cecal, and fecal microbiota at 21 (A) and 35 (B) days of age. Only LDA scores above 4 are shown.

The Dynamics of Predominant and
Segment-Related Bacteria
The temporal and spatial dynamics of the predominant and
segment-related genera were shown in Figure 8. The genera
Lactobacillus and Escherichia-Shigella persisted throughout
life, and their colonization followed an age-specific pattern.
Lactobacillus was listed as a numerically dominant genus in the
duodenum and feces but presented much lower abundance in
cecal samples. Similar dynamic changes of Lactobacillus among
ages were detected in three gut segments. The relative abundance
of Lactobacillus was low on the first day, substantially increased
until 7 days of age, declined at 21 days of age, and revived
thereafter. The age-associated dynamic trend of Escherichia-
Shigella coincided with that of Lactobacillus. Escherichia-Shigella
was found to have a higher abundance in the feces than in cecal
and duodenal samples.

Microbial biomarkers for the cecum included
Clostridium_sensu_stricto_1, Alistipes, Blautia and
three genera from the family Ruminococcaceae
(Ruminiclostridium_5, Ruminococcaceae_UCG-014 and
[Ruminococcus]_torques_group), whose abundances were
altered with age (Figure 8). The relative abundance of
Clostridium_sensu_stricto_1 in the cecum was 83.50% at 1
day of age and then sharply decreased to <0.01% at 7 days
of age. In addition, Butyricicoccus was present in the cecum
and feces with an increasing relative abundance across age. In
the duodenum, Butyricicoccus was observed with the highest
abundance at 7 days of age.

DISCUSSION

The chicken gut microbiome is considered to play important
roles in host nutrition absorption, development of immunity, and
disease resistance and has received growing attention (33, 34).

Gaining an insight into how the microbiota changes over time
and the differences among gut segments may help to better
comprehend the microbial ecology of the chicken gut and further
improve chicken nutrition, disease resistance, and productivity.
We herein compared the microbial diversity and composition of
the duodenum, cecum and feces from 1 day post-hatching to 35
days of age in broilers.

The diversity of the cecal microbial community was higher
than the diversity of other gut segments after 7 days of age,
and similar findings were reported by Wen et al. (5) and Xiao
et al. (35). Community richness of the cecum increased rapidly
during the early growth stage and remained relatively constant,
which was in accordance with previous study in chicken (12). We
confirmed that microbiota in the cecum became progressively
divergent with age and was more diverse and complex than the
microbiota of other gut segments (36). Inconsistent with the
cecum, high community diversity in feces at the beginning of life
was in agreement with findings in broilers (37), indicating a rapid
intake of environmental organisms after birth. In the duodenum,
no significant changes were found in alpha diversity across time.
It can be inferred that the patterns of gut microbial diversity
differed with the intestinal segment in our study.

Beta diversity displayed distinct clusters separating the
microbiota of subgroups, which supported the importance of age
(38) and gut sites (39) in affecting the gut microbiome. The gut
microbiota extracted from samples collected at 21 and 35 days of
age clustered in close proximity and exhibited similar community
diversity and composition. Age-associated changes in the gut
microbiota may reveal that the colonization of microbiota is
dynamic, and the succession of microorganisms can be affected
by diet, defense against disease and interaction with the host
or one another; then, the microbial community becomes more
diverse until it reaches a state of relative equilibrium (6).

Based on the findings in this study and clues from previous
reports, we proved that the gut microbiota of broilers was
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FIGURE 8 | The temporal and spatial dynamics of predominant and segment-related genera in the duodenum (D), cecum (C), and feces (F). The average abundance

of each group is presented in a bar graph.

dominated by the phyla Firmicutes and Proteobacteria in the
duodenum, cecum and feces during different growth stages
(12, 15). The succession of communities was different in each
gut segment, and the cecal microbiota was initially formed
by predominantly Clostridium_sensu_stricto_1 which diversified
over time to contain dominant representatives of family
Lachnospiraceae and Ruminococcaceae, with smaller numbers of
other taxonomies (13, 40). Microbial communities in chickens, as
previous studies have shown, are initially dominated by members
of the families Enterobacteriaceae and Clostridiaceae (41, 42),
which serve as founding species for chicken gut microbial
communities. Clostridium_sensu_stricto_1, belonging to the
family Clostridiaceae, exhibited significantly higher abundance
at 1 day of age than at any other age due to its ubiquity
in the environment, whereas its abundance decreased sharply
with the rapid growth of the gastrointestinal tract in chickens
(12, 40). We hypothesized that Clostridium_sensu_stricto_1 acted
as a member of the founding species and that it decreased
with the colonization of other microorganisms. Furthermore,
Clostridium_sensu_stricto_1 has been reported to be correlated
with necrotic enteritis (43), and perhaps the lack of a sound
immune system and acute environmental susceptibility in 1-day-
old broilers resulted in the high abundance.

At the genus level, we focused on the succession of several
predominant genera and found that Lactobacillus featured more
prominently throughout most of the timepoints in chicken gut
segments other than the cecum (44). In addition, Lactobacillus
has been reported to play a prominent role in improving chicken
feed efficiency (45), and bacteria of the genus were recognized
as an important candidate for probiotics (46, 47). The dynamic
succession of Lactobacillus was expected as previous studies
conducted on developing chicken microbiome and showed that
Lactobacillus initially accounted for an average of low abundance,
which maintained a relatively high abundance, fluctuating
thereafter in the duodenum (48) and feces (12). Escherichia-
Shigella is another genus that is universally found in chicken

GIT and feces (45, 49). Escherichia-Shigella belongs to the family
Enterobacteriaceae and is generally found in higher proportions
in broiler feces than in cecal samples (50). Escherichia-Shigella
has been recognized to be negatively correlated with growth and
fat digestibility in broilers (51). Moderate antibiotics (52) and
supplementation with organic acids (53) are capable of inhibiting
Escherichia-Shigella and promoting the growth performance of
poultry. The increasing concentration of short-chain fatty acids
in the broiler cecum has been suggested to be responsible for the
decline of Enterobacteriaceae during growth (54).

The cecum is a complex ecosystem that includes a highly
varied microbiome, within which the cecum functions as a
fermenter for decomposing the most indigestible residues to
generate short-chain fatty acids (SCFAs) (19, 55). SCFAs are
absorbed transepithelially to supply energy requirements for
chickens (56). The production of SCFAs in the chicken gut has
been shown to be able to act as an indicator of the presence
of bacterial groups that are beneficial to health and growth
performance (57, 58).

A number of SCFA producers which belong
to the family Ruminococcaceae, including
Ruminiclostridium_5, Ruminococcaceae_UCG-014, and
[Ruminococcus]_torques_group, were significantly enriched
in the cecum. These bacteria are considered as dominant players
in the degradation of diverse polysaccharides and fibers (59, 60).
Ruminiclostridium_5 and [Ruminococcus]_torques_group
were found to be related to fat deposition (52, 61), while
Ruminococcaceae UCG-014 was linked to the maintenance
of gut health and was able to degrade diverse cellulose and
hemicellulose with enzymatic capability (62). The genera Blautia
and Butyricicoccus were also recognized as cecal biomarkers in
our study. Bacteria in the Blautia genus, producing acetic acid
via acetyl-CoA from pyruvate and the Wood-Ljungdahl pathway
by fermenting glucose and indigestible diet fiber (63–65), have
been reported to be associated with obesity (66). Butyricicoccus
is a potential active component of probiotic formulations (67)
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and a producer of SCFAs, especially butyrate (68). Similar to
previous study in the broiler cecum, the proportion of genus
Butyricicoccus showed highly positive correlations with age,
corresponding to the growth and development of the body (69).

Different segments of the GIT vary immensely in oxygen
content (70), and the aerobic conditions in the duodenum afford
an opportunity for the growth of aerobic bacteria. Acinetobacter,
a strictly aerobic bacterium, is one of the genera represented with
high abundance in the duodenum (71).

In summary, our study profiled the microbial communities
of the duodenum, cecum, and feces, and we confirmed that
the gut microbiota was altered with growth and different gut
segments. The community diversity of the cecum increased
rapidly over time and gradually reached a relatively stable state.
LEfSe analysis further identified several genera as distinct gut
segment biomarkers, notably associating the cecum with the
elevated occurrence of SCFA-producing bacteria. In addition,
the temporal and spatial dynamics of several predominant
and segment-related genera were described, which could lead
to a greater understanding of the microbial ecology of the
chicken gut.
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Gout is a disease involving abnormal purine metabolism that is widespread in mammals

and birds. Goose is especially susceptible for gout in early stage. However, a few studies

investigated the ontogenetic pattern of goslings with purine metabolic abnormality. Our

studies were conducted to investigate whether persistent purine metabolic abnormality

would lead to aggravation of visceral inflammation and intestinal microbiota dysbiosis

in goose. A total of 132 1-day-old Magang geese were randomly divided into six

replicates and fed a high-calcium and protein meal-based diet from 1 to 28 days. The

experiment lasted for 28 days. Liver and kidney damages were observed in 14- and

28-day-old Magang geese, and liver inflammation increased with increasing age. In

28-day-old Magang geese, serum CAT and liver GSH-Px activity were significantly

reduced. Furthermore, jejunum intestinal barrier was impaired and the abundance of

Bacteroides was significantly reduced at the genus level. Collectively, the high-calcium

and high-protein (HCP) meal-based diet caused liver and kidney damage in 28-day-old

Magang geese, leading to hyperuricemia and gout symptoms, and the intestinal barrier

is impaired and the intestinal flora is disrupted.

Keywords: purine metabolic, gout, visceral inflammation, intestinal microbiota, Magang goose

INTRODUCTION

Gout is one of the most common metabolic diseases in mammals and birds, which is a form
of inflammatory arthritis in the setting of hyperuricemia (1). The incidence of gout is rising
worldwide, and in 2018, the prevalence of gout was ∼3% in humans, with a tendency for a
disproportionately higher prevalence in the younger generation, because of improvements in living
standards and changes in dietary habits (2). Due to the lack of urate oxidase and glutamine
synthetase in poultry, ammonia was difficult to convert to urea through the guanine cycle and was
hardly excreted to the outside of the body. Therefore, hyperuricemia and gout easily occurred in
poultry, especially in goslings.
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Gosling gout involves multiple mechanisms such as increased
uric acid synthesis and decreased metabolism caused by
abnormal purine metabolism and astrovirus infection (3, 4).
There are two types of gout in poultry: one is articular gout
and the other is visceral gout (5, 6). Articular gout mainly leads
to the deposition of monosodium urate (MSU) microcrystals in
and around joints, due to the disruption of purine metabolism
and a reduction in uric acid excretion (7, 8). Visceral gout
tends to occur in poultry, especially in goose from age 7 to 15
days. Goslings with gout showed enlarged kidneys and urate
crystals (5). The goose industry in China experienced a large-
scale outbreak of gout in 2016, and the mortality rate in geese
was up to 50% (9, 10).

Numerous studies have indicated that a high-calcium and
high-protein (HCP) diet would lead to hyperuricemia and gout
in poultry, because of the high uric acid level in the body and
impaired kidney function (11). However, few studies investigated
the ontogenetic pattern of goslings with purine metabolic
abnormality treated by a persistent HCP diet. Therefore, the
present study was conducted to investigate whether persistent
purine metabolic abnormality would lead to aggravation of
visceral inflammation and intestinal microbiota dysbiosis in
goose. Our results may provide new insights for the prevention
of gout and dietary therapy in poultry and mammals.

MATERIALS AND METHODS

Animals and Treatment
All animal experiments were conducted in accordance with the
Guangdong Provincial Laboratory Animal Welfare and Ethical
Review Guidelines and were approved by the Animal Welfare
Committee of South China Agricultural University. A total of
132 Magang geese (half male and half female) were obtained
from Hongxing Hatchery (Qingyuan, Guangdong, China) and
randomly divided into six replicates of 22 geese each. All geese
were housed in a net bed with a heat lamp for the first 7 days of
the experiment. The temperature during the first 7 days was 32±
1◦C and reduced by 2.5 ± 0.5◦C per week to a final temperature
of 26◦C. At day 14 and 28, geese were weighed and sacrificed
for sample collection. Over the entire experimental period (1–
28 days), the geese were allowed ad libitum consumption of feed
and water. We sought to make a gout model by feeding geese a
high-calcium (3.78%) and high-protein (24.25%) diet from 1 to
14 days. In order to prevent excessive mortality, we changed a
persistent secondary HCP diet (Ca 1.98% and CP 20.10%) from
14 to 28 days after gout phenotype appeared. According to the
National Research Council (12, 13) standards, geese requirement
is 0.65% calcium and 20% protein in diets during the early
stage. We produce a high-calcium and high-protein diet based
on calcium and protein of 0.65% and 18% (14). Other nutrients
conformed to the recommendations of the National Research
Council (1994). The composition and nutritional level of the diet
are shown in Table 1.

Data and Sample Collection
All geese were weighed at the beginning and end of the
experiment, and the number of dead geese was recorded, and this

TABLE 1 | The compositions of basic diet and the nutritional level

(air-dried basis, %).

Item Days 1–14 Days 15–28

Ingredient

Corn 52.45 61.40

Corn albumen power 29.46 20.40

Fishmeal 1.52 1.52

Wheat bran 4.80 10.00

Limestone 8.94 3.90

Calcium phosphate 1.50 1.50

Lysine 0.50 0.50

Solid methionine 0.16 0.16

Minerals premixa 0.09 0.09

Vitamin premixb 0.025 0.025

Choline chloride 0.14 0.14

Sodium chloride 0.30 0.30

Bentonite 0.115 0.065

Total 100 100

Nutritional level

ME (MJ/kg) 11.42 11.76

Crude protein 24.25 20.10

Crude fiber 1.57 1.82

Ca 3.78 1.98

AP 0.50 0.50

Lys 0.71 0.70

Met 0.55 0.48

aVitamin premix provided the following per kilogram of diet: vitamin A, 40,000,000 IU;

vitamin D3, 10,000,000 IU; vitamin E, 100,000 mg; vitamin K3, 20,000 mg; vitamin B1,

10,000 mg; vitamin B2, 30,000 mg; vitamin B6, 20,000 mg; vitamin B12, 12,100 mg;

biotin, 500 g; pantothenic acid, 60,000 mg; folic acid, 5,000 mg; nicotinic acid,

200,000 mg; ethoxyquin, 500 mg.
bThe mineral premix provided the following per kg of diet: Cu, 8–12 g; Fe, 100–110 g;

Mn, 120–130 g; Co, 0.3–0.5 g; Se, 0.3–0.5 g; I, 0.7–0.9 g; moisture, ≤3%.

information was used to calculate the following values:

Average daily gain (ADG) (g/day) = Increase in body

weight during the trial

period (g)/day (d)

Organ index (g/kg) = Organ weight (g)/

Body weight (kg)

Mortality rate = Number of deaths geese/

Total geese× 100%

On day 14 and 28, 12 geese (two from each pen) were randomly
selected and euthanized by cervical dislocation. Although sex is
not the main factor affecting gosling gout, we still take it into
account (15). Each replicate has half male and female numbers
of geese in our experiment in order to eliminate the impact of
gender on treatment. Serum, cecal chyme, and tissue samples
were collected in sterile cryogenic vials, snap-frozen in liquid
nitrogen, and stored at−80◦C until further processing.
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Quantitative Real-Time PCR
Total RNA was isolated and analyzed by quantitative RT-
PCR. The PrimerScript RT reagent kit with gDNA Eraser
(Takara, Japan) was used for reverse transcription. DNASTAR
Lasergene 7.1 software was used to design the upstream and
downstream primers of the liver: phosphoribosyl pyrophosphate
aminotransferase (PPAT), adenosine deaminase (ADA), xanthine
oxidase (XOD), organic anion-transporting polypeptide 1A1
(OATP1A1), kidney xanthine oxidase (XOD), organic anion-
transporting 1 (OAT1), glucose transporter 9 (GLUT9), and Urat
1 (URAT1) and the internal reference gene β-actin. The primers
were synthesized by Shanghai Shenggong Biological Engineering
Co., Ltd. The primer sequence is shown in Table 2. The Premix
Taq kit was used to perform gradient PCR to verify primers
and explore annealing temperature. SYBR Green Quantitative
PCR kit (Takara, Japan) was used to perform fluorescent
quantitative PCR on Applied Biosystems 7500 (Thermo Fisher,
USA) real-time fluorescent quantitative PCR instrument. The
relative expression of the target gene was calculated by the
2−11Ct method.

Biochemical Marker Analyses
Serum calcium, phosphorus, alkaline phosphatase
(ALP), gamma-glutamyl transpeptidase (GGT), alanine
aminotransferase (ALT), and aspartic transaminase (AST)
were detected by a fully automatic biochemical analyzer (AU480;
Beckman Coulter, Inc., Brea, USA). Other serum biochemical
indexes, uric acid (UA), creatinine (Cr), blood urea nitrogen
(BUN), XOD, antioxidant indexes, LPS, and inflammation
cytokine levels were measured using enzymatic kits from
Nanjing Jiancheng Bioengineering Institute, Nanjing, China.

Kidney, Liver, and Jejunum Histology
Analysis
Kidney, liver, and jejunum cross-sections were fixed in 10%
buffered formalin, and 5-µm paraffin-embedded sections were
stained with hematoxylin and eosin (H&E). The slides were
examined under light microscopy by a pathologist in a blinded
manner. The areas in tissues were evaluated using Leica QWin
software (Leica Microsystems, Wetzlar, Germany).

Microbial Diversity Analysis
DNA Extraction and PCR Amplification
Microbial DNA was extracted from cecal chyme samples using
the E.Z.N.A. R© soil DNA Kit (Omega Bio-Tek, Norcross, GA,
USA) according to the protocols of the manufacturer. The
final DNA concentration and purification were determined by a
NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific,
Wilmington, DE, USA), and DNA quality was checked by 1%
agarose gel electrophoresis. The V3–V4 hypervariable regions
of the bacterial 16S rRNA gene were amplified with primers
338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) by a thermocycler PCR
system (GeneAmp 9700, Applied Biosystems, Foster City, CA,
USA). The PCR reactions were conducted using the following
program: 3min of denaturation at 95◦C, 27 cycles of 30 s at 95◦C,
30 s of annealing at 55◦C, 45 s of elongation at 72◦C, and a final

TABLE 2 | Gene primer sequence information.

Genes Primer sequences

(5′-3′)

GenBank

accession number

Product

length

(bp)

β-actin F:TCCTGCGGCAT

CCACGAGA

NM_0013101421.1 199

R:CCGCCGATCCAGA

CCGAGTA

PPAT F:GGCCAGGAGAGTG

CTGGAAT

NM_001004401.1 122

R:CATACAGCTTCT

TCAGGCTG

ADA F:ACCTCGTAAATC

AGGGACTG

XM_027472902.1 148

R:TGGCCACCACAGA

GTTGTTT

XOD F:ACTGTCGAAGG

CATAGGA

NM_205127.1 415

R:GCTGGAACTCG

GAAGAAT

OATP1A1 F:GTCCTTGCTGACT

GCAACAC

XR_003956207.1 143

R:TGAAACACCATG

TTGGTTCC

OAT1 F:CTGCATCTTCCT

GTACACTG

XM_032283060.1 155

R:CGTAGATGAAGA

GAGGCATG

GLUT9 F:TGGCAGGTCATTACTG

TGGTTGTC

XM_013099415.3 197

R:CGTCCGAGCCGC

TCAATAACTAAG

URAT1 F:GGCTTCACCTT

CTACGGCCT

XM_032415038.1 116

R:AGCAGCAGGGTG

CCGATCTT

extension of 10min at 72◦C. PCR reactions were performed in a
triplicate 20-µl mixture containing 4µl of 5× FastPfu buffer, 2µl
of 2.5mM dNTPs, 0.8µl of each primer (5µM), 0.4µl of FastPfu
polymerase, and 10 ng of template DNA. The resulting PCR
products were extracted from 2% agarose gel and further purified
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA) and quantified using QuantiFluorTM-ST
(Promega, Madison, WI, USA) according to the protocols of
the manufacturer.

Illumina MiSeq Sequencing
Purified amplicons were pooled in equimolar amounts and
paired-end sequenced (2 × 300) on an Illumina MiSeq
platform (Illumina, San Diego, CA, USA) according to the
standard protocols of Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China).

Processing of Sequencing Data
Raw fastq files were quality-filtered by Trimmomatic and merged
by FLASHwith the following criteria: (i) the reads were truncated
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at any site with an average quality score <20 over a 50-bp sliding
window. (ii) Sequences that overlapped by more than 10 bp
were merged according to their overlap with a mismatch of no
more than 2 bp. (iii) Sequences of each sample were separated
according to barcodes (exact matching) and primers (allowing
two nucleotide mismatches), and reads containing ambiguous
bases were removed. Operational taxonomic units (OTUs) were
clustered with a 97% similarity cutoff using UPARSE (version 7.1,
http://drive5.com/uparse/) with a novel “greedy” algorithm that
performs chimera filtering and OTU clustering simultaneously.
The taxonomy of each 16S rRNA gene sequence was analyzed by
the RDP Classifier algorithm (http://rdp.cme.msu.edu/) against
the Silva (SSU123) 16S rRNA database using a confidence
threshold of 70%.

Statistical Analysis
All results are presented as mean ± standard error (SEM).
Student’s t-test was used to independently compare day 14
HCP group with day 28 HCP group. All statistical analyses
were conducted using SAS software (version 9.2, Raleigh, NC,
USA). A value of p < 0.05 was used as the criterion for
statistical significance.

RESULTS

Hepatic and Nephritic Inflammatory
Response to Persistent HCP Diet
Growth performance of Magang geese on day 14 and 28 is shown
in Supplementary Table 1. Although there was no significant
difference in ADG, Magang geese increased in mortality rate
by 20.31% from day 14 to 28 (Supplementary Table 1). The
HCP meal-based diet had little effects on organ indexes,
except the kidney (Supplementary Figure 1). No statistically
significant differences were observed in the percentage of kidney
inflammatory cells between the day 14 HCP and the day 28 HCP
groups (Figure 1A). The percentage of kidney inflammatory cells
was 25% higher on day 14 than that on day 28, and the percentage
of inflammatory cells in liver on day 28 was significantly higher
than that on day 14 (p < 0.01; Figure 1C). Kidney and liver
on day 14 and 28 showed inflammatory cell infiltration and
hemorrhage (Figures 1B,D). Compared with those in the day 14
HCP group, the serum IFN-γ and liver IL-1β levels in the day
28 HCP group were greatly increased (p < 0.01; Figures 1E,F).
The liver IFN-γ level in the day 28 HCP group was significantly
higher than that in the day 14 HCP group (p < 0.05; Figure 1F).
There was no significant difference in the serum TNF-α level (p
> 0.05; Figure 1E). A common feature observed in both groups
was that the kidneys exhibited predominant gross lesions, which
weremottled and swollen, and there was visceral urate deposition
on the serous surfaces of the kidney on day 28, which is typical of
severe kidney damage in gout geese (Figure 1G).

Serum Biochemical Indexes
There were no significant differences in serum UA, Cr, or BUN
between the two groups. The XOD level in the day 28 HCP
group was 25% less than that in the day 14 HCP group, but no
significant differences were observed between the two groups (p

= 0.08; Figure 2A). The serum AST level in the day 28 HCP
group was much lower than that in the day 14 HCP group (p <

0.01; Figure 2B). The serum T-Ca level in the day 28 HCP group
was significantly lower than that in the day 14 HCP group (p <

0.05; Figure 2C). There was no significant difference in the serum
LPS level (p > 0.05; Figure 2D).

Serum and Liver Antioxidant Indexes
The serum GSH-Px level in the day 28 HCP group was much
higher than that in the day 14 HCP group (p < 0.01). The serum
CAT level in the day 28 HCP group was significantly lower than
that in the day 14 HCP group (p < 0.01; Figure 3A). The liver
GSH-Px level in the day 28 HCP group was significantly lower
than that in the day 14 HCP group (p < 0.01; Figure 3B).

Relative Gene Expression for the Purine
Metabolic Pathway and Uric Acid
Transporter
There were no significant differences in the expression levels of
the OATP1A1, PPAT, ADA, and XOD genes, which are involved
in uric acid metabolism, between the two groups (p > 0.05;
Figure 4A). There was no significant difference in the expression
of the XOD gene in the kidney, which is involved in uric acid
metabolism, between the two groups (p > 0.05; Figure 4B). The
expression levels of URAT1 and GLUT9 in the day 28 HCP group
were much higher than those in the day 14 HCP group (p <

0.01), and the expression level of OAT1 in the day 28 HCP group
was significantly higher than that in the day 14 HCP group
(p < 0.05; Figure 4B).

Jejunal Morphology Observation
The relative length of the duodenum, jejunum, ileum, rectum,
and total intestine of geese in the day 28 HCP group was
significantly lower than that in the day 14 HCP group (p < 0.01;
Figure 5A). The relative length of the cecum and the relative
weight of the ileum of geese in the day 28 HCP group were
significantly lower than those in the day 14 HCP group (p< 0.05;
Figures 5A,B). Compared with 14-day-old Magang geese, 28-
day-old Magang geese villus height was extremely significantly
increased, and villus height/crypt depth increased by 23.29%,
but not significantly (p = 0.06; Figure 5C). At the age of 14
days, the jejunum villus of geese had a disordered arrangement,
the intestinal gland was sparse, and intestinal epithelial cells
were not clear in outline and irregularly arranged (Figure 5D).
At the age of 28 days, the jejunum villus of the Magang
geese was significantly damaged, crypt depth increased, jejunal
epithelium shed apparently, and the lamina propria was exposed
(Figure 5D).

Intestinal Microbiota Dysbiosis of Goose
With Gout
As the age of the day changes, there was no significant
difference in total observed species and cecal microbial
diversity (Supplementary Figures 2A,B). The abundance of
Eggerthella dropped by a big margin, and the abundance of
Akkermansia, Enterococcus, and Faecalibacterium has risen
sharply (Supplementary Figures 2C–F). The abundance of
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FIGURE 1 | A high-calcium and high-protein (HCP) meal-based diet causes an inflammatory response in geese. (A) Percentage of inflammatory cells in the kidney. (B)

Kidney of day 14 and 28 HCP (bar = 50µm); the image was taken at magnification of ×400. (C) Percentage of inflammatory cells in the liver. (D) Liver of day 14 and

28 HCP (bar = 50µm); the image was taken at magnification of ×400. (E) Serum inflammation cytokine level. (F) Liver inflammation cytokine level. (G) Clinical signs of

kidney appearance in the development of gout (bar = 1 cm). Error bars represent the standard error of the mean (n = 6/group). *Mean significant difference (p < 0.05).

**Mean extremely significant difference (p < 0.01).

Lactobacillus and Lactobacillus_aviarius increased slightly
(Supplementary Figures 2G,H). At the phylum and species
levels, there was a relative abundance of cecal microbes in
goose (Supplementary Figures 2I,J). PCoA analysis of the
intestinal microbiota at day 14 and 28 showed that the microbial
community was affected (Figure 6A). No significant differences
were observed in cecal microbial diversity between the day
14 HCP and day 28 HCP groups (Figure 6B). Analysis of
the biological abundance of cecal microbes showed that the
dominant flora of the cecum of Magang geese were Firmicutes
and Bacteroides on day 14 and these populations were reduced

on day 28. At the genus level, Enterococcus and Akkermansia
were increased, and [Ruminococcus]_torques_group and Alistipes
were decreased. At the species level, Bacteroides fragilis and
Bacteroides barnesiae were decreased (Figure 6C). To further
analyze the effect of an HCP meal-based diet on the composition
of the cecal microflora, we compared the abundance of the two
groups of microflora and identified the different main microflora
through LEfSe analysis: Eggerthella, Faecalibacterium, and
Ruminococcaceae_UCG_005 (Figure 6D). Compared with that in
the day 14HCP group, the abundance of Bacteroides in the cecum
of the day 28 HCP group was significantly decreased (p < 0.05;
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FIGURE 2 | Effect of HCP meal-based diet on serum biochemical indexes of Magang geese on day 14 and 28. (A–C) Serum biochemical indicators. (D) Serum LPS

level. *Mean significant difference (p < 0.05) and **mean extremely significant difference (p < 0.01).

Figure 6E), the abundance of Ruminococcaceae_UCG_005 was
significantly increased (p < 0.05; Figure 6F), and the abundance
of [Ruminococcus]_torques_group tended to be decreased
(p= 0.08; Figure 6G).

DISCUSSION

In this study, our results showed that continuous HCP diet
would cause persistent purine abnormality in Magang geese,
which is accompanied by aggravated inflammation of the
liver and kidneys. With increasing age, the activities of liver
antioxidants, such as GSH-Px, were decreased significantly. In
addition, we also found that the expression of proteins related
to urate transport, such as URAT1, GLUT9, and OAT1, was

significantly increased. It is worth noting that the gut microbial
composition of 28-day-old Magang geese has changed. At the
genus level, the abundance of Bacteroides was significantly
reduced, and the abundance of Ruminococcaceae_UCG_005 was
significantly increased.

Visceral gout more commonly occurs in poultry farming,
which would induce hyperuricemia and the accumulation of
urates in the kidney, heart, liver, peritoneum, etc. (16). Previous
studies also reported that a high-protein and high-calcium diet
could induce severe hypouricemia and gout in poultry (6). The
levels of CP and Ca in gosling diet were approximately around
16% CP and 1% Ca in conventional production (5, 17–19).
In our experiment, we used high-calcium (3.78%) and high-
protein (24.25%) diets to induce hypouricemia in goslings from
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FIGURE 3 | Effect of HCP meal-based diet on serum and liver antioxidant indexes of Magang geese on day 14 and 28. (A) Serum antioxidant indicators. (B) Liver

antioxidant indicators. **Mean extremely significant difference (p < 0.01).

FIGURE 4 | Effect of HCP meal-based diet on the relative expression of genes related to uric acid metabolism pathway in the liver and uric acid transporter in the

kidney of Magang geese on day 14 and 28. (A) ADA, PPAT, XOD, and OATP1A1 mRNA relative expression. (B) XOD, URAT1, GLUT9, and OAT1 mRNA relative

expression. β-Actin was used as an internal control to normalize target gene transcript levels. *Mean significant difference (p < 0.05) and **mean extremely significant

difference (p < 0.01).

day 1 to 14. In order to prevent the high mortality in geese,
we changed the diet to a persistent secondary HCP diet (Ca
1.98% and CP 20.10%) after the gout phenotype appeared.
In addition, this paper does not involve comparison with the
control group, because there are many previous studies on
gout induced by normal feed and high-calcium and high-
protein feed, and our focus is on the longitudinal dynamic
study of the ontogeny of Magang geese with continuous high
calcium and high protein, especially in the gosling stage of 14

and 28 days. We want to find out the pathogenesis and new
solutions of gout from the dynamic changes of the body in the
process of gout.

Studies have shown that gout caused by urate was mediated
by the TLR4/NF-κB signaling pathway, and the IL-1β released
was linearly related to it (20, 21). Destruction of the intestinal
barrier induced the translocation of gut-derived LPS from the
gut to the liver, which increases the expression of inflammatory
factors such as IL-1β and TNF-α in the liver (22, 23). Previous
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FIGURE 5 | Effect of HPC meal-based diet on gut development of Magang geese on d 14 and d 28. (A) The relative length of intestine. (B) The relative weight of

intestine. (C) Jejunal morphology. (D) Jejunal morphology of d 14 and d 28 HCP. *mean significant difference (p<0.05) and **mean extremely significant difference

(p<0.01). The image was taken at magnification of 20×, scale bar, 200µm.

studies showed that the serum LPS level was <0.2 EU/ml in
normal poultry (24). In our results, serum LPS levels in geese
from day 14 to 28 were maintained at higher levels (>0.54
EU/ml). Both IFN-γ and IL-1β in serum and liver of the day
28 group were significantly higher than those in the day 14
group, which means that a persistent HCP diet aggravated liver
inflammation in geese. At the same time, we also observed
inflammation in the liver of the day 28 HCP group through
the section.

A high-calcium diet led to kidney damage, especially extensive
denaturation and necrosis of poultry renal tubules (25). A
previous study showed that a high-protein diet could cause
serious damage to the kidneys of the goslings, the renal tubules
and ureters were swollen, and the epithelial cells showed hydropic
degeneration (26). In our experiment, the percentages of nephric
inflammation cells maintained high levels from day 14 to 28,
and the value in the day 28 group was 27.27% higher than that
in the day 14 group. H&E staining showed severe renal tubular
epithelial cell necrosis, vacuolar degeneration, and exfoliation
with increasing age.

Geese with hyperuricemia have a higher blood uric acid
level compared with basal diet geese, approximately more than
400 µmol/L (27). In our results, serum UA concentrations
in geese were more than 600 µmol/L from day 1 to 28,
which demonstrated that geese were suffering severe gout.
An HCP meal-based diet caused kidney damage in goslings,
mainly manifested by increased serum uric acid, creatinine,
urea nitrogen content, and XOD activity (28). Studies have
shown that high protein in the diet could promote arginine
synthesis, thereby increasing the serum creatinine content (29,
30). Furthermore, high-calcium diets could increase blood
calcium levels, and a high-calcium level in serum tends to
accelerate the transformation of xanthine dehydrogenase into
xanthine oxidase, which produces more uric acid, nitric oxide
(NO), and reactive oxygen radicals, thereby exacerbating renal
damage (5). In this experiment, compared with the day 14
group, the serum AST level in the day 28 group was significantly
decreased and the expression of URAT1 in the kidney was
increased, which means that geese showed enhanced self-healing
with age.
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FIGURE 6 | Effect of HCP meal-based diet on cecum microbial diversity of Magang geese on day 14 and 28. (A) Principal component analysis of microbial

communities in the cecum from the day 14 HCP group and day 28 HCP group. (B) Alpha diversity: Chao index. (C) Relative abundance in genus. (D) LEfSe identified

the most differential under the influence of the HCP meal-based diet. The red bars represent the species with high abundances in the day 14 HCP group, and the green

bars represent the species with high abundances in the day 28 HCP groups. The higher the LDA score, the more significant difference of abundance between groups.

(E–G) The abundance of Bacteroides, Ruminococcaceae_UCG_005, and [Ruminococcus]_torques_group between the day 14 HCP group and the day 28 HCP

group. Data are expressed as mean ± SEM (n = 6/group). Error bars represent the standard error of the mean (n = 6/group). *Mean significant difference (p < 0.05).

High protein can promote the synthesis of purines and
pyrimidines, this process needs to consume a lot of ATP,
and the production of ATP will lead to the accumulation
of ROS, which leads to changes in redox state of the body.
Excessive ROS can also cause the destruction of mitochondrial
membrane, resulting in the release of cytochrome C, thus
activating the caspase-9 apoptosis pathway. Under normal
circumstances, the body will self-repair the subhealth state,
including the redox system, autophagy, and apoptosis (31,
32). Feeding chickens with 5% calcium or 25% crude protein
diet, blood NO, CAT, and GST significantly increased, and
an increase in the level of antioxidant enzymes indicates that
the body has a compensatory antioxidant response, which
may be triggered by the damage of high-protein diet to other
organs (33–35). Our results showed that the serum GSH-Px
level in day 28 geese was significantly increased, while the
serum CAT level and liver GSH-Px level were significantly

decreased, which may be due to the compensatory enhancement
of the antioxidant capacity of other organs caused by the
HCP diet.

Current evidence shows that gout is associated with
comorbidities, such as type 2 diabetes and metabolic syndrome
(36). Many enzymes are involved in the purine metabolic
pathway, and dysfunction of these enzymes increases uric acid
production and blocking of renal tubules, leading to severe
hyperuricemia (37). In our experiment, the gene expressions
of XOD, ADA, PPAT, and OATP1A1 in the day 28 group
were slightly higher than those in the day 14 group, although
there were no significant differences between the two groups.
Recent studies on the pathogenesis of avian gout indicated
that the main factor in avian gout is the mechanism of the
uric acid excretion barrier. These two kinds of transporters,
URAT1 and GLUT9, constitute the main pathway of urate
reabsorption in the kidney, and nearly all urate is reabsorbed
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by the proximal tubule (38). The expression of OAT1 in
renal tissue was reversibly regulated by hyperuricemia and
was accompanied by changes in organic ion transport (39).
In this study, with increasing age, the expressions of URAT1,
GLUT9, and OAT1 in the kidney were significantly increased
with a persistent HCP diet, which indicated that nephric urate
accumulation aggravated renal injury. On the other hand,
the higher expression of renal transporters also demonstrated
that geese have a compensatory mechanism to protect against
external damage.

The intestinal barrier is the first line of defense against
foreign antigens. Intestinal barrier damage would result in the
translocation of bacteria from the intestine to bloodstream
liver or other distant organs (40). The studies of Xi et al.
have shown that gout induced intestinal barrier dysfunction
and intestinal permeability increased (15). In this study, the
abnormal purine metabolism caused by the HCP diet changes
the shape of the jejunum; compared with the day 14 HCP
group, the HCP diet has more obvious intestinal damage
to 28-day-old Magang geese, which is mainly manifested in
the obvious shedding of jejunal epithelium and exposure
of lamina propria, and intestinal mucosal damage was
further aggravated.

Cecal microorganisms are affected by diet and age. Under
normal circumstances, there is a balance system of intestinal
flora, that is, the species and quantity of probiotics and
harmful bacteria fluctuate within a certain range (41). When
there is disease or stress, harmful bacteria multiply in large
numbers. The fecal microbiome and metabolome have also
been shown to reflect the presence of gout (4). As indicators
of gout in the fecal microbiome, some intestinal bacteria
would participate in the metabolism of purines and UA,
such as Escherichia coli, Lactobacillus, and Pseudomonas (42–
44). Gout in goslings mainly occurs around the age of
10–15 days, when the composition of the digestive tract
flora in goslings is not yet stable (45, 46). Experiments
have demonstrated the depletion of pseudo Bifidobacteria,
and the enrichment of Ruminococcaceae in gout may cause
severe inflammatory responses (15, 47). In our study, a
persistent HCP diet significantly increased the abundance
of Ruminococcaceae_UCG_005 and decreased the abundance
of Bacteroides in goose cecum. At the phylum level, the
Firmicutes/Bacteroidetes ratio in the day 28 HCP group was
greatly increased compared with that in the day 14 HCP group.
Many studies have shown that the Firmicutes/Bacteroidetes ratio
is related to lipid metabolism and amino acid metabolism,
and the Firmicutes/Bacteroidetes ratio increased significantly in
obese people (48, 49). Faecalibacterium prausnitzii, which has
anti-inflammatory properties, has been reported to contribute
to intestinal health through butyric acid production and could
be heavily depleted in gout patients (50, 51). In our results,
Faecalibacterium appeared at day 28, perhaps because the
autoimmune response of the body slightly reduced inflammation
after intestinal injury, leading to the spontaneous recovery of
intestinal immunity.

In a word, this study found that continuous HCP diets
reduced the abundance of Bacteroides and increased the

abundance of Ruminococcaceae_UCG_005 in the cecum of
Magang geese. The changes of these two bacteria may be
related to abnormal purine metabolism, which can be used as
in-depth research on potential target flora for the treatment
of gout.

CONCLUSIONS

A persistent HCP diet can cause aggravated inflammation
and morphological damage in the liver and kidney of
14- to 28-day-old Magang geese. With increasing age, the
serum redox balance is disrupted and the liver antioxidant
capacity is continuously decreased. The expression of
urate transporters URAT1, GLUT9, and OAT1 increased
significantly. The intestinal barrier is impaired and
the intestinal flora is disrupted, with a decrease in the
abundance of Bacteroides and an increase in the abundance
of Ruminococcaceae_UCG_005.
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Eubiotic lignocellulose is a new and useful dietary fiber source for chickens. However,

few studies have been undertaken on the impacts of its use as a supplement in

different chicken breeds. In this experiment, 108 Chinese native breed Bian hens (BH)

and 108 commercial breed ISA Brown hens (IBH) were chosen. They were randomly

divided into three groups, and 0, 2, or 4% eubiotic lignocellulose was added to their

feed during the growing periods (9–20 weeks), respectively. We aimed to observe the

impacts of adding eubiotic lignocellulose on the growth and laying performance, gut

microbiota, and short-chain fatty acid (SCFA) of two breeds of hens. In this study, the

addition of eubiotic lignocellulose had no significant effect on the growth performance

and gut microbial diversity in the two breeds of chickens (P > 0.05). Compared with

the control group, adding 4% eubiotic lignocellulose significantly increased the cecum

weight, laying performance (P < 0.05), but had no significant effect on the SCFA of

BH (P > 0.05); however, adding 4% significantly inhibited the intestinal development,

laying performance, butyrate concentration, and SCFA content of IBH (P < 0.05).

Moreover, the relative abundances of the fiber-degrading bacteria Alloprevotella and

butyrate-producing bacteria Fusobacterium in the 4% group of BH were significantly

higher than those in the 4% group of IBH (P < 0.05), resulting in the concentration of

butyrate was significantly higher than those in it (P < 0.05). Combining these results

suggests that the tolerance of BH to a high level of eubiotic lignocellulose is greater than

that of IBH and adding 2-4% eubiotic lignocellulose is appropriate for BH, while 0–2%

eubiotic lignocellulose is appropriate for IBH.

Keywords: eubiotic lignocellulose, hens, gut microbiota, short-chain fatty, laying performance, dietary fiber, Bian

chicken, ISA brown chicken

INTRODUCTION

Dietary fiber is important for the growth and production performance of chickens. Studies have
shown that adding 1% insoluble fiber to the diet of 8 weeks old Hy-Line brown hens significantly
increased the feed utilization rate (1). Added chito-oligosaccharide to layer diets improved the
digestibility of dry matter and crude protein (2). Adding mannan-oligosaccharides at the levels of
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1 and 1.5 g/kg of diet improved the laying performance and
feed efficiency of old hens (3). Dietary fiber can also affect the
development of chicken’s gastrointestinal tract. Fiber intake can
stimulate gizzard function and increase the relative length and
weight of chicken cecum (4). However, the tolerance of different
chicken breeds to dietary fiber is usually different. It reported that
high fiber level significantly reduced the daily gain of broilers,
but had no effect on the daily gain of layers (5). In addition,
dietary fiber is a source of carbon source and energy for gut
microorganisms. The consumption of a high-fiber diet helps to
increase the richness and diversity of the gut microbiota (6).
Adding chicory extract to the diet of laying hens significantly
reduced the number of cecal harmful bacteria (7). The gut
microbiota in different chicken breeds was usually different.
Distinct differences in gut microbiota between Indian native
chickens and commercial chickens have been observed (8).

Among various dietary fiber supplementation, eubiotic
lignocellulose has been proven to be a new and effective dietary
fiber source for chickens. It is made from special pure wood,
and it is a synergistic combination of soluble fiber and insoluble
fiber. Its fiber content is as high as 85%, so no great adjustment
is required if we want to increase the dietary fiber level of the
feed (9). Generally, adding 1.0–1.5% can positively affect the
digestion process of poultry. Research has shown that adding 1–
1.5% eubiotic lignocellulose to broilers increases their feed intake
by 6.7–9.4% (10). Adding 1% eubiotic lignocellulose from the
50th week of life was found to increase the laying production of
hens by 1.7% and reduce the feed waste rate by 20% (9).

However, monogastric animals, such as chickens, humans
(11), and even pandas (12), lack endogenous fiber-degrading
enzymes and must rely on gut microorganisms to degrade
dietary fiber, including eubiotic lignocellulose. The members of
the Bacteroidetes phylum are “generalists” that degrade dietary
fiber polysaccharides. It can utilize a wide range of dietary
polysaccharides from plant sources via unique polysaccharide
utilization locus (PUL) (13, 14). Bacteroides and Prevotella
are excellent fiber-degrading bacterial genera belonging to the
Bacteroidetes phylum. Bacteroides thetaiotamicron is one of the
best fiber-degrading species, and it can degrade themost complex
glycan, rhamnogalacturonan-II (RG-II) (15). In contrast, the
members of the Firmicutes phylum are regarded as “specialists”
for fiber-degradation. The excellent fiber-degrading genera in
Firmicutes include Ruminococcus, Fibrobacter (16), Clostridium
and Roseburia (17) etc. Ruminococcus can degrade dietary
fiber into monosaccharides through cellulase or the cellulosome
mechanism (18). Some monosaccharides can be used as a carbon
source and as energy for gut microbial growth, thus increasing
the microbial diversity (7). The leftover monosaccharides enter
the cytoplasm and are then fermented to produce short-
chain fatty acids (SCFAs) by SCFA-producing bacteria, mainly
including acetate, propionate, and butyrate, which account for
90–95% of SCFAs. Cecum is the main site for microbial fiber-
degradation and fermentation in chickens. Pathways for the
biosynthesis of SCFAs from dietary fiber fermentation differ (19).
Bifidobacterium produces acetate using the bifid-shunt way (20).
Acetate is the main way for the body to obtain energy from
dietary fiber. Propionibacterium can produce propionate by a

succinate-propionate pathway (21) and it synthesize glycogen in
the liver. Faecalibacterium can ferment glucose into butyrate (22).
Butyrate provides ∼70% energy for normal colonic epithelial
cells (23).

Therefore, we speculated that the previous observed effect of
eubiotic lignocellulose on the growth and laying performance
of chickens may be closely related to gut microorganisms and
their metabolites—SCFAs—but there is limited related research
available. In addition, there have been few studies on the impact
of adding eubiotic lignocellulosese to different chicken breeds.
Given this, a total of 108 Chinese native breed Bian hens (BH)
and 108 commercial breed ISA Brown hens (IBH) were chosen
for study because the tolerance of Chinese native breed to dietary
fiber is usually better than that of commercial breed. They
were randomly divided into three groups which were given feed
containing three levels of added eubiotic lignocellulose (0, 2,
and 4%) for 9–20 weeks. Our aims were to evaluate the impacts
of adding eubiotic lignocellulose on the growth performance,
laying performance, gut development, gutmicrobiota, and SCFAs
of two breeds of chickens; determine an appropriate additive
amount of eubiotic lignocellulose; and provide a theoretical basis
for the application of this new feed additives.

MATERIALS AND METHODS

Experiment Design and Animal
Management
This experiment was approved by the Shanxi Agricultural
University Animal Experiment Ethics Committee (license
number: SXAU-EAW-2017-002Chi.001). In total, 108 Chinese
native breed BH and 108 commercial breed IBH were chosen.
Each breed was randomly divided into three groups. Each group
owned six cages with six chickens per cage. One cage was a
replicate. These three groups were fed 0, 2, or 4% eubiotic
lignocellulose OptiCell (OC) to the basic diets (Table 1) during
growing periods (9-20 weeks). Groups one and two were named
the OC-low (OL) group and OC-high (OH) group, respectively.
The control group was referred to as the OC-free (OF) group.
Samples were harvested to measure the gut microbiota, the
concentration of SCFAs, and other parameters at the end of the
20-week study period.

The bought eubiotic lignocellulose (Beijing e-feed and e-vet
cooperation, Beijing, China) in this study was developed by
Agromed Ltd. (Austria). It was made from special fresh timber. It
contains total dietary fiber (TDF) 88%, crude fiber 59%, soluble
TDF 1.3%, NDF 78%, ADF 64%, lignin 25-30%, energy ∼0%,
crude protein 0.9%, crude fat 0.8%, moisture 8%, crude ash 1.0%,
minerals and trace elements 1.3%.

Chickens were given free access to water and diet. The
management of the temperature, light, and humidity was carried
out according to the breeding manual of IBH. No immunization
schedule was performed to avoid impacts on the gut microbiota
of chickens.

Sampling
The body weight and feed intake of each group of chickens
were recorded. The age of laying the first egg in each group
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TABLE 1 | Ingredients and nutrient levels of diets used during weeks 9–20.

Item Ingredients (%)

Corn 60.49

Soybean meal 10

Bran 8.5

Spray corn husk 6.5

Distillers dried grains with solubles (DDGS) 5.75

White stone power 2.1

Zeolite 2

Monosodium glutamate 2

CaHPO4 0.7

Soybean oil 0.5

Multivitamina 0.35

NaCI 0.28

Mineralsb 0.5

Hemoglobin powder 0.1

Lys 0.08

Met 0.06

Choline chloride 0.05

Thr 0.04

Total 100

Nutrient levelsc

ME 11.40 (MJ/kg)

Crude protein 15.3

Crude ash 5.67

Crude fat 3.99

Crude fiber 3.95

Ca 0.99

Total P 0.5

NaCI 0.37

aPer kilogram of premix contained vitamin A 13,000-19,000 IU; vitamin B1 ≥ 24mg;

vitamin B2 ≥ 100mg; vitamin B5 ≥ 200mg; vitamin B6 ≥ 60mg; vitamin B12 ≥ 200mg;

vitamin D3 30,000-90,000 IU; vitamin E ≥ 350 IU; vitamin K3 ≥ 60mg; nicotinamide ≥

550mg; folic acid ≥ 12mg; biotin ≥ 2 mg.
bPer kilogram of premix contained Fe 1,300-7,400mg; Cu 120-650mg; Mn 1,450-

2,900mg; Zn 1,250-2,900mg; I 7−95mg; Se 6-9.5%; Ca 12-25%; P (adding phytase) ≥

2.0%; NaCI 4-10%; methionine ≥ 1.8%; moisture ≤ 10%.
cThe composition was calculated but not measured for the diet use.

was recorded, and all eggs laid on each day in every replicate
were collected for seven weeks. Chickens with similar weights
from each replicate per group (n = 6) were chosen at 20 weeks
old. They were slaughtered humanely using the oral bloodletting
slaughtering method and then the length and weight of their
gastrointestinal tracts were measured. The left cecum chyme of
each chicken was squeezed into a multiple cryogenic tube that
had been set to zero, and weighed. The cryogenic tubes were
quickly placed into a liquid nitrogen tank and stored at −80◦C
for DNA extraction (24) and the 16S rRNA gene sequence of the
gut microbiota and the determination of SCFAs.

Measurements
Growth Performance
The average daily feed intake (ADFI) per chicken per group was
computed. ADFI = total feed consumption per week ÷ seven

days ÷ numbers of chickens. The average daily gain (ADG) per
chicken per group was calculated as follows: ADG = (weights of
chickens this week—weights of chickens last week) ÷ seven days
÷ number of chickens.

Laying Performance
The age of at which the first egg was laid and the number of
eggs laid per replicate were recorded. The average weekly egg
weight per group was calculated. Data pertaining to the weights
of softshell eggs, and eggs that were too large or too small, were
removed. In addition, the average daily laying rate per group was
calculated. Laying rate (%) = the total number of eggs per week
per group÷ seven days÷ number of chickens per group.

Development of the Gastrointestinal Tract
The weight or length of the crop, gizzard, small intestine, and
cecum were measured. The crop rate and gizzard rate were
calculated. Crop (gizzard) rate (%) = weight of crop (gizzard) ÷
body weight of chicken× 100.

16S rRNA Gene Sequencing
The 16S rRNA gene of the gut microbiota was sequenced by
Gene de novo Biotechnology Ltd (Guangzhou, China) using
High-Throughput Sequencing Technology (25).

The accession number can be found below: NCBI Sequence
Read Archive (SRA); PRJNA719301.

Bioinformatics Analysis: (1) Quality control and reads
assembly. Raw reads were further filtered using FASTP. Paired-
end clean reads were merged as raw tags using FLSAH (26). Raw
tag filtering: Noisy raw tag sequences were filtered via the QIIME
pipeline under specific filtering conditions (27) to obtain high-
quality clean tags. Chimera checking and removal: clean tags
were searched against the reference database for reference-based
chimera checking using the UCHIME algorithm. All chimeric
tags were removed, and effective tags were finally obtained. (2)
Operational taxonomic units (OTUs) cluster. Effective tags were
clustered into OTUs with ≥97% similarity using the UPARSE
pipeline (28). Venn analysis was performed in R project to
identify OTUs. (3) Microbial diversity was analyzed. The alpha
diversity indexes were analyzed using QIIME. The comparison
of microbial alpha diversity among groups was performed via
Kruskal–Wallis using the Vegan package in the R project (29).
Beta diversity was assessed. Sequence alignment was carried
out using Muscle (30). Microbial beta diversity analyses among
groups were performed via Kruskal–Wallis using the Vegan
package in the R project. In addition, principal coordinates
analysis (PCoA) of unweighted unifrac distances was calculated
and plotted in the R project. (4) Bacteria biomarker features of
each group were screened by Metastats (31) and LEfSe (linear
discriminant analysis (LDA) effect size) software (32). Metastats
showed significantly different bacteria using P < 0.01 or 0.05.
The value of LDA of certain microbes >2 represents that the
difference is significant.

The Concentration of SCFAs
The concentration (mmol/100 g) of SCFAs including acetate,
propionate, and butyrate in the cecum chyme was measured
using the internal standard method with High Performance
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TABLE 2 | Effect of adding eubiotic lignocellulose on the laying performance of BH and IBH.

Items Age (weeks) OL group OH group OF group SEM P-value

BH

Laying

age (week)

21 22 24

Egg weight (g)

21st 36.75 - -

22nd 39.41 39.00 -

23rd 40.83 42.00 -

24th 41.56A 40.88A 36.95B 0.60 0.001

25th 44.02 43.31 43.73 0.36 0.74

26th 45.27 45.15 45.93 0.18 0.19

27th 46.95 47.25 47.02 0.08 0.34

Laying rate (%)

21st - -

22nd 7.64 3.57 -

23rd 14.17 5.36 -

24th 25.60 23.47 16.67 2.51 0.35

25th 58.33 54.08 53.33 2.22 0.63

26th 72.62 73.98 66.67 1.87 0.27

27th 81.25 83.33 76.67 1.63 0.24

IBH

Laying

age (week)

19 19 19

Egg weight (g)

19th 43.07 44.85 44.38 0.60 0.54

20th 50.00 49.90 50.28 0.45 0.95

21st 54.17ABa 52.80Bb 54.75Aa 0.28 0.006

22nd 55.49 55.74 55.37 0.31 0.89

23rd 57.48 56.46 56.25 0.39 0.41

24th 58.01 57.50 57.15 0.48 0.78

25th 59.09 59.30 58.15 0.51 0.65

Laying rate (%)

19th 10.92a 4.17b 15.00a 2.22 0.017

20th 49.26A 24.76B 59.52A 4.19 0.002

21st 81.90A 62.08B 85.41A 3.22 0.002

22nd 89.65A 81.43B 88.10A 1.94 0.008

23rd 98.03A 86.67B 94.76A 1.42 0.001

24th 99.01A 92.38B 88.57B 1.15 0.001

25th 95.79A 90.74B 90.00B 0.82 0.003

In the same line, values depicted with different lowercase superscript letters or uppercase superscript letters imply significant difference (P < 0.05 or P < 0.01) among groups. -, the

egg has not been laid.

Gas Chromatography (Trace 1300, Thermo Fisher Scientific,
America) (33). Next, the contents (mmol) of acetate, propionate
and butyrate in the total cecum chyme were calculated. The
content of a certain SCFA= the concentration of a certain SCFA
(mmol/100 g)× the weight of the total cecum chyme (g)× 100.

Statistical Analysis
Statistical analyses of indexes were performed using one-way
analysis of variance (ANOVA) via the SPSS 22.0 software. The
T-test was used to compare indexes between the two breeds

of hens. The results are expressed as the means with pooled
standard error of the mean (SEM) (34). A P-value < 0.05 was
considered significant.

RESULTS

For simplicity, the “Bian hens–20 weeks” are named BHT, and the
“ISA Brown hens–20 weeks” are named IBHT. BHT includes the
BHT-OL, BHT-OL and BHT-OF groups, and IBHT includes the
IBHT-OL, IBHT-OL and IBHT-OF groups.
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TABLE 3 | Effect of adding eubiotic lignocellulose on the development of gastrointestinal tract among groups in BH and IBH.

Items BH SEM P-value IBH SEM P-value

OL group OH group OF group OL group OH group OF group

Weight (g)

Crop 5.17 5.26 4.56 1.47 0.66 5.23Bb 5.24Bb 6.70Aa 0.77 0.002

Gizzard 24.75 25.47 27.51 2.85 0.36 31.45 34.13 33.11 3.62 0.47

Small intestine 53.06 56.49 52.90 8.83 0.71 76.50ab 71.62b 85.33a 8.36 0.045

Cecum and chyle 3.89 4.11 3.45 0.58 0.22 5.28ab 4.66b 6.09a 1.06 0.013

Cecum 1.74ab 2.15a 1.16b 0.33 0.034 3.45b 2.74b 4.00a 0.76 0.026

Chyle 2.15 2.42 2.30 0.39 0.82 2.19 1.92 2.10 0.82 0.87

Length (cm)

Small intestine 98.33 97.88 92.5 7.77 0.51 107.58ab 102.79b 116.28a 11.2 0.038

Cecum 11.60 11.96 11.58 0.92 0.77 14.13ab 12.97b 15.2a 1.56 0.033

In the same line, values depicted with different lowercase superscript letters or uppercase superscript letters imply significant difference (P < 0.05 or P < 0.01) among groups.

Growth Performance
There were no differences among the three groups of Bian
hens (BH) and ISA brown hens (IBH) in terms of growth
performance, including the body weight (BW), average daily feed
intake (ADFI), and average daily gain (ADG) (P > 0.05).

Laying Performance
On average, hens in the BH-OL and OH groups laid their first
eggs at 21 and 22 weeks, respectively, while the hens in the OF
group laid their first eggs at 24 weeks old. The OL and OH groups
produced 45 and 12 eggs earlier than the OF group, respectively.
The laying rates in the OL and OH groups were 14.17 and
5.36%, respectively, while the OF group had yet to lay any eggs
(Table 2). This suggests that adding eubiotic lignocellulose to
feed can effectively advance the laying age of BH and increase
economic benefits. The egg weights and laying rates among the
three groups were not significantly different during the laying
period (24-27 weeks), but the egg weights of the OL and OH
groups were significantly higher than those of the OF group at
24 weeks (P < 0.05) (Table 2).

In contrast with BH, all the IBH groups laid their first eggs
at 19 weeks old. There was no significant difference in egg
weight among the three groups within different laying periods
(19-25 weeks), but egg weights in the OL and OF groups were
significantly higher than that in the OH group at 21 weeks (P
< 0.05), and the average daily laying rates in the OL and OF
groups were significantly higher than that of the OH group (P
< 0.01) (Table 2). As such, adding a high level (4%) of eubiotic
lignocellulose inhibited the laying rate of IBH.

Development of Gastrointestinal Tract
Comparison of Development of Gastrointestinal Tract

Among Groups
There were no significant differences among the three groups of
BH, except that the cecum weight of hens in the OL group was
significantly higher than that of hens in the OH group (P < 0.05)
(Table 3). However, for IBH, the weight of the crop in the OL
and OH groups was significantly lower than in the OF group (P
< 0.01). In addition, in IBH the weight and length of the small
intestine and cecum were significantly lower in the OH group

than in the OF group (P < 0.05) (Table 3). This indicates that
the addition of eubiotic lignocellulose inhibited the development
of the gut in IBH.

Comparison of Development of Gastrointestinal Tract

Between BH and IBH
The values representing the development of the gastrointestinal
tract in BH were significantly lower than those of IBH (P < 0.05
or P< 0.01), except for crop ratio, gizzard ratio and cecum chyme
weight (P > 0.05) (Figure 1). In addition, BH preferred granular
corn to powder feed (Figures 2A–C), while IBH preferred
powder feed and avoided granular corn (Figures 2D–F).

OTUs and Gut Microbial Diversity
Comparison of OTUs and Gut Microbial Diversity

Among Groups
In BH, the differences between the numbers of total OTUs and
unique OTUs in the OL (1,004, 114) and OH groups (984, 102)
and those in the OF group (1,007, 130) were minor. In IBH,
the number of OTUs in the OH group (1,180, 208) was slightly
higher than in the OL (1,057, 116) and OF groups (983, 88).
There were no significant differences in gut microbial α-diversity
or β-diversity among the three groups of BH and IBH (P > 0.05).

Comparison of OTUs and Gut Microbial Diversity

Between BH and IBH
The number of total and unique OTUs of BH-OH group
(984, 178) were less than those in IBH-OH group (1,180, 374)
(Figures 3A–C). The β-diversity of BH-OH group (0.18) was also
significantly lower than those in IBH-OH group (0.23) (P < 0.05)
(Figure 3D). The PCoA clustering graph shows that the samples
were clearly clustered by breed (Figure 3E).

Gut Microbial Composition
An LEfSe of gut microbial composition was constructed using
LDA (linear discriminant analysis). Figures 4–6 showed certain
microbes that displayed significant differences (LDA value >

2) between groups or breeds. Fiber-degradation bacteria and
SCFAs-producing bacteria with significant differences in these
figures were concentrated on.
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FIGURE 1 | Comparison of effect of adding eubiotic lignocellulose on the development of gastrointestinal tract between BH and IBH. * or ** imply significant difference

(P < 0.05 or P < 0.01).

FIGURE 2 | Leftovers of Bian hens–20 weeks (BHT) and ISA Brown hens–20 weeks (IBHT). (A-C) Part of the powder feed remained in the BHT’s chute. (D-F) Part of

the powder feed remained in the IBHT’s chute.

Comparison of Gut Microbial Composition Among

the Groups
In BH, the relative abundances of the fiber-degrading
genera Prevotellaceae_UCG-001 in the OL group (5.27%)

[Figure 4B (green frame), Figure 4D] and Alloprevotella in the
OH group (4.09%) [Figure 4C (green frame), Figure 4E]
were significantly greater than those in the OF group
(1.72, 2.13%) (P < 0.05).
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FIGURE 3 | Comparison of OTUs (operational taxonomic units), PCoA (principal coordinates analysis), and gut microbial diversity between Bian Hens–20 weeks

(BHT) and ISA Brown Hens–20 weeks (IBHT). (A-C) The Venn diagram of comparison of OTUs between BHT and IBHT. The overlapping parts show the number of

OTUs shared by two groups, while the values on either side are the numbers of unique OTUs in each group, respectively. (D) Box plot of β-diversity between BHT and

IBHT. (E) Principal coordinates analysis (PCoA) of samples of BHT and IBHT. Different color dots represent samples from different groups of two breeds.

In IBH, the relative abundance of the butyrate producer
Megasphaera in the OL (0.039%) [Figure 5B (green frame),
Figure 5D] and OH groups (0.11%) [Figure 5C (green frame),
Figure 5E] was significantly greater than that in the OF group
(0.0013%) (P < 0.05). In addition, the relative abundance of
the butyrate-producing genus Faecalibacterium in the OH group
(2.29%) [Figure 5C (green frame), Figure 5F] was significantly
greater than that in the OF group (0.99%) (P < 0.05).

Comparison of Gut Microbial Composition Between

BH and IBH
The relative abundances of fiber-degrading bacterial genera
Alloprevotella (2.86%) [Figure 6B (red frame), Figure 6D],
and Prevotellaceae_UCG-001 (5.27%) and butyrate-producing
bacteria Faecalibacterium (2.77%) in the BH-OL group were
significantly greater than those in the IBH-OL group (0.52, 1.79,
1.06%) (P < 0.05), respectively.

In addition, the relative abundances of fiber-degrading
bacterial genera Alloprevotella (4.09%) [Figure 6C (red frame),

Figure 6E] and butyrate-producing bacteria Fusobacterium
(0.59%) of BH-OH group were significantly higher than those in
the IBH-OH group (0.39, 0.11%) (P < 0.05), respectively.

Notably, Bacteroides thetaiotaomicron, which was one of the
best fiber-degrading bacterial species, was detected in all groups
of BH (0.0037, 0.0014, 0.0015%), but it was lacking in the IBH
groups (0, 0, 0%). It may be unique to BH.

Concentration of SCFAs
Comparison of Gut Microbial Composition Among

Groups
In BH, there were no significant differences among the groups in
the concentration (mmol/100 g) and content (mmol) of SCFAs in
the cecum chyme (P > 0.05), but the levels of SCFAs in the OL
andOH groups were higher than those in the OF group (Table 4).
In contrast, in IBH, the level of SCFAs in the OH group was
lower than those in theOL andOF groups (Table 4). In particular,
the concentration of butyrate in the OH group was significantly
lower than that in the OL and OF groups (P < 0.05). In addition,
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FIGURE 4 | Linear discriminant analysis (LDA) among the groups of Bian hens–20 weeks (BHT) and abundance histograms of the dominant bacteria. (A) BHT-OL vs.

BHT-OH. (B) BHT-OL vs. BHT-OF. (C) BHT-OF vs. BHT-OH. A value of LDA > 2 represents that the difference in the relative abundances of certain microbes was

significant between groups. (D) The abundance histogram of dominant fiber-degrading genus Prevotellaceae_UCG-001 (green frame, Figure 2B) in the OL group

compared to the OF group. (E) The Abundance histogram of dominant fiber-degrading genus Alloprevotella (green frame, Figure 2C) in the OH group compared to

the OF group. OL, OptiCell (OC)-low; OH, OC-high; OF, OC-free.

the content of SCFAs in the total cecum chyme of the OH group
was also significantly lower than in the OL and OF groups (P <

0.01) (Table 4).

Comparison of Gut Microbial Composition Between

BHT and IBHT
The concentration (mmol/100 g) of butyrate in the IBHT-OH
group was also significantly lower BHT-OH group (P < 0.05).

DISCUSSION

Effect of Adding Eubiotic Lignocellulose on
Growth Performance
In this study, the effect of adding eubiotic lignocellulose on the
growth performance of Bian hens and ISA Brown hens was
not significant. One reason for this result is that there were
no significant differences in feed intake. This was supported
by research suggesting that increasing dietary fiber has no
significant effects on the ADFI of Ross 308 broilers and Hy-
Line W36 layers within the 1–21d age period (6). The other
reason was that eubiotic lignocellulose itself provides almost no

energy, and SCFAs acetate which are produced by gut microbe
degradation (11) showed no significant differences among groups
in this study, resulting in no significant differences in growth
performance among groups. Acetate is the main way for the body
to obtain energy from dietary fiber (35). The oxidation of acetate
provides 0.876 MJ/mol of energy. It can provide 1.2–10% of the
total daily energy for human beings (36).

Effect of Adding Eubiotic Lignocellulose on
Laying Performance
Our results showed that the addition of eubiotic lignocellulose
to the diet of BH aged 9–20 weeks significantly advanced the
day of at which the first egg was laid, as well as their laying
rate. Studies also have shown that the adding of 1% eubiotic
lignocellulose to the diets of hens aged 30–38 weeks increases
the egg production rate by 1.2% and the profit by 2% while
reducing the feed conversion rate by 6% (9). However, adding
4% eubiotic lignocellulose inhibited the egg production of IBH
in this study. This indicates that the tolerance of the Chinese
native breed BH to eubiotic lignocellulose is stronger than that
of the commercial breed IBH. One explanation may be that
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FIGURE 5 | LDA (linear discriminant analysis) among groups of ISA Brown hens–20 weeks (IBHT) and abundance histograms of the dominant bacteria. (A) IBHT-OL

vs. IBHT-OH. (B) IBHT-OL vs. IBHT-OF. (C) IBHT-OH vs. IBHT-OF. (D,E) The abundance histogram of dominant butyrate-producing genus Megasphaera in the OL

group (green frame, B) and OH group (green frame, C) compared to the OF group. (F) The abundance histogram of dominant butyrate-producing genus

Faecalibacterium (green frame, C) in the OH group compared to the OF group.

the addition of 4% eubiotic lignocellulose significantly inhibits
the development of intestinal tissues, such as those in the small
intestine of IBH, and thus reduces production performance.
This is because dietary fiber is a kind of nutrient diluent,
and a high fiber concentration has a negative effect on the
digestion and absorption of nutrients in the intestine (37). One
study also showed that 1-21-day-old laying hens had a greater
capacity for fiber digestion and fermentation than broilers,
which may be due to the relatively long intestinal tracts of
laying hens (6).

The other reason may be that adding 4% prebiotic
lignocellulose had little effect on the cecum of BH but inhibited
the development of the cecum and reduced the total weight
of the cecum chyme, resulting in the lower SCFA contents
in the total cecum chyme. Cecum is the main contributor to
fiber degradation and fermentation in chickens (38). SCFAs
fermented from dietary fiber can act as energy and carbon
sources for poultry (39). Chicken can derive about 8% of
their energy from SCFAs (40), while ostriches can derive as
much as 76% and promote the laying performance (41). SCFAs
can also enhance host immunity. Therefore, the lower SCFA
contents of the 4% group of IBH may lead to a poor laying
performance. The mechanism enabling the BH to have a greater

tolerance to high levels of eubiotic lignocellulose than IBH needs
further exploration.

Effect of Adding Eubiotic Lignocellulose on
Development of the Gastrointestinal Tract
In the present study, the addition of a high level of eubiotic
lignocellulose (4%) improved the development of the cecum
in BH. This was supported by research which reported that
consumption of a high fiber diet can also increase the relative
length and weight of the chicken cecum (3). However, added 4%
eubiotic lignocellulose significantly inhibited the development
of the gastrointestinal tract, including the cecum, in IBH. This
further supports the idea that BH have a stronger tolerance to
dietary fiber than IBH. This effect may be linked to the different
feeding habits of the two breeds of chicken. Poultry often pick
larger food particles, leaving powder (42, 43). It was found
that feeding with whole grain increased the gizzard weight of
broilers. On the contrary, the gizzards of poultry fed a fine-grain
diet were underdeveloped (44). Interestingly, in this experiment,
BH preferred granular corn, while IBH preferred powder. This
preference may have helped to stimulate the development of the
crop and gizzards of BH, resulting in the absence of a significant
difference in crop and gizzard rate between BH and IBH.
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FIGURE 6 | Linear discriminant analysis (LDA) between Bian hens–20 weeks (BHT) and ISA Brown hens–20 weeks (IBHT) and abundance histograms of the

dominant bacteria. (A) BHT-OL vs. IBHT-OL. (B) BHT-OH vs. IBHT-OH. (C) BHT-OF vs. IBHT-OF. (D,E) Abundance histograms of dominant fiber-degradation genus

Alloprevotella in BH compared to those in IBH.

Effect of Adding Eubiotic Lignocellulose on
the Gut Microbiota and SCFAs
In this experiment, the addition of eubiotic lignocellulose did not
increase the microbial diversity, but it did increase the relative
abundances of the fiber-degrading bacteria Prevotellaceae_UCG-
001 andAlloprevotella,which are homologous with the Prevotella

in BH. Prevotella is an excellent fiber-degrading bacterial
genus with a strong fiber-degrading ability in Bacteroidetes

(45). Some research has also shown that the consumption of

dietary fiber can increase the abundance of Prevotella (46,

47). Therefore, although there were no great differences in
concentrations of SCFAs among the BH groups, the levels of
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TABLE 4 | Effect of eubiotic lignocellulose on the concentration of and content of SCFAs in BH and IBH.

Groups SCFAs concentration (mmol/100g) SCFAs content (mmol)

Acetate Propionate Butyrate Total SCFAs Acetate Propionate Butyrate Total SCFAs

BH

OL group 5.00 2.59 0.77 8.36 0.100 0.052 0.015 0.17

OH group 5.17 2.37 0.90 8.44 0.112 0.051 0.019 0.18

OF group 4.14 1.44 0.57 6.15 0.092 0.032 0.013 0.14

SEM 0.31 0.17 0.35 0.58 0.0064 0.0055 0.0020 0.011

P-value 0.24 0.11 0.21 0.168 0.42 0.24 0.38 0.45

IBH

OL group 6.42 2.22 0.74a 9.38 0.14a 0.047a 0.016a 0.20a

OH group 4.98 1.63 0.42b 7.04 0.081b 0.026b 0.0068b 0.11b

OF group 6.12 1.91 0.60a 8.62 0.13a 0.041a 0.013a 0.18a

SEM 0.39 0.15 0.056 0.51 0.0092 0.0037 0.0013 0.012

P-value 0.39 0.36 0.027 0.239 0.04 0.033 0.022 0.013

In the same column, values depicted with different lowercase superscript letters or uppercase superscript letters imply significant difference (P < 0.05 or P < 0.01) among groups.

SCFAs in the OL and OH groups were higher than those in
the OF group.

Moreover, in this study, the addition of 4% eubiotic
lignocellulose increased the concentrations of the butyrate-
producing bacteria Megasphaera and Faecalibacterium in the
IBH group compared with the OF group. Butyrate-producing
bacteria Faecalibacterium can ferment glucose into butyrate (22,
48). However, because of the lower cecal length and chyme
weight, the butyrate concentration (mmol/100 g chyme) and
SCFAs content (mmol) in the total cecum chyme of the OH
group were lower than in the OF group. This may have caused
the poor laying performance of this group. Currently, most
research focuses on the effects of the concentration of SCFAs
on the host. In fact, the effects of the SCFAs content in total
chyme on the nutrition and health of the host should be
emphasized. However, it seems impractical to sample and weigh
the total chyme levels in the colons of humans or the rumen
of cattle.

Effect of Breeds on the Gut Microbiota and
SCFAs
In this experiment, the relative abundances of the fiber-degrading
bacteria genusAlloprevotella and the butyrate-producing bacteria
Fusobacterium in the BH-OH group were significantly greater
than in the IBH-OH group, resulting in the effective degradation
and fermentation of lignocellulose into butyrate. Furthermore,
the concentration of butyrate in the BH-OH group was
significantly higher than that in the IBH-OH group. Butyrate
is the preferred raw material for intestinal cells (49). About
95% of butyrate is absorbed into epithelial cells, which is then
rapidly oxidized into ketones for ATP synthesis, providing∼70%
of their energy (23) and promoting epithelial cell proliferation
(50). Therefore, one reason for the poor development of the
cecum in the IBH-OH group may have been that the low

content of butyrate failed to provide sufficient energy for the
epithelial cells.

In addition, in the present study, the excellent fiber-degrading
bacterial species Bacteroides thetaiotaomicron was only detected
in BH, but was lacking in IBH. B. thetaiotaomicron is one of
the best fiber-degrading bacteria. More than a quarter of this
genome can motivate the degradation of polysaccharides (such
as rhamnogalacturonan II (RG-II), which is known to be the
most complex glycan in pectin) into monosaccharides (15, 51).
These differences should also be reasons that the tolerance of
BH to eubiotic lignocellulose was greater than that of IBH.
This was also consist with some reports which showed that the
gut microbiota in different chicken breeds was usually different
(8, 52, 53). That was maybe because the gut microbiota and their
hosts have co-evolved for a long time, and some microbiota only
colonize specific hosts. For example, Japanese people who eat
lots of sushi carry the unique bacteria Bacteroides plebeius, which
degrade Porphyra polysaccharide, while North Americans lack
such bacteria (54).

CONCLUSION

The tolerance of BH to eubiotic lignocellulose was shown to be
greater than that of IBH. Adding 2–4% eubiotic lignocellulose
is appropriate for BH, while 0–2% eubiotic lignocellulose is
appropriate for IBH.
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Background: Japanese quail (Coturnix japonica) are important and widely distributed

poultry in China. Researchers continue to pursue genetic selection for heavier quail.

The intestinal microbiota plays a substantial role in growth promotion; however, the

mechanisms involved in growth promotion remain unclear.

Results: We generated 107.3 Gb of cecal microbiome data from ten Japanese

quail, providing a series of quail gut microbial gene catalogs (1.25 million genes).

We identified a total of 606 main microbial species from 1,033,311 annotated

genes distributed among the ten quail. Seventeen microbial species from the genera

Anaerobiospirillum, Alistipes, Barnesiella, and Butyricimonas differed significantly in their

abundances between the female and male gut microbiotas. Most of the functional gut

microbial genes were involved in metabolism, primarily in carbohydrate transport and

metabolism, as well as some active carbohydrate-degrading enzymes. We also identified

308 antibiotic-resistance genes (ARGs) from the phyla Bacteroidetes, Firmicutes and

Euryarchaeota. Studies of the differential gene functions between sexes indicated that

abundances of the gut microbes that produce carbohydrate-active enzymes varied

between female and male quail. Bacteroidetes was the predominant ARG-containing

phylum in female quail; Euryarchaeota was the predominant ARG-containing phylum in

male quail.

Conclusion: This article provides the first description of the gene catalog of the cecal

bacteria in Japanese quail as well as insights into the bacterial taxa and predictive

metagenomic functions betweenmale and female quail to provide a better understanding

of the microbial genes in the quail ceca.

Keywords: quail, gut microbiome, metagenomic analysis, reference genes, cecal bacteria
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INTRODUCTION

Japanese quail (Coturnix japonica), from the order Galliformes
and family Phasianidae, are an important poultry species for
egg and meat production and are widely distributed in China.
Quail have a short maturation period, and female quail can
lay their first eggs at 35 days old. The laying rate can reach
50% at 45 days, and the weight of annual egg production
is an average of 20–25 times that of the female quail’s body
weight. Quail make ideal animal models owing to their small
body size and short generation intervals. Quail byproducts
also have commercial applications, for example, feathers in
duvet manufacturing. Therefore, some researchers consider quail
breeding to be the future of twenty-first century poultry breeding
(1, 2).

The gut microbiota plays an important role in production
and disease resistance in many animals, especially in digestion
and nutrient absorption, contributing to feed-related traits
(3–10). 16S rRNA genes were analyzed to profile the cecal
bacterial communities of chicken; these analyses showed that
the male animals had high abundances of Bacteroides, whereas
female animals were enriched with Clostridium and Shigella.
Microbiome-wide association analyses in the ilea and ceca of
Japanese quail have shown that several quantitative feed-related
traits, including feed or nutrient efficiency, feed intake, body
weight gain, feed per gain ratio, and phosphorus utilization were
associated with microbiota features at both the bacterial genus
and operational taxonomic unit levels as characterized by 16S
rRNA amplicon sequencing (11–16). Beneficial groups of bacteria
(i.e., probiotics) in the gut help balance the intestinal flora and
improve the body’s disease resistance via competitive inhibition
of acid substance production. Bacillus and some subspecies of
Enterococcus are considered probiotics in chickens and Japanese
quail (17, 18). However, to our knowledge, the reference gene
catalogs of the gut microbiome, including the intestinal bacterial
compositions and the functional capacity of the gut microbiome,
have rarely been applied or reported for Japanese quail. This
could hinder growth promotion in quail.

Female quail exhibit greater growth potential in the breast,
wings and back than do male quail for both yellow and red
laying Japanese quail, but no relevant research is available on
the gut microbiotas of adult quail in China (1, 2). Variations
in growth rates between the sexes might be due to differences
in their gut microbiomes because the gut microbiome has key
effects on nutrient digestion, absorption, andmetabolism in quail
(19, 20). However, knowledge of how the gut microbiome varies
between sexes in quail is minimal. This study was conducted
to examine how nutrient digestion and absorption by the gut
microbiome differ between male and female quail and whether
any gut bacteria are beneficial to quail.

Here, we used shotgun metagenomic sequencing to analyze
the microbiomes from cecal samples of ten 70-day-old Japanese
quail. At this age, the cecal microbiota should be mature and
stable (21). We compared the gut microbiotas between female
and male quail to study the gut microbial ecosystem and the
differences in the gut microbiotas between the sexes in this
economically important species.

MATERIALS AND METHODS

Sample Collection
Samples were collected from the cecal contents of ten 70-day-
old Japanese quail (one sample per quail), immediately frozen
in liquid nitrogen, and stored at −80◦C until DNA extraction.
We used five healthy adult female quail and five healthy adult
male quail. All birds were offered the same diet and housed
under similar environmental conditions. Supplementary Table 1

provides the details of the samples.
DNA was extracted using the Magen DNA Stool Kit per

the manufacturer’s protocol (Magen, Guangdong, China), using
200mg of feces per sample. The DNA samples were tested
using two methods. First, the degree of DNA degradation
was determined on 1% agarose gels, and second, the DNA
concentration was measured using a Qubit R© dsDNA Assay Kit
in a Qubit R© 2.0 Fluorometer (Life Technologies, CA, USA). The
optical density was between 1.8 and 2.0. The DNA contents were
used to construct a sequencing library.

Library Construction
One microgram of DNA per sample was used as the input
material to prepare the DNA samples. Sequencing libraries were
generated using NEBNext R© UltraTM DNA Library Prep Kit for
Illumina (NEB, USA), and recommendations and index codes
were added to attribute sequences to each sample. Briefly, the
DNA sample was fragmented by sonication to 350 bp, then the
DNA fragments were end-paired, poly-A-tailed, and ligated with
the full-length adaptor for Illumina sequencing with further PCR
amplification. PCR products were then purified (AMPure XP
system), and libraries were analyzed for size distribution using
an Agilent 2100 Bioanalyzer and quantified using real-time PCR.

DNA Sequencing and DNA Assembly
Index-coded samples were clustered using a cBot Cluster
Generation System per the manufacturer’s instructions. After
cluster generation, the library preparations were sequenced on an
Illumina HiSeq platform, and paired-end reads were generated.

After preprocessing the raw data, clean data were obtained
using subsequent analyses, which included removing reads that
contained low-quality bases (default quality threshold value≤38)
above a certain portion (default length: 40 bp), removing reads
in which the N base had reached a certain percentage (default
length: 10 bp), and removing reads that overlapped by more
than a certain portion using Adapter (default length: 15 bp). To
remove the effects of host pollution, clean data were analyzed
using Basic Local Alignment Search Tool (BLAST) against
the Japanese quail genome database (INSDC: LSZS01000000),
which defaults to using Bowtie2.2.4 software (Bowtie2.2.4, http://
bowtiebio.sourceforge.net/bowtie2/index.shtml) to filter reads of
host origin using the following parameters (22, 23): –end-to-end,
–sensitive, -I 200 and -X 400.

Construction of the Gene Catalog and
Abundance Analysis
To construct a comprehensive Japanese quail gut microbial gene
catalog, all reads were assembled de novo from each sample
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into longer contigs, which were assembled and analyzed (24)
using SOAPdenovo software (V2.04, http://soap.genomics.org.
cn/soapdenovo.html), with the parameters -d 1, -M 3, -R, -u, -
F and -K 55 (25–28). The assembled scaffolds were then broken
from the N junction to acquire scaffolds not containing N (called
scaftigs) (26, 29, 30). The clean data were compared with each
respective scaffold using Bowtie2.2.4 to acquire unused paired-
end reads with the parameters –end-to-end, –sensitive, -I 200 and
-X 400 (26). Fragments shorter than 500 bp were filtered from all
scaftigs because of the lengths of the assembly sequences.

The assembled scaftigs (≥500 bp) were used to predict
the open reading frames (ORFs) using MetaGeneMark
(V2.10, http://topaz.gatech.edu/GeneMark/) software, then the
sequences with coding region lengths <100 nt were filtered from
the predicted results using the default parameters (26, 30–33).
CD-HIT software (34, 35) (V4.5.8, http://www.bioinformatics.
org/cd-hit) was used to obtain the unique initial gene catalog
(the genes referred to here are the nucleotide sequences coded
by unique and continuous genes) (36), with the parameters -c
0.95, -G 0, -aS 0.9, -g 1, and -d 0 (33, 36). Each gene’s abundance
was calculated from the number of mapped reads and the

gene length. The formula used was Gk =
rk

Lk
·

1
n∑

i=1

ri
Li

, where

r represents the number of reads mapped to the genes, and L
represents gene length (31).

The gene numbers were analyzed from the abundance of each
gene in each sample in the gene catalog; the analyses included the
basic statistical information, core-pan gene analysis, correlation
analysis of the samples and a Venn diagram.

All predicted unigenes were analyzed in BLAST against
functional databases with the parameters blastp and -e 1e-5 using
DIAMOND software (V0.9.9; https://github.com/bbuchfink/
diamond/), with the exceptions of the Kyoto Encyclopedia of
Genes and Genomes [KEGG; (37, 38); version 2018-01-01,
http://www.kegg.jp/kegg/], EggNOG (39); version 4.5, http://
eggnogdb.embl.de/#/app/home), and Carbohydrate-Active
Enzymes [CAZy; (40) version 201801, http://www.cazy.org/]
databases. For each sequence’s BLAST result, the best BLAST hit
was used for subsequent analyses (28, 32, 41). To annotate the
resistance genes, Resistance Gene Identifier software was used to
align the unigenes to the CARD database (https://card.mcmaster.
ca/) (42–44), using the parameters blastp and e-value ≤1e−30.
The relative abundances of antibiotic-resistance ontology genes
from the aligned results were counted.

Taxonomic Assignment of Genes and
Construction of Taxonomy and Relative
Abundance Profiles
DIAMOND [28] software (V0.9.9) was used to analyze the
unigenes via BLAST against the bacterial, fungal, archaeal
and viral sequences, which were extracted from the NR
database (Version: 2018-01-02, https://www.ncbi.nlm.nih.gov/)
of the National Center for Biotechnology Information with the
parameter settings blastp and -e 1e−5. Because each sequence
could have multiple aligned results, sequences were chosen for

alignment if the E-value was≤ the smallest E-value×10 (45). The
least common ancestors (LCA) algorithm was also applied to the
system classification using MEGAN software (46) to confirm the
species annotation.

The number of genes and the abundance information
for each sample were obtained using the LCA annotation
results and the gene abundance for each taxonomic hierarchy
(kingdom, phylum, class, order, family, genus, and species).
The species abundance in one sample equaled the sum of the
gene abundances annotated for the species. The gene number
of a species in a sample equaled the number of genes with
abundances >0.

These analyses were based on the abundance results for
each taxonomic hierarchy, including the relative abundance and
abundance cluster heat maps. Differences between two groups
were tested via analysis of similarity (ANOSIM; R vegan package,
version 2.15.3). Metastats and linear discriminant analysis effect
size (LEfSe) analysis were used to detect different species between
groups. Permutation tests between groups were conducted in
Metastats for each taxonomic level to obtain the p-value, then
the Benjamini and Hochberg false discovery rate procedure
was used to correct the p-value and acquire a q-value (47).
LEfSe analysis was conducted using LEfSe software, with a
default LDA score of 3. Important species were screened out
via MeanDecreaseAccuracy and MeanDecreaseGini, and the
receiver operating characteristic curve was plotted to cross
validate each model (default: 10 times).

RESULTS

Microbial Genome Sequencing and
de novo Metagenome Assembly
We sequenced 107.3 Gb of high-quality data, with an average
of 10.73 Gb per sample (SRA accession: SUB9360165) after
removing low-quality reads, N reads and adaptor sequences. This
included 99.5 Gb of no-host data. Table 1 lists the raw, clean and
preprocessed data. The best assembly with different k-mer sizes
was chosen on the basis of contig N50 and the mapping rate. The
lengths of the contig N50 in each sample ranged from 1,662 to
4,217 bp. Table 2 summarizes the assembly results. The length
distribution of the contigs ranged from 500 to 3,000 bp, with
most of the length distribution falling between 500 and 1,000 bp
(Supplementary Figure 1).

Gut Microbiome Gene Catalog Prediction
and Taxonomic Annotation
Based on the scaftigs, 3,378,594 ORFs were constructed, and
core-pan gene analysis showed that the curve approached
saturation (Supplementary Figure 2). We obtained 1,247,092
ORFs after reducing the data redundancy; 48.76% of these were
complete ORFs, and 608,045 genes were obtained. The female
quail contained 303,162 commonORFs; themale quail contained
401,051 common ORFs (Supplementary Figure 3).

Using BLAST against the MicroNR database, we annotated
1,033,311 genes from 1,247,092 non-redundant genes. Of these,
0.59% were annotated as viruses, 0.0364% as eukaryotes, 0.203%
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TABLE 1 | The statistics of the raw data, clean data and preprocessed data.

InsertSize (bp) SeqStrategy RawData RawReads (#) N_num CleanData Clean_Q20 Clean_Q30 Clean_GC (%) Effective %) Non-HostData

F1 350 (150:150) 11,003.63 73,357,520 0.01 11,003.60 97.13 92.29 48.7 100 9,074.26

F2 350 (150:150) 10,712.92 71,419,466 0.01 10,712.91 97.44 93 46.82 100 8,856

F3 350 (150:150) 10,687.25 71,248,310 0.21 10,686.86 97.44 92.7 47.96 99.996 10,675.16

F4 350 (150:150) 10,323.51 68,823,430 0.1 10,323.33 97.36 92.73 48.25 99.998 9,213.76

F5 350 (150:150) 10,744.70 71,631,314 0.02 10,744.66 97.58 93.06 47.91 100 10,741.30

M1 350 (150:150) 10,817.98 72,119,874 0.23 10,817.55 97.58 93.13 52.16 99.996 10,803.80

M2 350 (150:150) 11,251.57 75,010,482 0.23 11,251.14 97.7 93.36 49.58 99.996 11,249.04

M3 350 (150:150) 10,449.38 69,662,506 0.02 10,449.34 97.42 92.54 46.84 100 9,998.72

M4 350 (150:150) 10,283.92 68,559,476 0.08 10,283.77 97.54 93.04 52.79 99.998 10,278.34

M5 350 (150:150) 11,037.03 73,580,196 0.08 11,036.87 97.74 93.5 52.55 99.999 10,953.34

TABLE 2 | A summary of the assembly results.

SampleID Total len.(bp) Num. Average

len.(bp)

N50

Len.(bp)

N90

Len.(bp)

Max

len.(bp)

M1 320,557,884 206,569 1,551.82 2,124 635 316,802

M2 284,615,154 174,941 1,626.92 2,326 648 330,539

M3 203,706,984 132,003 1,543.20 2,064 636 285,679

M4 284,104,470 198,983 1,427.78 1,767 615 468,579

M5 304,165,913 207,528 1,465.66 1,890 623 294,780

F1 300,816,819 217,776 1,381.31 1,662 621 511,013

F2 216,638,880 133,104 1,627.59 2,384 641 458,696

F3 276,148,607 134,475 2,053.53 4,217 706 357,891

F4 300,219,893 188,990 1,588.55 2,269 637 464,221

F5 300,697,034 195,495 1,538.13 2,089 629 317,717

as archaea, and 13.9% as unknown. There were 382, 142, 175, and
7,047 species belonged to the kingdom of the viruses, eukaryotes,
archaea, and bacteria, respectively (Supplemental File 1). The
remaining 88.74% of the genes were annotated as bacteria at
the kingdom level, with 85.27% annotated at the phylum level,
81.27% at the class level, 80.45% at the order level, 68.07% at the
family level, 63.42% at the genus level, and 45.33% at the species
level. Of the 1,033,311 annotated genes inMicroNR,many strains
belonged to the phyla Bacteroidetes, Firmicutes, Proteobacteria,
Spirochaetes, and Fusobacteria.

Themost abundant genera were Bacteroides (mean abundance
24.9), Alistipes (mean abundance 4.48), Prevotella (mean
abundance 3.07), Mediterranea (mean abundance 3.14),
Lachnoclostridium (mean abundance 2.67), Flavonifractor
(mean abundance 2.62), and Barnesiella (mean abundance 1.10;
Supplemental File 2). A series of genes were also annotated to
Bacillus and Enterococcus (Supplemental File 3).

From the ten quail tested, we identified 4 Kingdom, 129
Phylum, 115 Class, 240 Order, 510 Family, 1,857 Genus, and
7,746 microbial species. We detected 606 bacterial species with
a higher abundances from the ten quail (Supplemental File 4):
7,302 from the male quail, with each individual containing 6,073,
5,910, 5,468, 5,932, and 6,089 species, and 7,573 from the female
quail, with each individual containing 6,245, 5,234, 5,075, 6,463,
and 6,017 species.

The gene abundances revealed several dominant microbial
species in both groups at different levels. The top five
were assigned to Bacteroidetes, Firmicutes, Proteobacteria,
Spirochaetes, and Fusobacteria (Figure 1A).

The top species were Alistipes sp. CAG: 831,Mediterranea sp.
An20, Lachnoclostridium sp. An298, Fusobacterium mortiferum,
Flavonifractor sp. An10, Phascolarctobacterium sp. CAG:266,
Brachyspira pilosicoli, uncultured Bacteroides sp., Bacteroides
barnesiae and Desulfovibrio piger (Figure 1B). The abundances
of the top 35 species per sample were used to generate a heat
map. The species with higher concentrations were clustered in
the samples (Figure 2).

To investigate the different species in the male and
female quail, we performed a LEfSe analysis, which
yielded 17 differentially abundant species (Figure 3A).
Eleven taxa were more abundant in the male quail:
Mediterranea sp. An20, Clostridiales, Bacteroides sp. An322,
Anaerobiospirillum, Anaerobiospirillum succiniciproducens,
Bacteroidaceae, Bacteroides salanitronis, Prevotella sp. CAG:755,
_Parabacteroides sp. An277, Eubacterium sp. CAG:180, and
Clostridium sp. CAG:169. In the female quail, Butyricimonas,
Barnesiella sp. An55, Barnesiella sp. An22, Alistipes, Alistipes sp.
An31, and Barnesiella were more abundant. The data showed
that the different species were clustered into four genera:
Anaerobiospirillum, Alistipes, Barnesiella and Butyricimonas
(Figure 3B).

Gene Function Analysis
To obtain gene function information, the genes were analyzed
separately via BLAST against the KEGG, EggNOG, CAZy, and
CARD databases using DIAMOND software. For the functional
annotation, 804,714 genes were annotated in the KEGG database,
followed by 791,180 in EggNOG, 46,317 in CAZy, and 496 in
CARD (Supplemental File 5). Of the 496 genes in CARD, 308
were for antibiotic resistance.

The KEGG database profile on the relative abundances
of the gene functions suggested that the main activities of
the genes identified were associated with metabolism, genetic
information processing and environmental information at the
first classification level. Genes related to the three terms of
replication, recombination and repair, amino acid transport and
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FIGURE 1 | The dominant microbial species in female (F) and male (M) Japanese quail (Coturnix japonica) at the phylum (A) and species (B) levels.

metabolism, and cell wall/membrane/envelope biogenesis were
the most abundant in EggNOG. Most genes matched in CAZy
were associated with the functions of glycoside hydrolases and
glycosyl transferases.

KEGG
The metabolic pathway predictions provided a functional
description of gut cell metabolism in Japanese quail: 164,216
genes were related to 132 unique pathways at the third
classification level. This showed that the quail gut microbes had
different activities related to functions such as the metabolism
of carbohydrates (50,376 genes), amino acids (40,573 genes),
vitamins (29,684 genes), nucleotides (27,397 genes), and energy
(25,831 genes; Supplemental File 6).

EggNOG
The BLAST results based on EggNOG showed that more
unigenes were in the classes of amino acid transport and
metabolism (55,478 genes) and carbohydrate transport and
metabolism (54,316 genes), while a cluster of 43,338 genes was
assigned to inorganic ion transport and metabolism.

CAZy Database
CAZy classified 46,317 genes into six ontologies, including
glycoside hydrolases (28,771 genes), glycosyl transferases
(11,718 genes), carbohydrate-binding modules (4,055 genes),
carbohydrate esterases (2,590 genes), polysaccharide lyases (857
genes), and auxiliary activities (7 genes).
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FIGURE 2 | The top abundant 35 bacterial species clustered in the cecal samples of female (F) and male (M) Japanese quail (Coturnix japonica). The value

corresponding to each block was the Z value of each row of species, represented the standardized relative abundance. The Z value was the difference between the

relative abundance of samples in the classification and the average relative abundance of all samples, and then divided by the standard deviation of all samples.

ANOSIM and LEfSe Analysis
To examine the similarities between the male and female quail,
we analyzed the differences in relative gene abundances and
their corresponding functions in the ten quail. CAZy results
showed differences between the groups (Figure 4A); however, the
differences between the measurement data were not statistically
significant. The results suggested that the abundances of gut
microbes that produce carbohydrate-active enzymes may differ
between female and male quail.

To investigate the difference in functional capacities of gut
microbiome between female and male quail, we performed a

LEfSe analysis, the significant difference was yielded based on
the result of Cazy analysis. The genes of GH31 annotation
was significantly different between female and male quail
(Figure 4B).

Analysis of Antibiotic-Resistance Genes
and Bacteria
In contrast to the above results, fewer genes were related in
the CARD database, which matched 496 genes; 308 of these
were antibiotic-resistance genes (ARGs), with an abundance
of 2.98 × 10−4. Of these genes, 110 were found in the ten
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FIGURE 3 | (A) Different bacterial species in female (F) and male (M) Japanese quail (Coturnix japonica); (B) different species clustered in four genera.

quail (Supplemental File 7). The most abundant genes included
tetQ, tetW, ermF, adeF, tetW/N/W, lnuC, sul2, tet40, tetO,
and APH3-IIIa. Species information was collected for each
ARG from each quail. These ARGs were harbored by diverse
phyla, including Bacteroidetes, Firmicutes, and Euryarchaeota
(Figure 5).

Analysis of the ARG distributions showed that the female
quail had 147 common genes and 24 unique genes, and
the male quail had 124 common genes and ten unique
genes (Supplemental Figure 4 and Supplemental File 7).
Bacteroidetes were the predominant ARG hosts in the female
quail; Euryarchaeota were the dominant ARG hosts in the male
quail. Tenericutes and Kiritimatiellaeota were detected only in
the female quail (Figure 5).

DISCUSSION

We conducted an Illumina short-read-based gene-annotation
sequencing analysis of metagenomic DNA taken from the

ceca of ten Japanese quail, including five female quail
and five male quail, to obtain a catalog of bacterial gene
communities in adult quail. To our knowledge, this is the
first analysis of the gut microbiota gene compositions for
this species. The results from the gene annotation against
the MicroNR database revealed several abundant groups
at the phylum level, including Bacteroidetes, Firmicutes,
Proteobacteria, Spirochaetes and Fusobacteria. 16S rRNA
gene sequencing revealed similar results for the ileal
microbiotas of this species (15). Additionally, Tenericutes
was a major phylum in cecal samples from Japanese quail
(12); however, the abundance of Firmicutes was higher
than that of Bacteroidetes (12, 15), both of which likely
dominated the cecal microbiota (11, 12, 15). Other studies
have shown that higher abundances of Firmicutes could lead
to more efficient absorption of calories from the digesta
(48, 49), which may be related to a higher abundance
of Firmicutes in the ileum and a lower abundance in the
cecum. Bacteroides spp. play key roles in immunoregulatory
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FIGURE 4 | (A) Analysis of similarity (ANOSIM) between female (F) and male

(M) Japanese quail (Coturnix japonica) based on the CAZy database. The

horizontal axis represents the grouping information; the vertical axis indicates

the distance data, and “Between” is the combined information for both

groups. The median line for “Between” being higher than those of the other

two groups suggests that the groupings were appropriate. The R-value was

between −1 and 1 and >0, indicating a significant difference between the

groups. The P-value represents the reliability of the statistical analysis, and P <

0.05 indicates statistical significance; (B) Different functional capacities of gut

microbiome based on Carbohydrate-Active Enzymes (Cazy) analysis between

female (F) and male (M) Japanese quail (Coturnix japonica).

abilities and help provide valuable nutrients and energy to
the host by breaking down food (50, 51). Bacteroidetes may
also contribute to disease resistance in the host. Moreover,
Bacteroides can degrade indigestible fiber in chicken guts
(20), and the enriched Bacteroides from the quail ceca
was consistent with substantial microbial fermentation in
the hindgut.

Our gene function prediction results showed that the
microbial species in the quail ceca contributed to metabolic
functions involving production of energy and nutrients by
digesting food, showing that the cecal microbiota is an important
energy supplier for the host. The GH31 might contribute to
metabolic functions, since the functional capacity analysis of
gut microbiome found the GH31 annotation was significantly
different between female and male group. These results reflected
the important role of the cecal microbiota in some feed-
related traits, such as phosphorus utilization, daily gain, feed
intake and feed per gain ratio reported in Japanese quail
as assessed by mixed linear models (15). Our data revealed
genes belonging to subspecies of Bacillus and Enterococcus,
which are considered probiotics in chickens and Japanese
quail (17, 18). Bacillus exerts positive effects on several feed-
related traits.

Our analysis identified ∼3.4 million comprehensive Japanese
quail gut microbial genes. Animal gut microbiotas, including
those of humans (31, 32, 52), dogs (53), monkeys (54), mice
(55), rats (56, 57), chickens (58), and pigs (25, 59), are
receiving increasing attention worldwide for their important
contributions to host nutrition and health. The size of the
Japanese quail gene catalog was smaller than those of chickens
(9.04 million genes), humans (9.9 million genes) and pigs (7.7
million genes) (58), possibly owing to the limited samples
from only the lumens of the ceca, which do not contain
gene information on the microbiome in the foregut. From our
data, means of 88.74, 0.59, 0.0364, and 0.203% of the genes
were annotated to bacteria, viruses, eukaryotes and archaea,
respectively. No viral genes have been found in chicken gut
microbiotas (58).

FIGURE 5 | Analysis of unique antibiotic-resistant bacteria in Japanese quail (Coturnix japonica): (A) predominant bacterial hosts of antibiotic-resistance genes (ARGs)

in the female quail; (B) predominant bacterial ARG hosts in the male quail.
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Metagenomic sequencing identified 308 ARGs, of which,
the dominant genes were tetQ, tetW, ermF, adeF, tetW/N/W,
lnuC, sul2, tet40, tetO, and APH3-IIIa. Some ARGs, such as
tetM, vanX and bla, existed before the advent of antibiotic use
(60). The ARG abundances in the quail (P = 2.98 × 10−4)
in our study were lower than those reported in the pigs (61)
and were mainly distributed in Bacteroidetes, Firmicutes and
Euryarchaeota. High-throughput next-generation sequencing
enables detecting the presence of broad-spectrum antibiotic
resistance in animal gut fecal resistomes. To date, numerous
studies on ARGs in regard to existing and emerging antibiotic-
resistance threats have been reported for humans, sheep,
chickens, pigs, and cows (62–64). Because of the intensive link
between the spread of ARGs and human health, increasing
knowledge of ARGs is important for addressing potential threats
to human health.

Our results showed that female quail had relatively high
microbial species abundances, whereas male quail had a higher
microbiome diversity (Chao1 index) (12). The differences
between the male and female quail were analyzed, and 17
species that were clustered into four genera (Anaerobiospirillum,
Alistipes, Barnesiella, and Butyricimonas) from four families
(Succinivibrionaceae, Rikenellaceae, Barnesiellaceae, and
Odoribacteraceae) were differentially abundant. Compared with
the families Lactobacillaceae and Catabacteriaceae, which were
differentially abundant in the large intestines of male and female
Japanese quail (12), our results revealed significant differences
within the quail. The differences in these microbiomes may
be related to the differences in growth potential between
male and female quail. Bacterial communities also differ
significantly between male and female broiler chicken ceca.
Male chicken ceca were enriched with Bacteroides, whereas
female chicken ceca were enriched with Clostridium and
Shigella (20). These detected bacterial species varied between
chickens (65) and quail. However, some of our results are
preliminary, and the functions of these gut microbes require
further study.

In summary, our study provides the first reference gene
catalog for the Japanese quail gut microbiome, which will be an
important addition to animal gut metagenomics. Metagenomic
analysis will contribute to future studies on the differences in
the mechanisms of feed-related quantitative traits and the gut
microbiome in quail. Our results also help explain why female
quail exhibit greater muscle growth potential than do male quail.
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Early colonization of intestinal microbiota plays an important role in intestinal

development. However, themicrobial succession at an embryonic stage and its assembly

patterns induced by prenatal nutrition are unknown. In the present study, we used a

chick embryo model to investigate the effects of in ovo feeding (IOF) of L-arginine (Arg)

on the intestinal development and microbial succession of embryos. A total of 216 fertile

eggs were randomly distributed into 2 groups including the non-injected control group

and IOF of Arg group with 7 mg/egg. The results showed that IOF Arg increased the

intestinal index, absolute weight of jejunum, and improved jejunal morphology in terms

of villus width and surface area (p < 0.05). The relative mRNA expressions of mTOR

and 4E-BP1 were up-regulated and accompanied by higher contents of Mucin-2 in the

Arg group (p < 0.05). There was a significant elevation in contents of serum glucose

and high-density lipoprotein cholesterol, whereas there was a decreased low-density

lipoprotein cholesterol in the Arg group (p < 0.05). Additionally, Proteobacteria and

Firmicutes were major intestinal bacteria species at the embryonic stage. However,

Arg supplementation targeted to shape assembly patterns of microbial succession

and then changed microbial composition (p = 0.05). Meanwhile, several short-chain

fatty acids (SCFAs)-producing bacteria, such as Roseburia, Blautia, and Ruminococcus

were identified as biomarkers in the Arg group (LDA > 3, p < 0.05). Accordingly,

significant elevated concentrations of SCFAs, including lactic acid and formic acid, were

observed in the Arg group (p < 0.05), accompanied by the higher concentration of

butyric acid (0.05 < p < 0.10). In conclusion, prenatal Arg supplementation improved

embryonic intestine development by regulating glucose and lipid homeostasis to supply

more energy for chick embryos. The possible mechanism could be the roles of Arg

in shaping the microbial assembly pattern and succession of the embryonic intestine,

particularly the enrichment of potential probiotics. These findings may contribute to

exploring nutritional strategies to establish health-promoting microbiota by manipulating

prenatal host-microbe interactions for the healthy development of neonates.
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INTRODUCTION

Early intestinal development has the potential to be a
determinant for the lifelong health of a host. Numerous evidence
suggest that the microbial community is an essential driver of
intestinal innate immune programming (1, 2) and plays critical
roles in the differentiation and maturation of epithelial cells
(3, 4), maintenance of intestinal barrier, and absorption (5,
6). Consequently, the initial stage of microbial colonization is
regarded as a focus on modulating intestinal health to avoid poor
nutrient availability, pathogen infection, and higher mortality in
early postnatal life (7, 8). Owing to resilience and stability in
the microbial ecosystem (9, 10), clarifying the early colonization
characteristics of microbiota is crucial to explore appropriate
intervention methods. It was previously thought that chick
embryos were sterile and that the initial intestinal microbiota
originated from a post-hatch environment (11). However, recent
studies have reported the presence of diverse microbes in
chick embryos using 16S rRNA sequencing technology (12–15).
Nevertheless, there is little information concerning the effects of
an exogenous intervention on embryonic microbiota at present.

Considering the plasticity and transitivity of early microbiota,
the prenatal nutrition intervention may alter the colonization of
embryonic microbes and can further shape neonatal intestinal
microbiota more effectively (8). Compared with mammals
during the perinatal and lactation period, the development
of chick embryos and microbial colonization are out of
the strong control of maternal effects during hatching (16),
which can be easily observed and manipulated in vitro.
Therefore, the chick embryo system could be used as an
ideal model to study interactions between host development
and microbial colonization at the embryonic stage (7, 9, 17).
Meanwhile, the last few days pre-hatch is the most critical
period for the intestinal development in chicks (18). Taken
all together, the later embryonic stage may be considered as
the best window period (19) so that the employ of in ovo
feeding (IOF) method is optimal and practicable to determine
the effects of prenatal nutrient intervention on intestinal
development and microbial colonization in a relatively separate
system (7).

As an essential amino acid for gestating mammals and

developing chicks, L-arginine (Arg) is crucial for intestinal

development and neonatal growth (20, 21). However, birds

are unable to synthesize Arg as lacking carbamyl phosphate
and dihydropyrrole-5-carboxylate synthase involved in the urea
cycle (22). Previous studies have indicated that IOF of Arg
improves intestinal health and development of post-hatch
chickens by multiple mechanisms, including suppressing the
iNOS methylation, activating mTOR signaling pathway, and
regulating energy metabolism (23–25). Further, our previous
study found that the intestinal microbiota participates in the
improvement of intestinal development induced by IOF of Arg
in post-hatch chicks (7). We speculated that the microbial
colonization and succession at the embryonic stagemay be driven
by IOF of Arg. Nevertheless, the microbial succession of the
embryonic gut and its assembly patterns induced by prenatal Arg
supply are still unknown. These are hindered by considerable

knowledge gaps in the origin and colonization of intestinal
microbiota (13).

The purpose of this study was to investigate the effects
of prenatal Arg intervention on intestinal development and
serum biochemical parameters of chick embryos. In addition,
characteristic changes in colonization and succession of
embryonic microbiota induced by IOF of Arg were clarified.
Our findings may provide new insight into the roles of IOF of
Arg in shaping succession and establishing health-promoting
intestinal microbiota at the embryonic stage and advance our
understanding of the fundamental knowledge about prenatal
host-microbe interactions.

MATERIALS AND METHODS

Treatment Solutions and IOF Procedures
Fertile eggs (56.42 ± 0.42 g) aged 31 weeks from White Leghorn
layers were incubated in the automatic-controlled incubator
(Chengdu Beili Agricultural Technology Co., Ltd. Chengdu,
China). The temperature in the incubator was kept at 37.8◦C
and the relative humidity at 60% according to standard hatchery
procedures. IOF of Arg was performed at the age of embryos
17.5 (17.5 E). A total of 216 fertile eggs with similar weight
were selected (p > 0.05) and randomly distributed into 2 groups
with 6 replicates. Unlike the non-injected control group (NC),
the IOF of Arg group (Arg) was injected with 0.1ml saline
containing 7mg Arg. The 21-gauge needle was used to insert
Arg into the amniotic fluid. The optimal concentration of Arg
injection solution was chosen from the preliminary study of our
team (7). Briefly, Arg solutions were freshly prepared and kept
in the incubator for 2 h before injection. To avoid subsequent
contamination, the surrounding environment and eggs were
disinfected with 75% ethanol before the IOF.

Sample Collection
At the embryotic age of 17 (17 E, pre-IOF), 19 (19 E, 1.5
d after IOF), and 21 (21 E, 3 d after IOF and the day of
birds are about to hatch), a chick embryo with average egg
weight from each replicate was selected for sampling. Blood
samples were collected into tubes without anticoagulants and
then centrifuged at 3,000 × g for 15min at 4◦C to obtain
serum and stored at−80◦C. Duodenum, jejunum and ileumwere
collected and weighed to calculate the intestinal index (intestinal
weight/embryonic weight × 100%). Then about 1 cm segments
of the middle of jejunum and ileum were collected and fixed in
10% neutral-buffered formalin for morphological measurements.
The remaining intestinal segments and cecumwere also collected
and snap-frozen in liquid nitrogen, and stored at −80◦C for
further analysis.

Intestinal Morphology
After wash, dehydration, clarification, and paraffin embedding
procedures for intestinal segments, serial sections were then cut
at 2µm and placed on glass slides to be deparaffinized in xylene,
rehydrated, and stained with hematoxylin and eosin. The villus
height (VH, from the tip of the villus to the crypt opening) and
villus width (VW, the length of the diameter perpendicular to
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the villus height) were determined by light microscopy (BX51,
Olympus Co., Tokyo, Japan). Additionally, the surface area (SA)
of villus was calculated according to the formula 2π × VH ×

(VW/2) (26).

Quantitative Real-Time PCR Analysis
Total RNA was extracted from jejunal tissues with the TRIzol
reagent (Tiangen Biotech Co., Ltd, Beijing, China Beijing, China)
following the standard procedure. The quality and purity of
RNA were assessed with Epoch Microplate Spectrophotometer
(BioTek Instruments, Inc., VT, USA). The cDNA was obtained
by reverse transcription of the total RNA with the first-strand
synthesis kit (Tiangen Biotech Co. Ltd., Beijing, China Beijing,
China). Real-time quantitative PCR reactions were performed
in duplicate using SYBR Green on an ABI 6 flex real-time
PCR instrument (Thermo Fisher Scientific, MA, USA). The
Supplementary Table 1 showed primers sequences of mTOR,
4E-BP1, S6K1, and 18S rRNA used in this study. Relative
mRNA expression levels were calculated according to the 2−11Ct

method (27).

Measurement of Jejunal Secretory
Immunoglobulin a (SIgA) and Mucin-2
Contents
The mucosa was weighed and homogenized in an ice-
cold 0.85% NaCl solution in a chilled homogenizer and
immediately centrifuged at 3,500 × g for 10min at 4◦C
to obtain the supernatant fluids. Then, SIgA and Mucin-2
contents were immediately assayed using the chicken enzyme-
linked immunosorbent assay kit (Shanghai Enzyme-linked
Biotechnology Co., Ltd., Shanghai, China) according to the
protocol of the manufacturer. SIgA and Mucin-2 contents were
calculated from the standard curve and expressed as ng per ml.

Serum Biochemical Parameters
Serum glucose (GLU), triglycerides (TG), total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-C), and low-density
lipoprotein cholesterol (LDL-C) concentrations were measured
using the KHB400 automatic biochemical analyzer (Kehua
Bioengineering, Co. Ltd., Shanghai, China).

Short-Chain Fatty Acid (SCFAs) Profiles
Frozen cecal digesta samples were thawed at 4◦C and diluted
5-fold with sterile PBS in sterile screw-cap tubes before being
homogenized and centrifuged at 12,000 rpm for 10min at
4◦C. The concentrations of lactic acid, formic acid, acetic acid,
propionic acid, and butyric acid were detected using a gas
chromatograph (GC-2010 ATF, Shimadzu, Japan) equipped with
a capillary column (30m × 0.25mm × 0.5µm). The nitrogen
was supplied at a flow rate of 18 ml/min as a carrier gas (12.5
MPa). The temperature of the injector and detector was 180◦C.
The initial oven temperature was 80◦C, which was then increased
to 170◦C at a rate of 5◦C/min. The concentration was calculated
using the raw data multiplied by the dilution ratio.

DNA Extraction and PCR Amplification of
16S rRNA Gene Sequences
Microbial DNA was extracted from intestinal samples of chick
embryos at 17 E, 19 E, and 21 E, using the E.Z.N.A Soil
DNA Kit (Omega Bio-tek, Norcross, GA, USA) according
to the instructions of the manufacturer. The V3-V4 regions
of bacterial 16S rRNA gene were amplified using primer

338F (5
′

-ACTCCTACGGGAGGCAGCA-3
′

) and 806R (5
′

-
ACTCCTACGGGAGGCAGCA-3

′

). Purified amplicons were
pooled in equal amounts and pair-end sequenced (2 ×

250 bp). Throughput analysis was performed at Shanghai
Personal Biotechnology Co., Ltd., using the Illumina MiSeq
platform. Sequences were processed and taxonomy assigned
using Quantitative Insights into Microbial Ecology 2 (QIIME
2) (28). Amplicon sequence variants (ASVs) were determined
with Dada2 using the denoise-paired method. Classification of
ASVs at various taxonomic levels was implemented using the
Greengenes database. Shared and unique species between groups
were used to generate a Venn diagram. β-diversity was estimated
using principal coordinate analysis (PCoA) accompanied by the
analysis of similarities (ANOSIM) to assess the significance of
microbial community differences among groups. Before linear
discriminant analysis (LDA) combined effect size (LEfSe) was
employed (LDA > 3, p < 0.05), Welch’s t-test was employed to
explore the differences in the relative abundances of bacteria (29).
The co-occurrence of microbial communities was analyzed at the
genus level. Significant Spearman correlations (R> 0.5, p< 0.05)
among top 50 genus were noted based on the relative abundances.
Visualization of the co-occurrence network was conducted using
a Python package NetworkX. Spearman correlation analysis
was conducted on the potential relationship between intestinal
microbiota and phenotypes. The raw sequencing data have
been deposited into the NCBI Sequence Read Archive database
(accession number: PRJNA705406).

Statistical Analysis
Data analysis was performed using SAS Version 9.2 (SAS
Institute Inc., Cary, NC, USA). The t-test was used to measure
the effects of treatment. Differences were considered statistically
significant at p < 0.05, and a tendency toward significance
considered at 0.05≤ p < 0.10.

RESULTS

Hatching Parameters Concerning Embryo
Development and Hatchability
The hatching parameters including the absolute weight of
embryo and intestine, index of the intestine, and hatchability are
shown in Table 1. As can be seen, there were no differences in the
absolute weight of the embryo and total intestine at 19 E and 21 E
(p > 0.05). Simultaneously, significant differences in the index of
total intestine and hatchability were not found between NC and
Arg groups (p > 0.05). However, the greater absolute weight and
index of jejunum were observed in the Arg group than those in
the NC group at 21 E (p= 0.031, p= 0.021, respectively).
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TABLE 1 | Effects of in ovo feeding of L-arginine on embryo development.

Item NC1 Arg2 P-value

The age of embryos 19

Embryo weight, g 36.45 ± 1.52 37.87 ± 2.40 0.180

Absolute weight of total intestine, g 0.48 ± 0.11 0.54 ± 0.11 0.291

Index of total intestine, % 1.23 ± 0.20 1.43 ± 0.28 0.152

The age of embryos 21

Embryo weight, g 40.04 ± 1.87 39.21 ± 1.07 0.294

Absolute weight of duodenum, g 0.24 ± 0.03 0.26 ± 0.05 0.255

Index of duodenum, % 0.60 ± 0.09 0.67 ± 0.13 0.212

Absolute weight of jejunum, g 0.23 ± 0.04b 0.29 ± 0.06a 0.031

Index of jejunum, % 0.56 ± 0.09b 0.73 ± 0.16a 0.021

Absolute weight of ileum, g 0.25 ± 0.04 0.23 ± 0.10 0.672

Index of ileum, % 0.62 ± 0.10 0.59 ± 0.25 0.745

Absolute weight of total intestine, g 0.71 ± 0.07 0.78 ± 0.16 0.286

Index of total intestine, % 1.78 ± 0.17 1.99 ± 0.39 0.196

Hatchability, % 89.05 ± 5.98 88.10 ± 3.52 0.792

a,bMeans within a row with no common superscripts differ significantly (p < 0.05). 1NC,

non-injected control group; 2Arg, in ovo of feeding of 7mg L-arginine group. Intestinal

index, % = intestine weight/embryo weight × 100. Data are represented with the means

± standard deviation.

The Development of Embryonic Intestine
Figure 1 shows the alterations in the development of the
embryonic intestine concerning the morphology, expressions of
mTOR pathway, and contents of SIgA and Mucin-2 between the
NC and Arg groups. Compared with the NC group, the increased
VW of jejunum was observed in Arg group at 19 E along with the
higher SA of jejunum at 19 E and 21 E (p< 0.05) (Figures 1A,C).
However, there were no significant differences in the morphology
of ileum between NC and Arg groups at 19 E and 21 E (p >

0.05) (Figures 1A,C). Therefore, only the jejunum was used to
study the effects of IOF of L-Arg on gene expressions of the
mTOR pathway and contents of SIgA and Mucin-2 (Figures 1F–
H). Compared with the NC group, the relative mRNA expression
of mTOR was up-regulated in the embryonic jejunum of the Arg
group at 19 E (p < 0.05). Similarly, the up-regulated relative
mRNA expressions of mTOR and 4E-BP1 were also found,
accompanied by the higher content of Mucin-2 in the Arg group
at 21 E (p < 0.05). However, no significant differences in the
content of SIgA were observed (p > 0.05).

Serum Biochemical Parameters
The effects of IOF of Arg on serum biochemical indicators of
chicks including the contents of GLU, TG, TC, HDL-C, and
LDL-C are shown in Figure 2. The higher content of GLU was
observed in the Arg group than that in NC group at 21 E (p <

0.05). Moreover, we also found that the content of HDL-C was
higher and was accompanied by a decreased content of LDL-C
in the Arg group than that in the NC group (p < 0.05). Thus,
the ratio of HDL-C to LDL-C in the Arg group was significantly
higher than that of the NC group (p< 0.05). However, there were
no significant effects on the contents of TG and TC of chicks at
21 E (p > 0.05).

The Embryonic Intestinal Microbiota
Analysis
In order to study the establishment and succession of microbiota
at the embryonic stage, we compared the microbial composition
and abundance of the NC group at 17 E, 19 E, and 21 E (Figure 3).
The ASV level of each group increased sharply before reaching a
plateau, which indicated that the number of microbial sequences
represented the microbial communities well as the rarefaction
curves tended toward saturation (Figure 3C). There was an
increasing tendency in the α-diversity of the intestinal microbiota
at 19 E and 21 E than that at 17 E (p= 0.055). Themajor intestinal
microbiota species in phylum were Proteobacteria (51.33–
55.85%), Firmicutes (19.22–23.59%), Thermi (10.50–12.56%),
Actinobacteria (3.39–3.57%), Bacteroidetes (2.62–3.07%), and
Chloroflexi (0.31–0.89%) at 17 E, 19 E, and 21 E (Figure 3A).
Although there was similarity of microbial species, a decreasing
proportion of Proteobacteria, Firmicutes, and Bacteroidetes were
observed at 19 E and 21 E compared with the 17 E. The
dominant genus across all groups were Thermus, Pseudomonas,
Ralstonia, Anoxybacillus, Acinetobacter, Pelagibacterium, and
Halomonaswhich together, contributed>44% of the whole genus
(Figure 3B). Moreover, the Venn diagram demonstrated that the
genus differed and there were 62, 68, and 54 specific genus at 17
E, 19 E, and 21 E, respectively. In addition, a total of 65 shared
genera were identified among 3 groups that had been colonizing
at an embryonic late stage (Figure 3D). These were defined as
generalists. However, PCoA based on weighted uniFrac distance
did not reveal a separation of microbiota among 3 groups (R =

0.012, p= 0.385) (Figure 3E)
To investigate the difference induced by IOF of Arg in

embryonic microbiota, the intestinal microbiota compositions of
the Arg group were also analyzed at 19 E and 21 E (Figure 4).
Similarly, the rarefaction curves of the Arg group increased
sharply and tended toward saturation (Figure 4A). An increasing
tendency in the Chao1 index of the Arg group was observed
compared with the NC group at 21 E (p = 0.076). However,
no significant difference was observed at 19 E (p > 0.05)
(Supplementary Figure 1). β-diversity analysis was performed to
compare the overall microbial profiles between the NC and Arg
groups. As can be seen from Figure 4B, samples from different
groups occupied distinct positions at 21 E (COMP1, 37.21%;
COMP2, 15.08%). ANOSIM analysis also suggested that the
compositions of microbiota were dissimilar between 2 groups at
21 E (R = 0.180, p = 0.050). However, we failed to observe a
significant difference in intestinal microbiota between NC and
Arg groups at 19 E (p > 0.05) (Supplementary Figure 1). The
Venn diagram revealed the difference in ASVs, and there were
1,655 and 1,646 unique ASVs in NC and Arg groups, respectively
(Figure 4D). Taxonomic compositions were analyzed at phylum
and genus levels (Figures 4C,F). Although the species of the
dominated phylum and genus did not change compared with the
NC group, there was a significant difference in the abundances
of phylum and genus at 21 E. A higher abundance of Firmicutes
(19.36%:28.41%) with a lower abundance of Proteobacteria
(51.20%:48.72%) were observed in the Arg group at 21 E.

Moreover, IOF of Arg significantly increased the
abundance of Firmicutes and Verrucomicrobia at 21 E (p
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FIGURE 1 | Effects of in ovo feeding of L-arginineon the development of embryonic intestine of chicks. a−bValues at the same index with no common superscripts

differ significantly (p < 0.05). (A,B) The intestinal morphology of jejunum and ileum at the age of embryos 19 (19 E), respectively; (C,D) The intestinal morphology

jejunum and ileum at the age of embryos 21 (21 E), respectively; (E) Intestinal morphological structure of jejunum at 19 and 21 E, respectively. The pictures were

observed at 40 × magnification; (F,G), the relative mRNA expression of genes in the mTOR pathway of jejunum at 19 E and 21 E, respectively; (H), the contents of

SIgA and Mucin-2 of jejunum at 21 E; NC, non-injected control group; Arg, in ovo of feeding of 7mg L-arginine group; VH, villus height; VW, villus width; SA, surface

area of villus, which was calculated according to the formula 2π × VH × (VW/2); SIgA, Secretory Immunoglobulin A.

< 0.05) (Figure 4E). At the genus level, the abundance of
Ralstonia, Blautia, Burkholderia, Streptococcus, Roseburia,
Dorea, Ruminococcus_1, Herbaspirillum, Chryseobacterium,
Erysipelotrichaceae_UCG-003, Fusicatenibacter, Holdemanella,
Akkermansia, Kroppenstedtia, Ruminococcaceae_UCG-002, and
Lachnoclostridium were higher in the Arg group than that
in the NC group (p < 0.05) (Figure 4G). The LEfSe analysis
was further performed to identify bacteria as biomarkers
for entire microbiota from phylum to genus. As shown
in Figure 5A, the intestinal microbiota in the Arg group
was enriched with Lachnospiraceae (Roseburia, Blautia and
Dorea), Ruminococcaceae (Ruminococcus, Gemmiger, and
Oscillospira), Streptococcaceae (Streptococcus), Burkholderiaceae
(Ralstonia, Burkholderia and Limnobacter), Sphingomonadaceae
(Sphingomonas), and Verrucomicrobiaceae (Akkermansia).
However, Acidobacteria was observed to be enriched only in the
NC group.

The Embryonic Intestinal SCFA Profiles
Short-chain fatty acids, major carbohydrate fermentation
products of gut microbiota serving as indicators of microbial

activity, were detected and quantified here in Figure 5B.
Compared with the NC group, the contents of lactic acid and
formic acid were significantly increased in the Arg group (p <

0.05). Otherwise, a higher concentration of butyric acid was
also observed in the Arg group (0.05 < P < 0.10). However, no
significant differences in acetic acid and propionic acid profiles
were observed between NC and Arg groups (p > 0.05).

Microbial Communities Co-occurrence
Network Analysis
In order to explore the co-existence and interaction of species
during intestinal microbiota succession, the co-occurrence of
microbial communities across the embryonic late stage was
analyzed. The correlation network analysis showed 193 and
109 significant positive or negative correlations in NC and
Arg groups, respectively (Figure 6). The average path length
between the two nodes was 2.31 edges with a diameter
of 5 edges in the NC group, whereas the larger value of
average path length and diameter were observed in the Arg
group (3.62 and 11, respectively). All genus in the network
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FIGURE 2 | Effects of in ovo feeding of L-arginine on the serum biochemical parameters at the age of embryos 21. (A) Glucose contents; (B) Triglycerides contents;

(C) Total cholesterol contents; (D) High-density lipoprotein cholesterol contents; (E) Low-density lipoprotein cholesterol contents; (F) The ratio of high-density

lipoprotein cholesterol to low-density lipoprotein cholesterol; a,bValues at the same index with no common superscripts differ significantly (p < 0.05). NC, non-injected

control group; Arg, in ovo of feeding of 7mg L-arginine group; GLU, glucose; TG, triglycerides; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol;

LDL-C, low-density lipoprotein cholesterol.

were assigned to bacteria phyla. Proteobacteria (42.55%) and
Firmicutes (46.94%) made up the largest proportions in NC and
Arg groups, respectively. Based on degree centrality, namely,
closeness centrality and betweenness centrality scores, the top
8 shared genus were selected as the keystone genus including
Enterococcus, Brevundimonas, Faecalibacterium, Anoxybacillus,
Coprococcus, Roseburia, Subdoligranulum, and Blautia in the NC
group (Figure 6A). Likewise, Fusicatenibacter, Ruminococcus_1,
Holdemanella, Faecalibacterium,Dorea, Blautia, Bacteroides, and
Roseburia were selected as the keystone genus in the Arg group
(Figure 6B). Maybe these microbes as keystone taxa played
critical roles in the co-occurrence network. In addition, there
is a large change in the proportion of positive and negative
links (77.33%:22.67%) among keystone taxa in the Arg group
compared with the NC group (58.12%:41.88%).

Correlations Between Intestinal Microbiota
and Phenotypes
The Spearman correlation analysis was employed to explore
the differential abundance of bacteria associated with intestinal
development and serum biochemical indicators (Figure 7). The
abundance of family Lachnospiraceae, Ruminococcaceae, and
Erysipelotrichaceae which are affiliated to phylum Firmicutes
showed significant positive correlations (p < 0.05) with
VH, SA, the expression of mTOR, the content of GLU,
and SIgA, respectively. In addition, the significant positive
correlation between the abundance of family Burkholderiaceae,
and expressions of mTOR and 4E-BP1 were observed from the

heatmap (p < 0.05). At the genus level, the abundance of Blautia
and Roseburia belonging to the family Lachnospiraceae were
positively associated with SA, the expression of mTOR and GLU
concentration (p < 0.05). The abundance of Ruminococcus_1,
Ruminococcus_2, and Faecalibacterium, belonging to the family
Ruminococcaceae, were positively correlated with VW, SA,
and expressions of mTOR and 4E-BP1, Mucin-2, GLU, and
HDL-C concentration, but negatively correlated with the
content of TC and LDL-C and the expression of S6K1 (p <

0.05), respectively. Moreover, the significant positive correlation
between the abundance of Erysipelotrichaceae derivatives
(Erysipelotrichaceae_UCG-003 and Holdemanella) and VH, SA,
the expression of mTOR and the content of Mucin-2 (p < 0.05),
were also found.

DISCUSSION

Prenatal nutrition is involved in embryonic development and
neonatal growth, realizing the potential to be the main
determinant of lifelong health for the host (20). Accumulating
evidence has demonstrated health-beneficial effects of IOF of
Arg on post-hatch chicks in terms of improving digestive and
immune barrier function, and enhancing growth performance
(21, 23, 30). In the present study, the positive effects of
IOF of Arg on the development of embryonic intestine were
evidenced by increased absolute weight and index and improved
intestinal morphology (including VW and SA) (Figure 1) which
could enhance intestinal nutrient digestibility and absorption
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FIGURE 3 | Composition and diversity analysis of intestinal microbiota from control chick embryos at the age of embryos 17–21. (A,B) At phylum and genus level,

respectively; (C) Chao1 index on the ASVs level; (D) A Venn diagram based on genus level; (E) Principal coordinate analysis (PCoA) based on weighted unifrac

distance; 17, 19, and 21 E, at the age of embryos 17, 19 and 21.

and may further improve subsequent growth performance
of post-hatch chicks (7). These beneficial effects could be
attributed to the activated mTOR signaling pathway by Arg
supplementation increase epithelial cells protein synthesis to
promote the development of embryonic intestine (31). Likewise,
there were up-regulated relativemRNA expressions ofmTOR and
4E-BP1 in this study, accompanied by the elevated content of
Mucin-2 in the Arg group (Figure 1). Mucin-2 covered intestinal
epithelial surface can be secreted by goblet cells and plays a
crucial role in protecting the intestinal epithelial tissue from
pathogen infection, which further indicated improved barrier
integrity and immune homeostasis of the intestinal mucosa by
IOF of Arg (32).

Otherwise, another effect was reported: that IOF of Arg could
alter the energy metabolism of post-hatch chicks by improving
liver gluconeogenesis and stimulating the release of insulin (25).
Our previous study applied metabolomics to characterize the
metabolite changes of post-hatch chicks induced by IOF of Arg
in terms of galactose and lipid metabolisms (7). However, there
was little information concerning the changes in the metabolic
profiles at the embryonic stage, which contributed to further
research on interactions between intestinal development and

energy metabolism. The present study showed that IOF of
Arg could increase the contents of serum GLU and HDL-C
(Figure 2). In fact, the lipid utilization of chick embryos was
constrained by the limited availability of oxygen at the later
embryonic stage (25). HDL-C was identified as participating
in the lipid translocation from peripheral tissues to the liver
for bile acid secretion (33), which could further improve lipid
metabolism (34). Simultaneously, the decreased serum LDL-C
level and the elevated ratio of HDL-C to LDL-C in chick embryos
also indicated the improvement of lipid metabolism (35).
Additionally, chick embryo protein was compulsively mobilized
for hepatic gluconeogenesis at the later embryonic stage due
to the insufficient availability of energy and carbohydrates (25).
Arg as the gluconeogenic precursor was not only converted
into GLU (36), but also stimulated the release of hormones for
regulating energy metabolism (37). Therefore, the improvement
of intestinal development might also be attributed to the
modulated energy metabolism, which directed more energy
toward the rapid growth of the intestine at the embryonic stage
(7, 25).

It was previously thought that the microbial colonization of
chick intestine originated from post-hatch environment (13).
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FIGURE 4 | Effects of in ovo feeding of L-arginine on composition and diversity analysis of intestinal microbiota from chick embryos at the age of embryos 21. (A)

Chao 1 index on ASVs level; (B) Principal coordinate analysis (PCoA) based on weighted unifrac distance; (D) A Venn diagram based on ASVs level; (C,F) The

composition of intestinal microbiota at phylum and genus level, respectively; (E,G) differential species identified at phylum and genus level, respectively; NC,

non-injected control group; Arg, injected with 7mg L-arginine group.

Recent studies reported the presence of diverse microbes in
chick embryos and suggested the microbial colonization in
offspring embryos originate from the maternal oviduct (14–
17). In the current study, the microbial composition and

succession characteristics of the intestine at the embryonic stage
were further clarified (Figure 6). In the control chicks, the
embryonic intestine microbiota was predominantly composed
of Proteobacteria and Firmicutes. In addition, Proteobacteria
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FIGURE 5 | Linear discriminant analysis effect size and effects of in ovo feeding of L-arginine on concentrations of cecal short-chain fatty acids at the age of embryos

21. (A) Species with significant difference that have an LDA score greater than the estimated value 3. And the length of the histogram represents the LDA score; (B)

Concentrations of cecal short-chain fatty acids. a,bValues at the same index with no common superscripts differ significantly (p < 0.05); NC, non-injected control

group; Arg, injected with 7mg L-arginine group.
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FIGURE 6 | Microbial communities co-occurrence network analysis across the embryonic late stage (the age of embryos 17–21). (A) Intestinal microbiota from control

chick embryos; (B) Intestinal microbiota from injected with 7mg L-arginine group; The figure shows species with p < 0.05 based on the spearman’s correlation. The

size of nodes indicates the relative abundance of the species. Red and green lines represent positive and negative correlations between two nodes, respectively.

showed the highest abundance accounting for more than
50% of all species, which were consistent with previous

studies in poultry (13). Additionally, Proteobacteria was also
the dominant bacterial taxa in the embryonic intestine of
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FIGURE 7 | Spearman’s correlation analysis between the abundances of intestinal microbiota and intestinal or serum biochemical parameters. Red represents a

positive correlation and blue represents a negative correlation. Significant correlations are noted by.01 < p ≤ 0.05*, 0.001 < p ≤0.01**, p ≤0.001***. VH, Villus height;

VW, Villus width; SA, Surface area; SIgA, Secretory Immunoglobulin A; GLU, Glucose; TG, Triglycerides; TC, Total cholesterol; HDL-C, High-density lipoprotein

cholesterol; LDL-C, Low-density lipoprotein cholesterol.

humans and mammals without intraamniotic infection (38,
39), which suggested that bacterial colonization might be
consistent across species. One hypothesis was that the high
abundance of Proteobacteria in the intestines might drive the
development of the intestinal immune system, not for permanent
colonization (40).

Lipid aerobic oxidation of yolk was the dominant mean
to supply energy for chick embryos (25). The extremely
low carbohydrate metabolism might also explain the low
abundance Firmicutes at the embryonic stage (41). In fact,
microbial communities were not only a mere assembly of
species individuals, but also a complex of interconnected
ecological communities with communication, recombination,
and coevolution (42). Hence, the co-existence and interaction
during the process of embryonic microbiota assembly were
analyzed with co-occurrence network methods in order to
explore ecological drivers of microbiota succession. Notably, a
total of 8 shared genus were further selected as the keystone
genus to drive the microbial community succession in the NC
group, suggesting non-random assembly patterns of intestinal

microbiota in chick embryos. Interestingly, the genus belonging
to Firmicutes showed a more symbiotic relationship, whereas
a more competitive relationship was shown in the genus
belonging to Proteobacteria, which were consistent with the
previous research on soil microbial communities (43).We further
discovered that more than 40% proportion of interactions were
competitive and exploitative during the intestinal microbiota
assembly, which might be owing to the sharp transition of
metabolism and the limited energy supply in the later stage of
chick embryos (44–46). As a result, the competitive interactions
of dominant Proteobacteria might also disturb the balance of
microbial ecosystems and subsequently posed negative effects on
embryonic development (43, 47).

It is remarkable that prenatal Arg supplementation could
improve the balance of microbial ecosystems by shaping patterns
of assembly of embryonic gut microbiota in this study. Unlike
the NC group, Fusicatenibacter, Ruminococcus_1, Holdemanella,
Dorea, and Blautiawere selected as the keystone genus in the Arg
group to drive the microbial community succession (Figure 6B).
There was a 19.21% increase in the proportion of the symbiotic
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FIGURE 8 | Summary of clarifying how prenatal L-arginine supplementation improves the embryonic intestine development in a chick embryo model. The red

up-arrow represents upregulated, whereas the blue down-arrow represents downregulated; GLU, Glucose; GPR, G protein-coupled receptors; HDL-C, High-density

lipoprotein cholesterol; LDL-C, Low-density lipoprotein cholesterol; SCFAs, short-chain fatty acids.

relationship in the Arg group, which indicated interactions of
microbe-microbe had been changed and further shaped the
different structures of microbial communities (48, 49). It was
evidenced by the results of the PCoA and differential species
analysis (Figure 4B). However, the previous study discovered
that not all embryonic microbes were transmitted to post-
hatch chicks, and some “core microbes” that could permanently
exist in the embryonic and post-hatch stage were identified
(13). Our results showed that the abundance of 12 microbes
belonging to “core microbes” were increased in the Arg group,
including Ralstonia, Blautia, Burkholderia, Streptococcus, Dorea,
Sphingomonas, Ruminococcus, Chryseobacterium, Akkermansia,
Faecalibacterium,Oscillospira, and Butyricicoccus (13).Moreover,
dynamic alterations that increased the abundance of Firmicutes
at the expense of Proteobacteria in the Arg group were consistent
with the early gut microbial succession in post-hatch chicks
(7). Thus, these observations demonstrated that prenatal Arg
supplementation targeted to shape microbial assembly patterns
and then accelerated microbial succession and maturation
in chick embryos toward the early microbiota in post-hatch
chicks. Nevertheless, the biological mechanisms of the induced
changes by supplemental Arg in the microbial succession
remain unknown. One possible explanation was that prenatal
Arg supplementation could change the microenvironment and
modulate amino acids metabolism by intestinal bacteria (50, 51),
which might, in turn, affect the abundance and activity of some
special bacteria.

In fact, the prenatal establishment of a metabolically
active microbiome is essential for the developing fetus, which
favors differentiation, proliferation, and maturation of intestinal
epithelial cells (3, 4, 52). The elevated concentrations of lactic
acid, formic acid, and butyric acid further demonstrated that
the prenatal intestine not only harbored the presence of

microbiome but was also metabolically active (39). Next, in
order to better understand the role of characteristic changes of
microbial colonization in intestinal development, several species
as biomarkers were identified in the Arg group. Lachnospiraceae,
Ruminococcaceae, and Peptococcaceae as SCFAs-producing
bacteria were enriched in the Arg group (53), which could
be responsible for the elevated cecal SCFAs in chick embryos
(Figure 5B). In particular, Roseburia could produce a significant
amount of butyric acid to regulate energy generation and
epithelium cells response, which could promote the intestinal
development (54). Likewise, a positive correlation was also
found between the abundance of Roseburia and the expression
of mTOR and intestinal SA in the current study. Meanwhile,
the increased lactic acid produced by Streptococcus could be
sensed by G protein-coupled receptor (GPR) 81 on the paneth
and stromal cells to accelerate intestinal stem cell (ISC)-
mediated epithelial development in aWnt3/β-catenin-dependent
manner (55). Additionally, numerous studies identified that
Blautia, Faecalibacterium, and Ruminococcus were associated
with improvements in glucose and lipid homeostasis (56–
58). The consistent results of high correlations with the
concentrations of GLU, TC, H-DLC, and L-DLC were also
observed in this study. In fact, as the fermentation product
of Blautia, Faecalibacterium, and Ruminococcus, SCFAs can
inhibit insulin signaling and fat accumulation to improve
glucose and lipid homeostasis by activating the GPR41 and
GPR43 (59, 60). Interestingly, the previous study reported that
Roseburia, Blautia, Faecalibacterium, and Ruminococcus were
identified to be core genus in the representative populations
of the world, and there was, notably, a positive synergy and
crosstalk with each other (54, 61, 62). In the current study,
the crucial roles of symbiotic relationships among Roseburia,
Blautia, Faecalibacterium, and Ruminococcus were also observed
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in shaping microbial communities as the keystone genus
(Figure 6). Hence, these microbes may be targeted to improve
intestinal development and microbial ecosystems as potential
probiotics (55, 63, 64). Although the role of Burkholderiaceae
in animal intestines remains unclear, an increased abundance
of Burkholderia accompanied by improvements of intestinal
structure and growth performance were observed in chickens
fed with probiotics (65). Burkholderiaceae, in addition, showed
highly positive correlations with the mRNA level of mTOR and
4E-BP1 in the present study, suggesting a benefit of Burkholderia
for intestinal development (66). Moreover, Akkermansia also
played a crucial role in promoting ISC-mediated epithelial
development and stimulating Mucin-2 production (67), which
might partly explain the increased Mucin-2 in our study.
Consequently, Akkermansia had been regarded as a healthy
biomarker of infant intestinal microbiota and development (68)
and could be next-generation probiotics like Lactobacillus and
Bifidobacterium (69). To sum it all up, the effects of prenatal Arg
supplementation on intestinal development could be partially
responsible for the capability to shape embryonic microbiota,
particularly the enrichment of potential probiotics.

In summary, prenatal Arg supplementation improved
embryonic intestine development by regulating glucose and
lipid homeostasis to supply more energy for chick embryos.
The possible mechanism could be the roles of Arg in shaping
the microbial assembly pattern and succession at the embryonic
stage, particularly in the enrichment of potential probiotics
(Figure 8). These findings may contribute to exploring
nutritional strategies to establish health-promoting microbiota
by manipulating prenatal host-microbe interactions for the
healthy development of neonates.
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Lorestan University, Khorramabad, Iran

The first objective of this study was to demonstrate the usefulness of the

microencapsulation technique to protect fumaric acid and thymol, avoiding their early

absorption and ensuring their slow release throughout the gastrointestinal tract (GIT).

For this purpose, the release of a lipid matrix microencapsulated brilliant blue (BB) was

assessed in vitro, using a simulated broiler intestinal fluid, and in vivo. In vitro results

showed that more than 60% of BB color reached the lower intestine, including 26.6 and

29.7% in the jejunum and ileum, respectively. The second objective was to determine the

effects of microencapsulated fumaric acid, thymol, and their mixture on the performance

and gut health of broilers challenged with a short-term fasting period (FP). One-day-old

male ROSS 308 chickens (n = 280) were randomly distributed into seven treatments,

with 10 replicates of four birds each. Dietary treatments consisted of a basal diet as

negative control (NC), which was then supplemented by either non-microencapsulated

fumaric acid (0.9 g/kg), thymol (0.6 g/kg), or a mixture of them. The same additive doses

were also administered in a microencapsulated form (1.5 and 3 g/kg for the fumaric acid

and thymol, respectively). At day 21, chickens were subjected to a 16.5-h short-term

FP to induce an increase in intestinal permeability. Growth performance was assessed

weekly. At day 35, ileal tissue and cecal content were collected from one bird per replicate

to analyze intestinal histomorphology and microbiota, respectively. No treatment effect

was observed on growth performance from day 1 to 21 (p > 0.05). Microencapsulated

fumaric acid, thymol, or their mixture improved the overall FCR (feed conversion ratio)

and increased ileal villi height-to-crypt depth ratio (VH:CD) (p < 0.001) on day 35 of the

experiment. The microencapsulated mixture of fumaric acid and thymol increased cecal

abundance of Bacteroidetes, Bacillaceae, and Rikenellaceae, while decreasing that of

Pseudomonadaceae. These results indicate that the microencapsulation technique used

in the current study can be useful to protect fumaric acid and thymol, avoiding early

absorption, ensure their slow release throughout the GIT, and improve their effects on

fasted broiler chickens.
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INTRODUCTION

Intensive genetic selection has led to vast improvements in the
efficiency of the poultry industry. However, a faster growth rate
under intensive conditions coupled with increasing restrictions
on the use of antimicrobials is pushing chicken rearing to
higher prevalence of intestinal diseases. The gastrointestinal
tract (GIT) is a highly complex and dynamic ecosystem
involving the qualitative and quantitative equilibrium of the
microbial load, morphological structure of the intestinal wall,
and the adequate activity of the immune system. An optimal
gastrointestinal function is crucial for a sustainable, cost-effective
animal production (1). Therefore, the “gut health” concept has
drawn significant attention among scientists (2) to develop
nutritional strategies and natural alternatives aiming to modulate
the gut function toward a satisfactory poultry performance and
feed efficiency.

Among the most studied alternatives, organic acids (OAs)
and phytogenic feed additives, including essential oils (EOs),
may show antimicrobial potential to control dysbiosis and
enhance performance of broilers raised without antimicrobials.
Although most of the beneficial effects of OAs are associated
with their ability to lower the pH, they may also elicit direct
non-pH effects on bacterial metabolism by targeting the cell
wall, and the cytoplasmic membrane, as well as function related
to prokaryote replication and protein synthesis (3). Several
studies reported an antimicrobial activity of OAs against most
common poultry pathogens such as Clostridium perfringens (4),
Salmonella (5, 6), Campylobacter jejuni (7), and Escherichia coli
(8). On the other hand, there are also published reports that
suggest that dietary EOs may stimulate digestive secretions for
enhancing nutrient digestibility (9), regulate the gut microbiota
composition (10), maintain intestinal integrity, and strengthen
mucosal barrier function (11), improve cellular and humoral
immunity (12, 13), as well as modulate the immunity related
gene expression of chickens (14). The antimicrobial effect of
EOs has been linked to their ability to affect the proteomes and
cell morphology of pathogenic bacteria (15), which is able to
disrupt the outer membrane lipids, and initiate cell lysis leading
to an increased permeability. Moreover, combinations of EOs
with OAs may show a synergetic potential (16). Nevertheless,
the positive effects of OAs and EOs remain controversial
(17, 18), which may be attributed to an early absorption of
the active compounds that may reduce their levels in the
lower GIT (19, 20). Therefore, researchers aim to develop
strategies to preserve feed additives from early absorption or
volatilization, and to ensure their progressive delivery along
the lower GIT. Among the techniques used for protecting
feed additives, microencapsulation has been widely applied.
In this context, multifarious strategies have been successfully
investigated to manufacture microcapsules including chemical
methods, such as interfacial polycondensation, interfacial cross-
linking, and matrix polymerization; physicochemical methods,
such as ionotropic gelation, coacervation-phase separation,
chilling, and freeze drying; and physical methods, such as pan
coating, air-suspension coating, and centrifugal extrusion (21–
23). Despite the benefits of these methods, they still present some

drawbacks that may limit their use, such as being costly and
time consuming. However, the electrohydrodynamic processes
used in the current study is a technique composed of two sister
technologies including electrospraying and electrospinning,
which provides a broad range of benefits. It is considered as an
innovative, cost-effective, and one-step method that ensures the
scale-up processes for high-throughput production. Moreover,
this energy-saving technique has recently emerged as a promising
approach suitable for incorporation of heat-sensitive active
compounds (24) by preserving their structure and efficacy
upon processing, storage and delivery (21). On the other hand,
vegetable oils included in the lipid matrix microparticles used
in the current study are composed of long-chain triglycerides
reported to possess a slower digestion than that of proteins and
polysaccharides (25).

Therefore, we hypothesized that microencapsulation of
fumaric acid and thymol, as examples of OAs and EOs, will
promote a delayed release of the contained active compounds
into the targeted GIT section, exerting beneficial effects on
performance, immunity, and the digestive GIT functions in
broiler chickens. We also hypothesized that these effects will be
more pronounced in broilers exposed to challenging conditions
that can negatively affect their gut health.

Therefore, the objectives of this study were (1) to show
evidence of the progressive release of fumaric acid and thymol,
as examples of OAs and EOs, when these are microencapsulated
in lipid matrix microparticles under in vitro and in vivo intestinal
conditions; and (2) to evaluate the effect of microencapsulated
fumaric acid and thymol on the performance and gut health of
broiler chickens challenged with a short-term fasting period (FP)
(as a model of mucosal damage and increased GIT permeability).

MATERIALS AND METHODS

Release of Blue Brilliant (BB) Color
In vitro Screening
A simulated GIT in vitro test was designed to study the release
of a microencapsulated BB color (E133) along the GIT of
broiler chickens. Thismicroencapsulated BB included 20% of free
blue color protected with the same wall material (hydrogenated
fats) used to microencapsulate the feed additives tested in the
in vivo experiment.

The first step was the preparation of a calibration curve.
Quantities of 0.0125, 0.025, 0.05, 0.075, 0.1, 0.1125, 0.15, 0.175,
and 0.2 g of non-microencapsulated powdered BB color were
placed in conical flasks (four for each dose). The following
reagents were then added to each flask: 25ml of phosphate buffer
(0.1M, pH 6.0), 10ml of 0.2M HCl, 1ml of a freshly prepared
pepsin, 0.5ml of chloramphenicol solution, 27ml of Trizma-
Maleate buffer (0.1M, pH 7.5), 0.5ml of CaCl2 at 325mM, 1.5ml
of NaCl at 3.25mM, 0.25 g of bile salts, and 3ml of pancreatin.
Flasks were closed and stirred gently for 2 h at 39◦C, and then
absorbance was measured using a spectrophotometer at 450 nm.
The calibration equation obtained was Y = 725.14X−0.1887,
where “Y” was the absorbance at 450 nm and “X” was the
concentration, and the R2 was approximately 0.98.
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Afterwards, the BB release was simulated under “stomach”
and “small intestine” conditions. The BB release under simulated
“stomach” conditions was evaluated according to a protocol
adapted from Boisen and Fernández (26). A total of 28 conical
flasks were used and a total of 0.5 g of microencapsulated BB
containing 20% of non-microencapsulated one was placed in
each. Afterwards, 25ml of phosphate buffer (0.l M, pH 6.0) was
added to each flask, followed by a gentle magnetic stirring before
adding 10ml of 0.2M HCl. The pH was then adjusted to pH
2.0 before adding 1ml of freshly prepared pepsin and 0.5ml
of chloramphenicol. Finally, the flasks were closed and stirred
for 90min in a thermostatically controlled incubator at 39◦C.
This time was decided based on the study of Ravindran (27)
reporting that the digesta spends 90min in the upper digestive
tract. The equivalent transit time per segment was also adapted
from the same study being as follows: 30min in the crop (0–
30min) and 60min in the proventriculus/gizzard (30–90min).
Thus, during these 90min, flasks were taken out (four per time)
at 30, 60, and 90min, and absorbance was measured using a
spectrophotometer at 450 nm. The concentration was calculated
using the calibration equation, which allowed to calculate the
percentage of release per segment of the upper digestive tract.

The BB release was then evaluated under simulated small
intestine conditions according to Martin et al. (28). After 90min,
the rest of the flasks were removed, and the rest of the previously
mentioned reagents used for the preparation of calibration curve
were added. Flasks were then stirred gently for 2min before
adding 3ml of freshly prepared pancreatin. All flasks were then
placed in the incubator for a total of 2 h 20min, reported to be
approximately the total transit time in the lower GIT (27). At the
end of the first 30min, the pH was adjusted to 7. Four flasks were
removed at 10, 40, 110, and 140min post-incubation considered
as the equivalent transit time for the duodenum, jejunum, ileum,
and cecum, respectively (27). The absorbance was measured
using a spectrophotometer at 450 nm and the concentration was
determined using the calibration equation, which allowed the
calculation of the release percentage per segment of the lower
digestive tract.

In vivo Screening
A total of seven 41-day-old Ross 308 male chickens were used
to assess the in vivo screening of both non-microencapsulated
and microencapsulated (containing 20% of E133) BB color. The
chickens received the basal diet supplemented with either 0.6%
of non-microencapsulated or 3% of microencapsulated BB color
(one and six chickens, respectively) during 24 h before being
electrically stunned and euthanized. The entire GIT was then
removed for the assessment of BB release. Six chickens were used
for the microencapsulated BB color to ensure that the kinetics of
release were similar in all birds.

In vivo Experiment
The study was performed at the animal experimental facilities
of the Servei de Granges i Camps Experimentals (Universitat
Autònoma de Barcelona; Bellaterra, Barcelona, Spain). The
experimental procedure received prior approval from the
Animal Protocol Review Committee of the same institution

(CEEAH1043R2). All animal housing and husbandry conformed
to the European Union Guidelines (29).

Experimental Design, Dietary Treatments, and Animal

Husbandry
A total of 280 1-day-old male ROSS 308 chickens were
purchased form a local hatchery, where they received in ovo
vaccinations for Marek disease, Gumboro disease, and infectious
bronchitis. Upon arrival, chicks were weighed and allotted,
according to initial body weight, to seven dietary treatments
in a completely randomized design. Each dietary treatment
was replicated 10 times in battery brooder cages with four
chickens per replicate. A non-medicated (non-antibiotic or
anticoccidials drug), corn–soybean meal-based diet was used as
the basal diet for all treatments (Table 1). The used feed additives
(Tecnovit, Alforja, Spain) including fumaric acid, thymol, and
theirmixture were tested either undermicroencapsulated or non-
microencapsulated form. The microencapsulated fumaric acid
included 60%, while thymol contained 20% of active compounds.
The equivalent concentration of active compounds was used for
the non-microencapsulated forms. Dietary treatments were then
produced by supplementing the basal diet with the tested feed
additives as follows: (1) basal diet, negative control group (NC);
(2) NC+ 1.5 g/kg of microencapsulated fumaric acid; (3) NC+ 3
g/kg of microencapsulated thymol; (4) NC+ microencapsulated
blend of fumaric acid (1.5 g/kg) and thymol (3 g/kg); (5) NC+ 0.9
g/kg non-microencapsulated fumaric acid; (6) NC+ 0.6 g/kg free
thymol; and (7) NC+mixture of non-microencapsulated fumaric
acid (0.9 g/kg) and thymol (0.6 g/kg).

Chickens were given a two-phase feeding program consisting
of a starter (day 0–14) and grower (day 15–35). All diets were
formulated according to CVB poultry guidelines (30). All diets
used were sampled, ground, and stored at 5◦C until they were
analyzed in duplicate.

The brooder temperature was maintained at 32◦C during the
first 2 days and was then gradually reduced to 25◦C on day 14.
Birds were provided with a 24-h light during the first 2 days,
23 h light/1 h darkness program from day 3–10, and 18 h light/6 h
darkness through the remainder period (days 11–35). All birds
were allowed ad libitum access to feed in mash form, as well
as fresh water. Birds and housing facilities were inspected twice
daily to control general health status, feed, and water availability,
temperature, mortality, and any unexpected events, during the
experimental period.

Growth Performance Evaluation
Body weight (BW) and feed intake (FI) from each replicate cage
were recorded on days 0, 7, 14, 21, 28, and 35. Average daily gain
(ADG), average daily feed intake (ADFI), and feed conversion
ratio (FCR) were calculated. Mortality rates were recorded daily.

Short-Term Fasting-Induced Challenge
On day 21, after finishing the productive performance control,
the smallest bird in each replicate was removed for stocking
density reasons. Afterwards, a short-term FP was performed by
removing feeders for 16 h and 30min. This aimed to induce
a challenge, as this practice has been reported as a model to
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TABLE 1 | Dietary compositions and nutrient levels (% as fed-basis, unless

otherwise indicated) of the basal diet.

Starter Growing

Ingredient composition, g/kg diet

Maize 550 582

Soybean meal 48 303 350

L-lysine HCl 1.2 0.20

DL-methionine 2.4 1.3

Soy oil 8.0 19.0

Palm oil — 17.0

Full fat soybean 100.0 —

Limestone 10.3 6.3

Dicalcium phosphate 15.7 15.5

Salt 2.0 2.0

Premix* 4.0 4.0

Sodium bicarbonate 3.4 2.7

Calculated composition (%)

Dry matter 87.8 87.9

ME (kcal/kg) 2975 3101

Crude protein 22 21

Lysine 1.35 1.18

Methionine 0.59 0.47

Ca 0.95 0.78

Total P 0.65 0.63

Available P 0.45 0.44

Analyzed composition (%)

Dry matter 88.5 88.2

GE, kcal/kg 4100 4300

Crude protein 21.9 21.4

Ether extract 0.43 0.54

Crude fiber 2.9 2.7

Ash 5.8 5.6

(*) Provided per kg of feed: Vitamin A (retinyl acetate) 10,000 IU; vitamin D3

(cholecalciferol) 4,800 IU; vitamin B1 (Thiamine) 3mg; vitamin B2 (riboflavin) 9mg;

vitamin B3 (Nicotinamide) 51mg; vitamin B6 (pyridoxine hydrochloride) 4.5mg; vitamin

B9 (folic acid) 1.8; vitamin B12 (cyanocobalamin) 0.04mg; vitamin E (DL-α-Tocopheryl

acetate): 45mg; vitamin K3 (Menadione) 3mg; pantothenic acid (calcium D-pantothenate)

16.5mg, biotin [D-(+)-biotin] 0.15mg; choline chloride 350mg; iron (FeSO4 ) 54mg; iodine

[Ca(IO3 )2 ] 1.2mg; zinc (ZnO) 66mg; manganese (MnO) 90mg; copper (CuSO4 ) 12mg;

selenium (Na2SeO3 ) 0.2mg; 6-Phytase EC 3.1.3.26: 1500 FYT; Butylated hydroxytoluene

(BHT) 25mg; Colloidal silica 45mg, Sepiolite 1,007 mg.

increase intestinal permeability and thereby negatively affect the
gut integrity (31).

Sampling Procedure and Analyses
Diet proximate analyses were performed following Association
of Official Agricultural Chemists methodology (32): dry matter
(Method 934.01), crude protein (Method 968.06), crude fat
(Method 2003.05), and crude fiber (Method 962.09). Gross
energy was determined by an adiabatic calorimeter (IKAC-4000,
Janke-Kunkel; Staufen, Germany).

On day 35, the bird with the closest BW to themean of the cage
was stunned using an electrical stunner (Reference: 105523, FAF,
France) before being euthanized for tissue sampling. TheGITwas

immediately dissected and content from the cecum was collected
for microbiota sequencing. Ileal tissue was collected to perform
the histomorphological analysis.

Histomorphological Analysis
Ileal samples of about 5 cm were collected at the midpoint
between Meckel’s diverticulum and the ileo-cecal junction.
Tissue sections (5µm) were fixed in 4% paraformaldehyde
and then embedded in paraffin. Afterwards, the preparations
were deparaffinized and hydrated before being subjected to
PAS (Periodic acid-Schiff) staining with Schiff ’s reagent for
morphometric analyses and goblet cells count. Samples were
analyzed using a light microscope. The morphometric variables
measured included villus height (VH), crypt depth (CD), villus
height-to-relative crypt depth ratio (VH:CD), and number of
goblet cells/100µm VH (GC). Ten villi were measured for each
sample, and only complete and vertically oriented villi were
evaluated. The mean from 10 villi per sample was used as the
mean value for further analysis. All morphometric analysis was
done by the same person, who was blinded to the treatments.

Microbial Diversity Analysis
Bacterial DNA was extracted from cecal content samples
(250mg) using the commercial MagMAX CORE Nucleic
Acid Purification 500RXN Kit (Thermo Fisher, TX, USA) and
following the manufacturer’s instructions. For 16S rRNA gene
sequence-based analysis, the V3–V4 region of the bacteria
16S ribosomal RNA gene were amplified by PCR (95◦C for
3min, followed by 25 cycles at 95◦C for 30 s, 55◦C for 30 s,
and 72◦C for 30 s and 72◦C for 5min) using primers F5′-
barcode TCGTCGGCAGCGTCAGATGTGTATAAGAGACA
GCCTACGGGNGGCW GCA G-3′ and R5′-GTCTCGTGGG
CTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTAT
CTAATCC-3′. A negative control of the DNA extraction
and a positive Mock Community control were included to
ensure quality control. After 25 cycles of amplifications, 550-bp
amplicons were obtained. The Illumina Miseq sequencing 300
× 2 approach was used. Raw sequencing reads were quality
clipped, assembled, and compared with available genomic
sequences using a Microomics Systems S.L (Barcelona, Spain)
software and were validated and subsequently completed with
the Kraken Metagenomics (33) and QIIME (34) software.
Taxonomic assignment of phylotypes was performed using a
Bayesian classifier trained with Silva database version 132 (99%
Operational taxonomic units full-length sequences) (35).

Statistical Analysis
Statistical analyses were carried out on BW, ADG, ADFI,
FCR, and histomorphological analysis with ANOVA using
the GLM procedure of SAS software (SAS 9.4 Institute Inc.,
Cary, NC, USA). Normal distribution and homoscedasticity of
variances were checked prior to the analysis, using the Shapiro–
Wilk test and Levene’s test from UNIVARIATE and GLM
procedures, respectively. All data related to growth performance
and intestinal histomorphology were firstly analyzed according
to a according to a completely randomized design, considering
treatment groups as the predictor and the number of cages
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FIGURE 1 | In vitro microencapsulated BB release profile in simulated stomach (0–90min) and small intestine conditions (90–230min). Each value is the average

release of four flasks at simulated conditions of the crop, 0–30min; gizzard, 30–90min; duodenum, 90–100; jejunum, 100–130min; ileum, 130–200min; and cecum,

200–230min.

(individual broiler chickens for the histomorphology) as the
experimental unit. A further analysis of contrasts excluding the
NC aiming to compare the microencapsulated feed additives
to the non-microencapsulated ones was also performed for
the growth performance and histomorphological data. Means
were compared using the Tukey multiple comparisons test and
deemed significant at p ≤ 0.05.

Biostatistical analysis for microbiota was performed using
open-source software RStudio v.3.5.1. Diversity was analyzed at
OTU level using a vegan package (36). Richness and α-diversity
were calculated using raw counts based on Simpson, Shannon,
and Inverse-Simpson estimators. β-diversity was evaluated
by multivariate ANOVA. Finally, differential abundance
analysis was performed with taxa relative abundances under
a zero-inflated log normal mixture model, and p-values were
corrected by false discovery rate (FDR) using a metagenomeSeq
package (37).

RESULTS

Release of Blue Brilliant (BB) Color
In vitro Screening
The percentage release of microencapsulated BB was calculated
taking into account the transit time (min) in the broiler
GIT, adapted from (27). Figure 1 shows the results obtained,
indicating that about 19.6% of microencapsulated BB were
released in times equivalent to crop and gizzard retention, 10.9%
in duodenum, 26.6% in jejunum, 29.7% in ileum, and 3.8% in
the cecum.

In vivo Screening
Figure 2 shows the GIT of a 42-day-old broiler supplemented
by either microencapsulated (A) or non-microencapsulated BB
(B). The blue color was observed in the entire GIT of the
broiler supplemented with non-microencapsulated BB, whereas

FIGURE 2 | The GIT of a 42-day-old broiler supplemented with either

microencapsulated (A) or non-microencapsulated BB (B).

it was observed only from the jejunum and backwards for the
birds receiving the microencapsulated BB. Unfortunately, the
quantification of the in vivo release of the microencapsulated BB
was not possible. The reason behind this limitation was that once
mixed with the feed mostly composed of maize in the GIT, the
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TABLE 2 | Effect of dietary treatments on growth performance of broiler chickens.

Items Experimental treatments SEM p

NC Microencapsulated Non-microencapsulated

OA EO OA+EO OA EO OA+EO

BW g

Day 0 42.8 43.2 43.0 42.9 43.3 43.1 42.9 0.16 0.350

Day 21 720 719 699 699 710 705 708 15.6 0.931

Day 28 1106b 1266a 1240a 1260a 1129b 1112b 1132b 21.0 <0.001

Day 35 1694ab 1802a 1790a 1804a 1670ab 1646b 1682ab 33.2 0.001

ADG g/day

Days 0–21 32.2 32.2 31.2 31.2 31.7 31.5 31.7 0.9 0.501

Days 21–28 55.1b 78.1a 77.4a 80.2a 59.7b 58.1b 60.5b 2.24 <0.001

Days 28–35 84.1 76.5 78.6 77.7 77.4 76.4 78.6 4.24 0.892

Days 0–35 47.2ab 50.3a 49.9a 50.3a 46.5ab 45.8b 46.8ab 0.95 0.001

ADFI g/day

Days 0–21 44.2 44.1 43 42.3 43.1 42.5 43.2 1.13 0.460

Days 21–28 94.2b 111.9a 109.2ab 115.4a 106.3b 103.4b 102.9b 3.64 0.004

days 28–35 143.0 122.4 128.6 124.9 132.6 131.4 133.9 6.97 0.501

Days 0–35 73.1 73.3 73.4 73.5 73.6 72.4 73.3 1.70 0.990

FCR

Days 0–21 1.37 1.37 1.38 1.35 1.36 1.35 1.36 0.040 0.762

Days 21–28 1.71a 1.43b 1.41b 1.44b 1.78a 1.78a 1.70a 0.036 <0.001

Days 28–35 1.70a 1.60b 1.64ab 1.61b 1.71a 1.72a 1.70a 0.021 0.006

Days 0–35 1.55a 1.46b 1.47b 1.46b 1.58a 1.58a 1.57a 0.017 <0.001

NC, negative control; OA, organic acid: fumaric; EO, essential oil: thymol.

Inclusion levels: microencapsulated fumaric acid: 1.5 g/kg; microencapsulated thymol: 3 g/kg; non-microencapsulated fumaric acid: 0.9 g/kg; non-microencapsulated thymol: 0.6 g/kg.

Different letters indicate significant difference between the seven dietary treatments at p ≤ 0.05.

Data are presented as mean (n = 10 replicates/group for all evaluated parameters).

TABLE 3 | Effect of dietary treatments on the ileal histomorphology on day 35 of age.

Items Experimental treatments SEM p

NC Microencapsulated Non-microencapsulated

OA EO OA+EO OA EO OA+EO

VH 607.8b 742.7a 720.6ab 754.8a 639.3ab 657.6ab 628.1ab 28.32 0.040

CD 81.3ab 66.6c 64.6c 64.0c 82.9ab 76.9b 86.1a 2.45 <0.001

VH:CD 7.5b 11.1a 11.2a 11.8a 7.8b 8.6b 7.3b 0.42 <0.001

Goblet cells/100µm VH 27.7a 14.1b 15.4b 16.1b 24.3a 23.5a 26.0a 0.67 <0.001

NC, negative control; OA, organic acid: fumaric; EO, essential oil: thymol.

Inclusion levels: microencapsulated fumaric acid: 1.5 g/kg; microencapsulated thymol: 3 g/kg; non-microencapsulated fumaric acid: 0.9 g/kg; non-microencapsulated thymol: 0.6 g/kg.

Different letters indicate significant difference between the seven dietary treatments at p ≤ 0.05.

Data are presented as mean (n = 10 replicates/group for all evaluated parameters).

digesta color turns to green, making the use of the equation of
the calibration curve previously established, no longer correct.

In vivo Experiment
Growth Performance
Growth performance data are shown in Table 2. No treatment
effect was observed on growth performance of broiler chickens
before performing the short-term FP challenge on day 21. The
FCR from day 21 to day 28 as well as the overall FCR were
improved in the experimental groups fed the microencapsulated

fumaric acid, thymol, or their mixture (p < 0.001). The analysis
of contrasts showed an improved overall ADG and FCR by
the supplementation of microencapsulated form of all the feed
additives (p < 0.001) as compared to the non-encapsulated ones
and the NC.

Histomorphological Analysis
Histomorphological analysis of the middle portion of the ileum
is shown in Table 3. Results showed that the experimental groups
receiving either the microencapsulated fumaric acid or the

Frontiers in Veterinary Science | www.frontiersin.org 6 October 2021 | Volume 8 | Article 686143113

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Abdelli et al. Feed Additives for Broiler-Gut-Health Control

microencapsulated mixture of fumaric acid and thymol exhibited
higher VH (p = 0.040) than the NC group. All experimental
groups fed the microencapsulated feed additives showed lower
CD, higher VH:CD ratio, and lower count of goblet cells/100µm
VH (p < 0.001).

Microbial Diversity Analysis
Results of microbial diversity analysis revealed that neither α-
diversity (Table 4) nor β-diversity (Figure 3) was different among
experimental groups (p > 0.05).

At the phylum level, eight phyla were determined,
including mainly Firmicutes, Bacteroidetes, Tenericutes, and
Verrucomicrobia, followed by Proteobacteria, Actinobacteria,
Patescibacteria, and Cyanobacteria (Figure 4), with no
differences between dietary treatments (p > 0.05). The
majority of Firmicutes sequences (Figure 5) corresponded
to Ruminococcaceae and Lachnospiraceae while the majority
of the Bacteroidetes sequences correlated with sequences of
Bacteroidaceae and Rikenellaceae.

TABLE 4 | Effect of dietary treatments on microbiota α-diversity indices in cecal

content of broiler chickens on day 35.

Experimental treatments SEM p

NC Encap OA+EO Non-encap OA+EO

Shannon 3.72 3.67 3.60 0.028 0.751

Simpson 0.94 0.94 0.93 0.032 0.962

Inverse Simpson 18.7 16.5 16.4 1.22 0.570

NC, negative control; OA, organic acid: fumaric; EO, essential oil: thymol.

Encap, microencapsulated; Non-encap, non-microencapsulated.

Inclusion levels: microencapsulated fumaric acid: 1.5 g/kg; microencapsulated thymol:

3 g/kg; non-microencapsulated fumaric acid: 0.9 g/kg; non-microencapsulated thymol:

0.6 g/kg.

p ≤ 0.05 was considered significant.

Amore in-depth examination of the individual metagenomics
profile changes was detected on the dietary treatments using
log2 changes. Broilers supplemented with the microencapsulated
mixture of fumaric acid and thymol compared to those fed
the NC (Figure 6) had significant differences in the relative
abundance of Firmicutes (0.39-fold decrease; p < 0.0001) and
Bacteroidetes (0.52-fold increase; p < 0.0001) phylum, and some
families including Rikenellaceae (1.14-fold increase; p= 0.0034),
Tannerellaceae (3.35-fold increase; p = 0.0067), Bacillaceae (1-
fold increase; p= 0.0085), Chitinophagaceae (2.45-fold decrease,
p= 0.0027), Pseudomonadaceae (2.58-fold decrease; p= 0.0403),
and Sphingomonadaceae (2.42-fold decrease; p= 0.0004).

Broiler supplementation with the non-encapsulated mixture
of fumaric acid and thymol significantly changed the abundance
of Bacteroidetes (0.34-fold increase; p = 0.0060) phyla,
and families such as Clostridiaceae 1 (2.51-fold increase;
p = 0.0096), Erysipelotrichaceae (0.53-fold increase; p =

0.0020), Desulfovibrionaceae (1.02-fold increase; p = 0.0101),
Ruminococcaceae (0.27-fold decrease; p < 0.0001), and
Chitinophagaceae (1.15-fold decrease; p < 0.0001) compared
to the NC group (Figure 7). The comparison between both
forms of the mixture of fumaric acid and thymol (Figure 8)
showed that the microencapsulated one changed the abundance
of Firmicutes (0.22-fold decrease; p < 0.0001), Bacteroidetes
(0.18-fold increase; p < 0.0001), Tenericutes (0.11-fold increase;
p < 0.0001), and Verrucomicrobia (0.22-fold increase; p =

0.0003) phylum, and some families like Bacteroidaceae (0.05-fold
increase; p = 0.0385), Erysipelotrichaceae (0.85-fold increase; p
= 0.0021), Clostridiaceae 1 (0.61-fold decrease; p = 0.0006), and
Pseudomonadaceae (1.27-fold decrease; p= 0.0003).

DISCUSSION

In the current study, a short-term FP of 16.5 h was applied
on day 21 as an experimental model to challenge gut

FIGURE 3 | Non-metric multidimensional scaling (NMDS) ordination plot of bacterial communities of the different treatment groups (p = 0.430). NC, negative control;

OA, organic acid: fumaric; EO, essential oil: thymol. Encap, microencapsulated; Non-encap, non-microencapsulated. Inclusion levels: microencapsulated fumaric

acid: 1.5 g/kg; microencapsulated thymol: 3 g/kg; non-microencapsulated fumaric acid: 0.9 g/kg; non-microencapsulated thymol: 0.6 g/kg.
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FIGURE 4 | Phyla present in the cecum microbiota of broilers from different treatment groups on day 35. NC, negative control; OA, organic acid: fumaric; EO,

essential oil: thymol. Encap: microencapsulated; Non-encap, non-microencapsulated. Inclusion levels: microencapsulated fumaric acid: 1.5 g/kg; microencapsulated

thymol: 3 g/kg; non-microencapsulated fumaric acid: 0.9 g/kg; non-microencapsulated thymol: 0.6 g/kg.

FIGURE 5 | Abundant bacterial families present in the cecum microbiota of broilers from different treatment groups on day 35. NC, negative control; OA, organic acid:

fumaric; EO, essential oil: thymol. Encap: microencapsulated; Non-encap, non-microencapsulated. Inclusion levels: microencapsulated fumaric acid: 1.5 g/kg;

microencapsulated thymol: 3 g/kg; non-microencapsulated fumaric acid: 0.9 g/kg; non-microencapsulated thymol: 0.6 g/kg.

health. The objective was to investigate whether the evaluated
feed additives were able to alleviate the induced negative
effects on growth performance, intestinal histomorphology,
and microbiota 2 weeks later. Short-term FP up to 24 h
has been reported to increase intestinal permeability (38),
which may potentially induce bacterial translocation (39),
lameness (40), and compromised growth performance (41).

A recent study conducted by Herrero-Encinas et al. (31)
showed that a 15.5-h short-term FP induced an increase

in intestinal permeability by reducing Claudin-1 expression,
which triggered an inflammatory response, resulting in a
higher CD and lower VH:CD ratio compared to control non-
fasted group.

Effects of the Free Feed Additives
Supplementation
Compared to the NC, the supplementation of non-
microencapsulated fumaric acid, thymol, or their mixture did
not show any significant effect on growth performance, neither
before the short-term FP nor on day 28 or 35. A lack of effect
was also obtained with the analysis of ileal histomorphology.
However, the significant increase in goblet cells in the ileum of
these groups may suggest a higher demand for enhanced mucin
secretion, likely helping to reduce the possible damage of the
small intestine epithelia (42). Other studies also reported that
free OAs failed to reach the cecum in adequate concentrations
and, thus, to reduce the Campylobacter colonization in broilers
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FIGURE 6 | Ln changes promoted by the supplementation of the microencapsulated mixture of fumaric acid and thymol as compared to the NC (fold discovery rate

p-adjusted <0.05) in taxa. Positive values ( ) and negative values ( ) indicate greater and lower abundance. Only significant taxa are presented. Differences presented

are based on all taxa detected in samples per diet. NC, negative control; OA, organic acid: fumaric; EO, essential oil: thymol. Encap: microencapsulated. Inclusion

levels: microencapsulated fumaric acid: 1.5 g/kg; microencapsulated thymol: 3 g/kg.

FIGURE 7 | Ln changes promoted by the supplementation of the non-encapsulated mixture of fumaric acid and thymol as compared to the NC (fold discovery rate

P-adjusted <0.05) in taxa. Positive values ( ) and negative values ( ) indicate greater and lower abundance. Only significant taxa are presented. Differences presented

are based on all taxa detected in samples per diet. NC, negative control; OA, organic acid: fumaric; EO, essential oil: thymol. Non-encap: non-microencapsulated.

Inclusion levels: non-microencapsulated fumaric acid: 0.9 g/kg; non-microencapsulated thymol: 0.6 g/kg.

(18, 43). This lack of effect may be attributed to their rapid
degradation, absorption, and metabolism in the upper section of
the GIT (before or almost just entering the duodenum) as shown
by the results of the in vivo release of non-encapsulated BB. This
early absorption means that the majority would not reach the
lower GIT tract where they would exert their major functions
(18), which may represent a serious limitation for their efficacy.

Effects of Microencapsulated Feed
Additives
The feed additives tested in the current study were
microencapsulated using lipid-based particles, reported to

possess high encapsulation efficiency, loading capacity, and
release efficiency in the small intestine (25). This slow release
throughout the GIT was confirmed by the results of the in vitro
BB release, showing that nearly 60% was released at jejunum,
ileum, and cecum equivalent retention times. Although the
quantification was not possible, these findings were further
supported by the results of the in vivo BB release, where
the microencapsulated blue color was not observed in the
duodenum, suggesting that the release started from the jejunum
and backwards. A similar study was performed by Lee et al. (44)
to evaluate the physiochemical properties and prolonged release
behavior of chitosan-denatured β-lactoglobulin microcapsules
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FIGURE 8 | Ln changes promoted by the supplementation of the microencapsulated mixture of fumaric acid and thymol as compared to the non-encapsulated one

(fold discovery rate P-adjusted <0.05) in taxa. Positive values ( ) and negative values ( ) indicate greater and lower abundance. Only significant taxa are presented.

Differences presented are based on all taxa detected in samples per diet. NC, negative control; OA, organic acid: fumaric; EO, essential oil: thymol. Encap:

microencapsulated; Non-encap, non-microencapsulated. Inclusion levels: microencapsulated fumaric acid: 1.5 g/kg; microencapsulated thymol: 3 g/kg;

non-microencapsulated fumaric acid: 0.9 g/kg; non-microencapsulated thymol: 0.6 g/kg.

for potential food applications. These authors obtained similar
promising results, showing that their wall matrix provided both
the right timing and location for the BB dye release.

Targeting the lower GIT may be advantageous to enhance
the intestinal development, which helps to improve digestion
and nutrient absorption, and thereby, the growth performance
(19). Growth performances have been evaluated in several
experiments in which broiler chickens were supplemented by
OAs, EOs, or the mixture of both. However, the considerable
increasing number of published articles has generated great
information inconsistency. Although some studies revealed
improved production performance traits by protected OA
supplementation (45), EO supplementation (46), or their mixture
(47–49), others reported no effect on growth performance
of chickens (50). This discrepancy may be attributed to the
heterogeneity of experimental conditions, such as the chemical
structure of the OAs or EOs used, the dose, the supplementation
form (mixed or not), the sanitary challenge conditions, the
number of used chickens, the size of cages or barns, the
buffering capacity of feeds, the feed nutritional dietary value, and
other factors.

In the current study, the supplementation of
microencapsulated fumaric acid, thymol, and their mixture
improved the overall FCR during the whole experiment by
5.8% compared to the NC, and up to 7.0% compared to the
non-microencapsulated ones. This improvement of growth
performance may, in part, be attributed to the observed
beneficial effects of these feed additives on ileal histomorphology
(increased VH, reduced CD, increased VH:CD ratio, and lower
goblet cells/100µm as compared to the NC group). Similar
positive effects were previously reported by other authors,
where feeding a protected blend containing a minimum of
200 g/kg of sorbic acid, a minimum of 200 g/kg fumaric acid,
a minimum of 100 g/kg thymol to broiler chickens reared

under conventional conditions (51) or an encapsulated blend
containing 4% thyme, 4% carvacrol, 0.5% hexanoic acid, 3.5%
benzoic acid, and 0.5% butyric acid to broiler chickens challenged
with necrotic enteritis (48) resulted in longer villi and a greater
VH:CD ratio.

In the current study, all the feed additives with the
same form of presentation (microencapsulated or non-
microencapsulated) showed similar effects on the growth
performance and histomorphological analysis. Thus, only
the cecal microbiota of the chickens supplemented with the
mixture, either microencapsulated or not, has been analyzed
as compared to the NC group. The obtained results showed
that the supplementation of the microencapsulated mixture
of fumaric acid and thymol increased the relative abundance
of phyla Bacteroidetes and decreased the relative abundance of
phyla Firmicutes compared to the NC group. Similar results
were obtained by Chen et al. (10) and Wu et al. (52) by the
supplementation of broiler chickens by plant essential oil and
sodium butyrate, respectively. However, the supplementation
of broilers by a blend containing 4% thyme, 4% carvacrol,
0.5% hexanoic acid, 3.5% benzoic acid, and 0.5% butyric acid
encapsulated in Ca-alginate and whey protein microcapsules
resulted in an increase of the relative abundance of Firmicutes
while the relative abundance of Bacteroidetes decreased (48).
Although an increase in fecal Bacteroidetes has been associated
with decreased nutrient absorption (53), this phylum composed
of Gram-negative bacteria has been recently reported to be
gut-friendly, being involved in many important metabolic
activities. Indeed, Bacteroidetes participate in the degradation of
polysaccharides and other indigestible carbohydrates to produce
short-chain fatty acids (SCFAs), especially propionate via the
succinate pathway (10, 52), utilization of nitrogenous substances,
the biotransformation of bile acids, and the prevention of
pathogen colonization (54). Among the Bacteroidetes, the
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microencapsulated blend tested in the current study increased
the abundance of Rikenellaceae whose effect on the host
gut health remains inconsistent. Some studies considered a
reduced abundance of this family to be beneficial (48) as it
utilizes the mucin, involved in preventing adhesion of various
pathogens and toxins present in the intestinal lumen, as
carbon and energy source, which may decrease the intestinal
mucosal barrier integrity (55). However, members of this
family, such as Alistipes, showed to be increased in the current
study, have been reported to produce propionic and succinic
acids by fermentation of glucose, lactose, mannose, and
melibiose, and form the iso-methyl branched-chain fatty acid
or long-chain saturated acids (10). Tannerellaceae, a family
belonging to Bacteroidetes, which was also increased by the
supplementation of the microencapsulated blend of fumaric
acid and thymol, produces acetate and succinate as its major
metabolic end-products. Succinate can provide energy in two
distinct ways. It can be either taken up directly by chicken
intestinal cells through a sodium-dependent transport system
and then introduced in the tricarboxylic acid or Krebs cycle
or converted by several other Bacteroidetes bacteria into
propionate after decarboxylation (56). As for Firmicutes, they
are Gram-positive bacteria associated with the decomposition of
polysaccharides and the production of butyrate (57). Belonging
to this phylum, the abundance of Lachnospiraceae, known
as butyric acid-forming bacteria (58), showed a numerical
increase in the chickens fed the microencapsulated blend
of fumaric acid and thymol as compared to the NC group
(11.50 vs. 9.18%, respectively). Enhancing SCFA production
is crucial for animal gut health. Indeed, butyrate has been
reported to possess anti-inflammatory properties through
the inhibition of nuclear factor-kappa B activation, leading
to decreased expression of pro-inflammatory cytokines (59),
which may explain the decrease in necrotic lesions induced by
C. perfringens in the small intestine (60). It may also improve
growth performance through pathogen control (17), barrier
integrity enhancement by upregulating the AMP-activated
protein kinase, which regulates the assembly of tight junctions
(61), and the activation of goblet cells to produce mucin,
which forms a protective layer on the enterocytes (62). As
for propionate, it can also be used as an energy source by
the epithelial cells and is known to stimulate the trypsin
activity (63) and to possess health-promoting effects, including
an anti-inflammatory activity, which may improve growth
performance (56).

On the other hand, the increased abundance of Bacillaceae
induced by the microencapsulated blend tested in the current
study may be considered beneficial as a recent study showed a
positive correlation between this family and total volatile fatty
acids (VFAs). Bacillaceae has also been shown to play a key
role in improving the immune status by enhancing different
antioxidants and tight-junction genes (64).

The increase in the above-mentioned families may explain
the decline observed in other families containing pathogen
bacteria such as Pseudomonadaceae. The infection of broiler
chickens with Pseudomonas aeruginosa is associated with high
mortality and clinical signs including respiratory manifestations,

diarrhea, and septicemia (65). Moreover, Pseudomonas veronii is
a potential opportunistic pathogen whose abundance increased
in broiler chickens challenged by C. perfringens (66).

Surprisingly, the microencapsulated blend tested in the
current study increased the abundance of Desulfovibrionaceae,
a producer of hydrogen sulfides reported to be toxic to
mucosal tissue, which leads to severe inflammation of
chicken GIT (67) and decreased that of Ruminococcaceae
and Peptostreptococcaceae, known as butyric acid-forming
bacteria (58). The decrease of Peptostreptococcaceae was not
in concordance with previous studies that reported this family
to be higher in broiler chickens supplemented with a blend
of medium-chain fatty acids containing 0.3% capric acid and
2.7% lauric acid (68), as well as mice supplemented with 13.3
mg/ml of eugenol in drinking water for 7 days (11). However, the
improved growth performance and intestinal histomorphology
of the supplemented chickens indicated these birds to possess
healthier intestinal microbiota compared to the NC group despite
the above-mentioned unexpected changes of the gut microbiota.

Taken together, our results indicate that microencapsulating
the fumaric acid and thymol using a lipid matrix prevents
their absorption in the upper part of the digestive tract
and directs their bioactivity toward the lower GIT, mainly
the jejunum and ileum. In previous in vitro studies, we
confirmed that the lipid base particles (empty particles per
se) did not possess any antimicrobial activity. Therefore,
it can be concluded that once released, fumaric acid
and thymol enhanced intestinal microbiota balance in
favor of beneficial bacteria, which may be responsible
for the improvement of ileum histomorphology and
thereby feed efficiency of broiler chickens. The positive
effects of microencapsulated fumaric acid, thymol, or
their combination were observed when broilers were
under the challenging conditions of short-term fasting
period, but not earlier, highlighting the usefulness of using
such feed additives when sanitary conditions of animals
are compromised.

CONCLUSION

In summary, the results of the current study confirmed
the ability of the lipid matrix, obtained through the
use of the electrohydrodynamic processes, to allow a
slow release of fumaric acid and thymol throughout the
broiler GIT. Microencapsulated fumaric acid, thymol, or
their combination showed positive effects when broilers
were subjected to challenging conditions, alleviating
the negative effects promoted by the fasting challenge
on animal performance, intestinal histomorpholgy,
and microbiota.
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Short-chain fatty acids (SCFAs) are metabolites generated by bacterial fermentation of

dietary fiber (DF) in the hindgut. SCFAs are mainly composed of acetate, propionate and

butyrate. Many studies have shown that SCFAs play a significant role in the regulation

of intestinal health in poultry. SCFAs are primarily absorbed from the intestine and

used by enterocytes as a key substrate for energy production. SCFAs can also inhibit

the invasion and colonization of pathogens by lowering the intestinal pH. Additionally,

butyrate inhibits the expression of nitric oxide synthase (NOS), which encodes inducible

nitric oxide synthase (iNOS) in intestinal cells via the PPAR-γ pathway. This pathway

causes significant reduction of iNOS and nitrate, and inhibits the proliferation of

Enterobacteriaceae to maintain overall intestinal homeostasis. SCFAs can enhance

the immune response by stimulating cytokine production (e.g. TNF-α, IL-2, IL-6, and

IL-10) in the immune cells of the host. Similarly, it has been established that SCFAs

promote the differentiation of T cells into T regulatory cells (Tregs) and expansion by

binding to receptors, such as Toll-like receptors (TLR) and G protein-coupled receptors

(GPRs), on immune cells. SCFAs have been shown to repair intestinal mucosa and

alleviate intestinal inflammation by activating GPRs, inhibiting histone deacetylases

(HDACs), and downregulating the expression of pro-inflammatory factor genes. Butyrate

improves tight-junction-dependent intestinal barrier function by promoting tight junction

(TJ) assembly. In recent years, the demand for banning antibiotics has increased in poultry

production. Therefore, it is extremely important to maintain the intestinal health and

sustainable production of poultry. Taking nutrition strategies is important to regulate SCFA

production by supplementing dietary fiber and prebiotics, SCFA-producing bacteria

(SPB), and additives in poultry diet. However, excessive SCFAs will lead to the enteritis

in poultry production. There may be an optimal level and proportion of SCFAs in poultry

intestine, which benefits to gut health of poultry. This review summarizes the biological

functions of SCFAs and their role in gut health, as well as nutritional strategies to regulate

SCFA production in the poultry gut.

Keywords: short-chain fatty acids, biological function, regulation, intestinal health, poultry
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INTRODUCTION

Increasing evidence has revealed that the gut microbiota is a
key contributor to health and gut homeostasis of the host.
This positive effect may be achieved by producing short-
chain fatty acids (SCFAs), which are the main metabolites
produced by anaerobic bacteria in the hindgut by fermenting
dietary fibers (DFs) (1). SCFAs can also be produced during
protein fermentation, however, the main products of proteolysis
have adverse effects on the host because they are related to
carcinogenic and inflammatory activities. Importantly, SCFAs
have been demonstrated to exert decisive effects on regulating
the gut internal environment, improving the immune system,
and inhibiting intestinal inflammation (2). The gastrointestinal
tract (GIT), the largest organ of the host, is important for
digestion and absorption of dietary nutrition (3), and also
prevents the invasion and colonization of pathogens and
toxins (4). Furthermore, a significant population of microbiota
and immune cells are also present in the gut. Therefore,
maintaining a healthy gut is important for overall health and
enhanced productivity of poultry. In the context of banning
antibiotics, nutrition regulation has become an effective strategy
for maintaining intestinal health and reducing antibiotic use
in poultry production (5). This paper reviewed the production
pathways and biological functions of SCFAs, and poultry
intestinal health, and the regulation of the production of SCFAs
to maintain poultry intestinal health.

PRODUCTION OF SCFAS

The gut microbiota is a complex community with hundreds of
diverse microorganisms (6) which contributes to the breakdown
of food and energy metabolism and affects the immune system
and homeostasis (7). Gut microbes in the cecum ferment
indigestible carbohydrates in food components to produce
a series of metabolites (8). Among the various metabolites,
SCFAs have received extensive attention because of their
positive effects on health. SCFAs are defined as groups of
fatty acids comprising less than six carbons, mainly acetate,
propionate, and butyrate (9). These three fatty acids accounted
for more than 95% of the total SCFAs, with a ratio of 60:20:20
(10). However, this proportion was not constant, as it relies
on many factors, such as dietary components, microbiota
composition, and the site of fermentation (11). Acetate is
most abundant in the colon, accounting for more than half
of the total SCFAs detected in feces (12) and can be formed
through two major pathways: the acetyl-CoA and Wood-
Ljungdahl pathways (13). Bacteroides spp., Bifidobacterium spp
Ruminococcus spp., Blautia hydrogenotrophica, and Clostridium
spp. are involved in these two pathways (14, 15). Aacetogenic
bacteria can also synthesize acetate from carbon dioxide
and formate through the Wood-Ljungdahl pathway (15).
Propionate formation consists of two pathways: propionate can
be produced by succinate, which involves the descarboxylation
of methylmalonyl-CoA to propionyl-CoA (16). Firmicutes and
Bacteroidetes participate in this pathway. Propionate can also
be synthesized through the acrylate pathway, in which lactate is

converted to propionate, however, only a few members of the
family, such as Veillonellaceae and Lachnospiraceae, participate
in this pathway (17, 18). Butyrate is produced from acetyl-
CoA (the classical pathway) by several Firmicutes (19). Previous
studies have indicated that many gut microbiota members,
such as Actinobacteria, Proteobacteria, and Thermotogae,
may be potential butyrate-producing bacteria, since these
microbiotas contain vital enzymes, including butyryl coenzyme
A dehydrogenase, butyryl-CoA transferase, and butyrate kinase,
to synthesize butyrate (20). In addition, butyrate can also be
synthesized from proteins through the lysine pathway, which
demonstrates that gut microbiota can accommodate changes in
the fermentation substrate, with the aim of retaining metabolite
synthesis (20). The synthesis pathway of the SCFAs is shown in
Figure 1.

Furthermore, protein fermentation in the hindgut can also
produce SCFAs, as well as branched-SCFAs (BCFAs), such
as 2-methylbutyric acid, isobutyric acid, and isovaleric acid.
BCFAs are derived from branched-chain amino acids (such
as valine, leucine and isoleucine) (21). Excessive amino acid
or protein fermentation in the hindgut generates nitrogenous
metabolites which can be harmful to gut integrity (22). Studies
have demonstrated that the addition of dietary fiber [e.g. resistant
starch 4 (RS4)] decreases the BCFAs (e.g. isobutyrate and
isovalerate) in feces, and increases butyrate and total SCFAs.
Prior research has shown that RS4 inhibits the fermentation
of colonic proteins and reduces isobutyrate and isovalerate in
feces, and increases butyrate and total SCFAs. The reduction of
BCFAs in the colon indicates that it is beneficial for nutrient
metabolism and gut health (23, 24). Nonetheless, there is a
contradictory view of BCFAs in that IL-18 mRNA expression in
intestinal epithelial cells can be inhibited by BCFAs, which can
also ease the inflammatory response to lipopolysaccharide (LPS)
challenge (25).

BIOLOGICAL FUNCTION OF SCFAS

Current research shows that SCFAs have important biological
functions in the body. SCFAs play a major role in the host energy
metabolism. Although acetate and propionate can perform a
certain degree of energy metabolism, most studies have focused
mainly on the role of butyrate. About 70–80% of butyrate are
metabolized by colon cells, thus promoting colon cell growth and
function (26). In the colon cells of GF mice, energy deprivation
(a state of decreased enzymes in the tricarboxylic acid cycle)
resulted in reduced ATP levels, while using butyrate-producing
bacteria to colonize GF mice and butyrate to treat GF mice
colonocytes ex vivo contributes to an increase in oxidative
phosphorylation, suggesting the importance of butyrate and
butyrate-producing bacteria in colonocyte energy metabolism
(27). Butyrate also improves body gain and fat mass induced by a
high-fat diet (HFD). Supplementation with 5% sodium butyrate
(SB) in food can effectively decrease body gain in obese mice
(28). Another research group reported that after feeding mice
with a butyrate-enriched diet, the level of energy expenditure
considerably increased, which reduced the prevalence of obesity
(29). The positive effect of butyrate onmetabolic changes induced
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FIGURE 1 | The synthesis pathway of SCFAs. Acetate, propionate and butyrate are main SCFAs produced by dietary fibers of microbial fermentation in gut.

Production of acetate involves in pyruvate by Acetyl-CoA and Wood-Ljungdahl pathway. Butyrate is synthesized from Acetyl CoA that is subsequently reduced to

Butyryl-CoA, which can be converted to butyrate by so-called classical pathway via Butyryl-phosphate. Propionate can be formed from succinate that is converted to

methylmalonyl-CoA by succinate pathway. Furthermore, as a precursor lactate also participate the synthesis of propionate by acrylate pathway.

by HFD appears to depend on the down-regulation of PPARγ

(per-oxisome proliferator-activated receptor), which promotes
the switch from lipid synthesis to lipid oxidation (28). SCFAs
can regulate hormones involved in appetite regulation. After
infusing SCFAs into the rat colon, the gut transit rate and
appetite are significantly decreased; however, the concentration
of PYY in the peripheral circulation is increased. These findings
suggest that the inhibitory effect of SCFAs on gut motility and
appetite may be mediated by PYY (30). Glucagon-like peptide-
1 (GLP-1) may cause a decrease in appetite and food intake
(31) because higher levels of GLP-1 in the systemic circulation
are positively correlated with slower gastric emptying time
(32). Acetate can induce the expression of neuropeptides such
as proopiomelanocortin (POMC) and agouti-related peptide
(AgRP) to regulate appetite and reduce food intake via a central
homeostatic mechanism (33). Moreover, SCFAs modulate the
expression of leptin, which is secreted by adipose tissue, to
decrease food intake. Butyrate has been shown to promote leptin
production in adipose tissue by activating GPR41 and GPR43,
thus reducing food intake and controlling weight gain (34).

SCFAs AND POULTRY GUT HEALTH

SCFAs and Gut Barrier
The gut barrier separates the intestine from the body and

exerts immunity and physical defense against pathogens, viruses,
and environmental toxins. Four interlinked and interdependent

barriers collectively form an intact gut barrier. These include

the microbial barrier, chemical barrier, mechanical barrier, and

immunologic barrier. The microbial barrier refers to various
microorganisms attached to the intestinal surface. Here, there

is competition between beneficial microbiota and pathogens

for nutrients and attachment sites (35). A study indicated that

acetate may play a critical role in the competitive process

between bifidobacteria and enteropathogens, which helps to build
a balanced gut microbiological environment (36). It was reported

that the colonization of Salmonella enterica and Clostridium

perfringens, driver of necrotic enteritis, were inhibited by

butyrate in chickens gut (37, 38). Further an increase in some

beneficial microbiota (such as Christensenellaceae, Blautia and
Lactobacillus) was also reported after SB intervention (39). It is
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worth noting that changes in chicken gut microbiota induced
by SCFAs were related to the reduced inflammatory response
as SCFAs can reduce levels of LPS - a main component of
Gram-negative bacteria and stimulater of inflammation response.
SCFAs also indirectly regulate the gut microbiota microbial
barrier by promoting secretion of mucins and antimicrobial
peptides in the gut (40).

The gut chemical barrier, the so-called mucus layer, consists
mainly of a layer of mucus covering the intestinal epithelial
cells, which plays an important and unique role in maintaining
intestinal barrier function and homeostasis. Mucins (high
molecular weight glycoproteins) that are synthesized and
secreted by goblet cells are the main components of the chemical
barrier (41, 42). The producedmucins are stored in the goblet cell
cytoplasm in the form of granules and are transported to the cell
surface (43). The importance of mucus on gut health is reflected
in the following aspects: (1) It forms a skin covering the intestinal
cells, which protects against microbes, for example, colonization
and invasion of pathogens is facilitated in mice lacking a mucus
layer compared with wild typemice (44, 45); (2) it is characterized
by moisturizing and lubricating properties that protect intestinal
cells from dehydration when they pass through the lumen (46);
(3) it plays a role in immune functions. A study indicated that
mucins bind to luminal antigens, particularly bacteria, and are
associated with galectin-3 to inhibit inflammatory responses (47).
Under normal conditions, mucins are constantly produced by
goblet cells, whereas SCFAs can regulate this process by affecting
mucin gene expression. A study showed that when butyrate was
used as the sole carbon source, the production of Muc2 was
increased significantly in the colon, which may rely on GPR109A
in goblet cells (48). Adding a mixture of butyrate and acetate into
drinking water can significantly improve the gut chemical barrier
function of mice with colitis by enhancing Muc2 gene expression
(49). Hansen et al. (50) indicated that supplementation tributyrin
as a therapeutic measure can significantly increase ileum Muc2
mRNA expression in coccidia-infected broilers. Interestingly, the
regulation of mucin production by SCFAs does not appear to be
dose-dependent; lower concentrations of SCFAs will dramatically
increase Muc2 levels in mice, however, higher concentrations
had the opposite effect (51). Similarly, an in vitro study showed
that butyrate (0.05–1 mmol/L) could stimulate the synthesis
of Muc2 in normal colon tissue, while 10 mmol/L butyrate
could restore the synthesis of Muc2 to the basic level (52),
likely because of the induction of apoptosis at higher butyrate
levels. Although the mechanism by which SCFAs regulate Muc2
production remains unclear, some studies have shown that SCFAs
can induce Muc2 transcription by AP-1 binding and histone
acetylation at theMuc2 promoter (51). These results indicate that
SCFAs regulate the gut chemical barrier mainly by promoting
the levels of Muc2, thereby enhancing the host’s resistance to
foreign pathogens.

The gut’s mechanical barrier is a layer of polarized cells
consisting of intestinal epithelial cells and stem cells, goblet cells,
and Paneth cells (53). These cells are linked by tight junctions
(TJ), adhesion junctions (AJ), gap junctions, and desmosomes,
which decrease gut permeability and maintain gut mechanical
barrier stability (54). Propionate promotes the production of

related proteins consisting of tight junction proteins ZO-1
and occludin, thus improving gut barrier function (55). When
pigs received gastric infusion of SCFA, the gene expression of
occludin and claudin was increased, which positively improved
the gut mechanical barrier (42). Butyrate as a preventive
treatment can effectively decrease gut permeability characterized
by reduced concentrations of D (–)-lactate in DSS-induced
broilers, and this beneficial changes are closely related to
restoration of tight junction function (56). Although underlying
mechanism of butyrate to enhance tight junction function
is not clear, a study indicated that MLCK (Myosin Light
Chain Kinase) may play an important role in regulating tight
junction (57). Research showed that tributyrin can enhance cell
tight junction and reduce intestinal permeability by promoting
mRNA relative expression of mucosal barrier related genes,
such as occludin, claudin-1, claudin-4 and JAM-3 (junctional
adhesion molecule-3), in coccidia-infected broilers (50, 58). In
addition, dietary supplementation with Clostridium butyricum
improves growth performance and intestinal mechanical barrier
by upregulating various genes including claudins 2, 15, 19,
and 23, tight junction proteins 1, 2, and 3 in broilers (59).
The studies demonstrated that butyrate-producing bacteria or
butyrate can also play a same role in supplying butyrate to
improve gut barrier of poultry. In brief, regulation of SCFAs
on the gut mechanical barrier is mainly through promoting
the gene expression of relevant junction tight proteins, thereby
reducing intestinal permeability and improving the animal’s gut
barrier functions.

The gut immunologic barrier consists of various immune cells
localized in the epithelium or below the intestinal epithelial cells
(IECs), such as T cells, B cells, macrophages, and dendritic
cells, which collectively protect against pathogen invasion and
maintain gut health (60). Macrophages can be recruited to
the injured intestinal wall to promote the division and growth
of intestinal epithelial cells (61). Regulation of SCFAs on gut
immunity mainly relies on the differentiation and recruitment
of immune cells and downstream expression of immune factors.
SCFAs play an important role in inhibiting gut inflammation,
as they can induce T cells to differentiate into Tregs (62).
The differentiation and metabolism of macrophages and an
enhancement of antibacterial peptide gene expression are
attributed to butyrate regulation (63). Butyrate independently
regulates IgA production and assists in the increased expression
of IL-10 (62).

SCFAS and Gut Microbiota
The microbial barrier, composed of intestinal microorganisms,
is an important part of the intestinal barrier. One crucial
property of gut microbiota in poultry is to establish colonization
resistance against pathogen invasion by fermenting non-
digestible carbohydrates into SCFAs. SCFAs can release H+

and decrease the pH of the hindgut, which inhibits pathogen
invasion and colonization. SCFAs (mainly butyrate) consume
luminal oxygen to create an anaerobic environment, thereby
reducing aerobic pathogens such as Salmonella expansion in
the gut lumen (64). Studies have demonstrated that SCFAs can
inhibit colonization by several pathogens, such as Salmonella
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spp., Escherichia coli, and Shigella spp., to maintain a stable
microbial environment. SCFAs play an inhibitory role in
the colonization of pathogens such as Escherichia coli and
Shigella, thus contributing to gut protection (36). Propionate
inhibits Salmonella typhimurium proliferation by disrupting
intracellular pH homeostasis (65). Experiments have shown
that supplementation with 0.25–0.7% butyrate, formate, and
caproate significantly decreased the abundance of Salmonella
typhimurium and Salmonella enteritidis in the cecum of broilers
and piglets (37, 66–68). In addition, studies have indicated
that the abundance of Escherichia coli in broiler chicken
crops of butyrate-treated groups (0.2, 0.4, and 0.6%) decreased
significantly, whereas that of Escherichia coli in the small
intestine and cecum decreased in butyrate-treated groups (0.4
and 0.6%) compared to 0.2% butyrate and control groups
(69). SCFAs promote the proliferation of some beneficial
bacteria in poultry, such as Bifidobacteria and Lactobacilli.
These beneficial bacteria in turn stimulate SCFA synthesis,
while produced SCFAs not only reduce luminal pH and
inhibit pathogen colonization, but also improve gut microbial
barrier function contributing to gut homeostasis. Dysbiosis
of gut microbiota is controlled by several factors, including
antimicrobial peptides and immunoglobulins, and leads to a
series of gut diseases such as intestinal inflammation (70).
Interestingly, butyrate may induce a positive alteration in
gut microbiota composition (71). Butyrate can regulate the
expression of antimicrobial peptides that are involved in the
control of gut microbiota composition (72) and can induce the
production of IL-18, which regulates gut microbiota composition
and antimicrobial peptides (73). Butyrate can promote the
production of secretory immunoglobulin A (sIgA) cells by
activating B cells, while sIgA is linked to the composition
of the gut microbiota (74). In summary, the interaction
between butyrate and many factors positively contributed
to the gut microbiota composition, thereby maintaining
microbial homeostasis.

SCFAs and Gut Immune
It is difficult to understand the effects of SCFAs on intestinal
immunity because of the complex interaction with multiple
signaling molecules. There are two main mechanisms involved
in the regulation of host health or disease by SCFAs. One is
the regulation of target cell epigenetics after SCFAs enter the
cells, such as the inhibition of HDACs via SCFAs regulating the
expression of relevant genes (75). SCFAs as a signal molecule
combine with GPRs and then play an important role in the
regulation of various host physiology (76). Furthermore, the
activator and expression of GPRs is dissimilar. The most
powerful activator for GPR43 mainly expressed in immune
cells, enteroendocrine cells and adipocytes is propionate (77)
and the order of ability to activate GPR41 that is widely
expressed in adipose, spleen as well as colon is: propionate
> butyrate > acetate (78, 79), yet GPR109A highly expressed
in adipocytes, immune cells, and colon is only activated by
butyrate at low level (80). Many studies have verified the
effect of SCFAs on immunoregulation by the activation of
GPRs and regulation of cytokines. A study conducted by (81)

revealed that IL-22 production was elevated by the activation of
GPR41 via SCFAs, which promotes gut homeostasis and protect
against inflammation. Another researcher (82) demonstrated
the importance of SCFAs to active GPR43 on the production
of microbiota antigen-specific Th1 cell IL-10 production, in
addition they also indicated that Gpr43−/− mice showed
a severe intestinal inflammation induced by DSS (Dextran
Sulfate Sodium) than wild-type mice. Butyrate combines with
GPR43 to stimulate potassium ion flow, which leads to a
hyperpolarisation of the intestinal epithelial cell membrane,
activation of the NLRP3 inflammasome, and upregulation IL-
18, thus maintaining intestinal epithelial integrity and mucosal
homeostasis in mice with colitis (73). Moreover a research has
also proven the ability of butyrate to alleviate gut inflammation
by differentially controling differentiation of Th1 and Th17 and
enhancing IL-10 production (83). In addition to GPRs, SCFAs
also regulate the immune response by inhibiting HDAC activity.
A study has reported the effect of SCFAs on immunoregulation
by inhibiting HDAC (84). The effective effect of butyrate
to protect against gut inflammation by inhibiting HDAC
in macrophages and dendritic cells indicated that butyrate
can down-regulate pro-inflammatory cytokines e.g. IL-1β, IL-
6, and IL-8 by the inhibition of HDACs, which regulates
macrophage function (85, 86). In addition, a series of recovery
effect of gut inflammation, such as decreased TNF-α level,
suppressed NF-κB activity, and elevated IL-10 concentrations,
were ovserved in mononuclear cells and neutrophils by
inhibition of HDACs via butyrate and propionate intervention
(87). Foxp3 (forkhead box P3) is a characteristic marker
molecule that maintains Treg function, and HDACs can cause
degradation of Foxp3 by affecting its deacetylation level, which
affects the immunity homeostasis caused by the dysfunction
of Treg function (88). This dysfunction can decrease the
expression of HDACs in Tregs in mice and increase the degree
of histone acetylation, thus promoting Treg differentiation
and overall enhancement of the immune response (89). To
conclude, SCFAs can regulate the production of inflammatory
cytokines to improve immunity by inhibiting HDACs and
activating GPRs.

SCFAs and Gut Inflammation
The inflammatory response is a natural defensive mechanism
that protects against pathogen infection. Under normal
circumstances, immune cells recruit and secrete pro- or anti-
inflammatory cytokines to protect the body from damage
when pathogens invade a particular site. However, when the
balance between immune and inflammation is altered, a serious
inflammatory response can arise and lead to the development
of pathological diseases by the secretion of pro-inflammatory
cytokines (90). As an important immune organ in the host, the
gut is easily affected by inappropriate inflammatory activation
caused by feed, environment, bacteria, and metabolites (91).
Therefore, effective approaches to regulate pathogenic factors
may be used to relieve intestinal inflammation. The levels of
pro-inflammatory cytokines, such as IL-6, IL-1β and TNF-α,
were decreased in pathogen-free chickens with Salmonella
infection after inulin supplementation, which may be related
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to SCFA production (92). In a Clostridium difficile-induced
colitis mice model, butyrate alleviated gut inflammation and
reduced gut permeability by steadying HIF-1 (hypoxia inducible
factor) and increasing tight junctions (93). Another study
has shown that propionate has protective effects in mice with
colitis by the regulation of expression of Reg3 mucosal lectins
(94). The positive effect of SCFAs on intestinal inflammation
has been proven in SCFA-receptor knockout inflammation
model mice (95). Moreover, compared to wild-type mice,
GPR43−/− mice show a stronger reaction to the LPS infection
characterized by greater intravascular neutrophil rolling and
adhesion (96). The production of several cytokines induced
by SCFAs may be involved in the inflammatory response. In
particular, GPR43 and GPR109A activation by acetate and
butyrate, respectively, may suppress the inflammatory response,
which is completed by avoiding chemotaxis of monocytes to
the inflammatory site (97) and enhancing the production of
chemokines and cytokines (98). GPR109A also contributes to
preventing the deterioration of colitis (99). A mouse model
has shown that GPR43 and GPR109A activated by SCFAs can
induce the NLRP3 inflammasome to promote the production
of IL-18 (73). IL-18 promotes the expression of anti-microbial
peptide and alleviates colitis (100). Oral administration of
butyrate alleviates colitis in mice by promoting Treg cell
differentiation (101), while butyrate enemas inhibited NF-κB
activation in mice with colitis (102). These results indicate
that SCFAs can bind with GPRs to regulate the inflammatory
response, providing sufficient evidence for the inhibition of
intestinal inflammation by the SCFAs-depended GPRs pathway.
Even though a previous study showed that GPR43-deficient
mice are at a lower risk of developing chronic colitis than
normal mice (103). HDACS counterweight the acetylation
level of histones and influence the expression of many genes
in intestinal epithelial cells and immune cells (104). The
inhibition of HDACs is mainly attributed to an increase in
acetylation of specific lysine residues in histones, thus promoting
gene transcription, while inhibited HDACS are related to
decreased production of pro-inflammatory cytokines (70).
Some studies have indicated that the development of colitis is
related to higher expression of HDACS9 in the inflammatory
area, however HDACS9-deficient mice are not influenced by
induced colitis (105, 106). In addition, HDACS2-deficient mice
show stronger resistance to DSS-induced colitis (107). SCFAs
(mainly butyrate), a histone deacetylase inhibitor (HDACSi),
have been shown to significantly inhibit the production of
pro-inflammatory cytokines e.g. IL-6 and IL-12 in intestinal
epithelial cells as well as immune cells, thus alleviating gut
inflammation (108). NF-κB regulates the release and synthesis
of inflammatory cytokines (109). HDACSi can reduce the
inflammatory reaction by inhibiting NF-κB activation and
blocking nuclear translocation (70). SCFAs, especially butyrate,
can inhibit the NF-κB pathway, which effectively downregulates
the expression of a series of pro-inflammatory cytokines in
broilers, including IL-6 and TNF-α (110). Adding butyrate
to the piglet diet can reduce the concentration of TNF-α and
IL-6 in serum, thereby weakening the function of NF-κB in
the gut and inhibiting colonization of pathogens (111). Thus,

the inhibitory effect of HDACSi on NF-κB is involved in its
anti-inflammatory effect (112). Regulation of mammalian target
of rapamycin (mTOR) by SCFAs is related to the inflammatory
response. SCFAs can regulate the mTOR pathway to increase
T cell secretion of IL-10 and promote T-cell differentiation
into Treg and Th cells by inhibiting HDACs, which plays
an effective anti-inflammatory role (62). In summary, as an
inhibitor of HDACs, SCFAs can alleviate a variety of intestinal
inflammatory responses by regulating multiple pathways. This
field may be a hot area for poultry nutrition in the future.
However, there is a controversial result of SCFAs on the gut
inflammation regulation, although SCFAs (especially butyrate)
have been examined to prevent inflammation (113). The studies
showed that the activation of GPR41/43 by SCFAs resulted in
the activation of downstream mTOR, PI3K, or MAPK signaling
pathways, thus exerting pro-inflammatory effects (114, 115).
Acetate seems to involve in the production of pro-inflammatory
cytokines and chemokines (e.g. IL-6, CXCL1, and CXCL2) by
the activation of GPR41 or GPR43 and downstream signal
pathway of extracellular signal-regulated kinase 1/2 (ERK1/2)
and MAPK/p38 (116). Potential mechanisms for the opposite
outcome of SCFAs in inflammation require further investigation.
According to current reports, we speculate that it may be
associated with variation in gut microbiota composition and the
SCFAs concentrations (117).

In conclusion, the SCFAs have great significance to the
intestinal health of poultry. The role and potential benefits of
SCFAs on poultry intestinal health and the regulation of SCFAs
production are shown in Figure 2.

REGULATION OF SCFAs PRODUCTION IN
INTESTINAL TRACT OF POULTRY

Dietary Fiber and Prebiotics
Dietary fiber is a comprehensive topic, so the effect of gut
microbiota on dietary fiber varies depending on the type
of fiber. In general, gut microbiota can ferment soluble dietary
fiber to produce metabolites, such as SCFAs. Soluble dietary
fiber mainly includes β-glucan, pectin, and arabinoxylans,
which are usually found in oats, barley, apples and carrots
(118). Dietary fibers that promote SCFA production have
been widely reported. The effects of cassava root chips on
SCFAs in broiler chick cecum showed that acetate, butyrate,
and total SCFA contents were highest at 25% inclusion,
and propionate content was highest at 37.5% inclusion
(119). Research conducted by (120) showed that Sarcodiotheca
gaudichaudii and Chondrus crispus significantly elevated acetate
production (52.21 and 51.53 mmol/kg, respectively) (P <
0.05) in layer hens cecum, compared with the control group
(29.94 mmol/kg). Walugembe et al. (121) indicated that
two mixtures of wheat bran and DDGS (60 and 80 g/kg,
respectively) resulted in an increase in total SCFAs and acetate
concentrations in broiler and layer cecum. Prebiotics can also
help to produce SCFAs in the gut of poultry. Song et al.
(92) demonstrated that supplementation with inulin (1%)
markedly increased acetate and butyrate concentrations in the
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FIGURE 2 | Roles and potential benefits of SCFAs on gut health of poultry. Dietary fibers, SCFAs-producing bacteria and additives collectively regulate SCFAs

production in gut. SCFAs (mainly acetate) can reduce luminal pH, thus inhibiting pathogens colonization. Butyrate, as the major energy source, not only provide

energy for epithelial cells metabolism, but also promote mucin production by binding to GPR109A in goblet cell, thus improving gut mucosa barrier. In addition,

butyrate can play an anti-inflammatory and immunoregulatory effect by GPRs or HDAC inhibition, which maintains gut homeostasis. Luminal acetate or propionate

sensed by GPR41 and GPR43 sited on L cells releases PYY and GLP-1, affecting appetite and gut transit.

cecum of chickens infected with Salmonella (P < 0.05), while
1% inulin significantly decreased propionate concentrations
(P < 0.05). A similar study also indicated that different doses of
inulin (0.25, 0.5, 1.5, and 2%) increased acetate concentrations
in the chicken cecum, however, butyrate concentrations in
the cecum were higher at doses of 0.5, 1.5, and 2% (122).
A study showed that supplementation with 0.3% isomalto-
oligosaccharides significantly increased butyrate and isobutyrate
in the jejunum of broilers (P < 0.05) (123). Research has
also indicated that 0.05% xylooligosaccharides simultaneously
stimulate acetate and butyrate production in the cecum of
laying hens, but the propionate content was not affected by
xylooligosaccharides (124). These findings suggest that the
structure and chemical properties of dietary fibers are associated
with the metabolism of the gut microbiota, and that specific
feeding pattern and doses may impact SCFA production.

SCFAs-Producing Bacteria
SCFA-producing bacteria (SPB) are known to be involved in
the fermentation of dietary fibers by partially converting sugars,

proteins, and peptides to SCFAs (22, 125). Considering that the
production of SCFAs is closely related to intestinal microbes,
it may be feasible to control the production of SCFAs by
adding SPB.

Numerous studies have also demonstrated the positive effect
of probiotics in promoting the production of SCFAs. Supplement
Lactobacillus salivarius ssp. (107 CFU/g) can significantly
increase the concentrations of propionate and butyrate in
broiler cecum (126). A study revealed that supplementation with
Clostridium butyricum (2.5 × 109 CFU/kg) in broiler chickens
had a tendency (P = 0.063) to reduce cecal propionate contents
(8.90 to 8.07 µmol/g) compared with the control group (127).
Effects of Bacillus subtilis PB6 (0.5 g/kg) on cecal SCFAs contents
in broiler chicks is effective, because it significantly increased
acetate and butyrate contents (P < 0.05) (128). The effects
of supplementation (107 CFU/g) of multi-strain probiotics (L.
acidophilus LAP5, L. fermentum P2, P. acidophilus LS, and L.
casei L21) on SCFA production in young chicken cecum have
also been reported (129). Their results showed that the contents
of total SCFAs and acetate were elevated in the multi-strain
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TABLE 1 | Effects of dietary fiber, prebiotics, probiotics and additives on SCFAs production.

Ingredient Inclusion level Specie Age, d Sample site Effects Reference

Wheat bran + DDGS 80 g/kg Broiler 0-21d Cecum ↑Total SCFAs

↑Acetate

Walugembe et al., (121)

60 g/kg Laying hen

Inulin 20 g/kg Broiler 0-40 d Cecum ↑Propionate

↑Butyrate

Li et al., (140)

Wheat bran 100 g/kg ↑Isobutyrate

Inulin 10 g/kg Chickens 0-56 d Cecum ↑Acetate

↑Butyrate

↑Propionate

Song et al., (141)

Isomalto-Oligosaccharide 3 g/kg Broiler 0-56 d Jejunum ↑Isobutyrate

↑Butyrate

Zhang et al., (123)

Xylooligosaccharides 0.5 g/kg Laying hen 0-56 d Cecum ↑Acetate

↑Butyrate

Ding et al., (124)

Soybean oligosaccharide 6 g/kg Broiler 0-49 d Cecum ↑Acetate

↑Propionate

Zhu et al., (142)

Stachyose

Raffinose

Bacillus subtilis PB6 0.5 g/kg Broiler chick 0-40 d Cecum ↑Acetate

↑Butyrate

Aljumaah et al., (128)

Clostridium butyricum 1 × 109 CFU/kg Broiler

chicken

0-42 d Cecum ↑Acetate

↑Propionate

↑Total SCFAs

Zhang et al., (143)

Clostridium butyricum 2.5 × 109 CFU/kg Broiler chick 0-37 d Cecum ↓Propionate Molnár et al., (127)

Lactobacillus plantarum B1 2 × 109 CFU/kg Broiler

chicken

0-42 d Cecum ↑Acetate

↑Butyrate

↑Lactate

Peng et al., (144)

Multi-strain probiotics

(L. acidophilus LAP5, L. fermentum

P2, P. acidophilus LS, L. casei L21)

1 × 107 CFU/g Chickens 0-10 d Cecum ↑Acetate

↑Total SCFAs

Chang et al., (129)

Sodium butyrate 1 g/kg Broiler

chicken

0-42 d Jejunum ↑Butyrate González-Ortiz et al., (133)

Ileum ↑Acetate

↑Lactate

Sodium butyrate 1 g/kg Broiler 0-42 d Jejunum ↑Propionate

↑Butyrate

Wu et al., (132)

Sodium butyrate 20 g/kg Laying hen 0-28 d Cecum ↑Acetate

↑Butyrate

Wang et al., (134)

40 g/kg

Organic acids

(acetate, formate, propionate,

sorbate, vegetal fatty acids)

2 g/kg Turkey 0-70 d Cecum ↑Propionate

↑Butyrate

Milbradt et al., (135)

Organic acid blend

(SCFAs, MCFAs, β1-4 mannobiose)

3 g/kg Broiler 0-35 d Cecum ↑Acetate

↑Butyrate

Aljumaah et al., (136)

probiotic-treated group than in the control group, however, the
contents of butyrate and propionate were not different from those
in the control group. Kan et al. (130) investigated the effects of
Bacillus licheniformis on SCFAs content, and found that 3.2× 109

CFU/kg Bacillus licheniformis resulted in a significant increase
in formate in the cecum of broilers (P = 0.027). In conclusion,
the effects of probiotics on SCFAs production have been proven.
However, there were fewer researches of probiotics on SCFAs
production in poultry and fewer studies about combination
of probiotics. In future studies, more attention should be
paid to the effect of the combined use of probiotics on the

formation of SCFAs in poultry, so as to exert the great potential
of probiotics.

Additives
Current studies have shown that directly supplying short acids
and short acid salts to poultry diets can increase the amount
of SCFAs in the hindgut. At present, the common additives
in poultry diets are butyrate, SB, tributyrin, propionate, and
caproate. However, directly adding butyrate into feed faces huge
challenges as butyrate has an unpleasant taste, potentially labile
volatility, and high cost (131). To solve these problems, an
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increasing number of studies have focused on the regulation
of SCFAs additives, such as SB and organic acids (OA), on
butyrate production in the gut. Wu et al. (132) indicated that
high level of SB (1 g/kg) significantly increased (P < 0.05)
concentrations of propionate and butyrate in broiler jejunum,
whilemedium level (0.8 g/kg) and low level (0.4 g/kg) contributed
to an increase in butyrate and acetate, respectively. González-
Ortiz et al. (133) showed that 1 g/kg SB not only significantly
increased lactate and acetate concentrations (P < 0.05) in broiler
chicken ileum, but also elevated butyrate contents in the jejunum.
Wang et al. (134) showed that SB (20 and 40 g/kg) increased
the contents of acetate, butyrate, and isobutyrate in laying hen
cecum. Furthermore, some studies have also reported the effects
of OA on SCFA production in the gut. A study showed that
the use of 2 g/kg OA composed of acetic acid, formic acid,
propionic acid, sorbic acid, and vegetal fatty acids can increase
propionate and butyrate concentrations in the cecum of turkey
(135). Alkhulaifi et al. (136) demonstrated that supplementation
with 3 g/kg mixture (SCFAs, medium-chain fatty acids, and
β-1,4 mannobiose) significantly increased the concentration of
acetate and butyrate in the cecum of broilers (P < 0.05). Butyrin
also serves similar functions to affect SCFA production in the
gut, but most research has focused on rodents and mammals.
A previous study showed that acetate content in the cecum of
weaned pigs challenged with LPS was elevated after tributyrin
supplementation (2 g/kg) (137). Although tributyrin (4 g/kg)
had no significant effects on SCFA concentrations in the piglet
cecum, it tended to increase the concentrations of acetate
(P = 0.53), propionate (P = 0.86), and butyrate (P = 0.59) (138).
However, a study showed an inverse result, which showed that 5
g/kg monobutyrin decreased acetate, propionate, and isovalerate
concentrations in rat cecum, while 5 g/kg tributyrin decreased
valerate and isobutyrate contents (139). At present, nutritionists
are paying increasing attention to improving the intestinal health
of poultry via nutritional strategies. It is important to regulate
the production of SCFAs in the hindgut by supplementing
dietary fiber and prebiotics, SCFA-producing bacteria, and
additives to poultry formulations. This will help maintain the
intestinal health of poultry and alleviate intestinal inflammation,
so as to maintain the healthy and sustainable development
of the poultry industry after banning antimicrobial growth
promoters (Table 1).

CONCLUSIONS AND FUTURE
PERSPECTIVES

In conclusion, SCFAs are important biomarkers to monitor
intestinal health of poultry. SCFAs can improve barrier function,
regulate microorganisms, enhance immune function and prevent
inflammation of gut in poultry. The influence of dietary factors,
through dietary interventions such as increasing dietary fiber,
butyric acid, and acid-producing bacteria, can increase the
SCFAs in the intestine, however, excessive SCFAs (butyrate
and acetate) in the hindgut will promote the development of
metabolic syndrome via the gut microbiota–brain–β-cell axis.
So, an appropriate amount of SCFAs in the intestine may be
beneficial to poultry gut health. The content and ratio of SCFAs
in the intestine are affected by the characteristics of dietary
fibers (solubility and fermentability of dietary fibers), undigested
protein, and lipids. Therefore, theremay be a threshold for SCFAs
in the intestine. In the future, it is necessary to study how to
regulate the production of SCFAs through nutritional strategies
and determine the optimal level and proportion of SCFAs for
maintaining intestinal health and preventing enteritis in poultry
production after the banning of antibiotic.
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Background: Geese are conventionally considered to be herbivorous, which could

also be raised with concentrate feeding diets without green grass because of the

similar gastrointestinal tract with other poultry. However, the geese gut microbiota

profiles and their interactions with epithelial cells are still of limited study. Flavonoids

were well-documented to shape gut microbiota and promote epithelial barrier functions

individually or cooperatively with other metabolites. Therefore, in the present study,

honeycomb flavonoids (HF) were supplemented to investigate the effects on growth

performances, intestinal development, and gut microbiome of geese.

Material and Methods: A total of 400 1-day-old male lion-head geese with similar birth

weight (82.6 ± 1.4 g) were randomly divided into five treatments: the control treatment

(CON) and the HF supplementation treatments, HF was supplemented arithmetically to

increase from 0.25 to 1%. Growth performance, carcass performances, and intestines’

development parameters were measured to determine the optimum supplement.

Junction proteins including ZO-1 and ZO-2 and cecal microbiota were investigated to

demonstrate the regulatory effects of HF on both microbiota and intestinal epithelium.

Results: Results showed that 0.5% of HF supplement had superior growth

performance, carcass performance, and the total parameters of gastrointestinal

development to other treatments. Further research showed that tight junction

proteins including ZO-1 and ZO-2 significantly up-regulated, while Firmicutes

and some probiotics including Clostridiales, Streptococcus, Lachnoclostridium, and

Bifidobacterium, remarkably proliferated after HF supplement. In conclusion, HF

supplement in concentrate-diet feeding geese effectively increased the growth

performances by regulating the gut microbiota to increase the probiotic abundance

to promote the nutrient digestibility and fortify the epithelial development and barrier

functions to facilitate the nutrient absorption and utilization.

Keywords: geese, honeycomb flavonoids, growth performance, gut microbiota, intestinal epithelium
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INTRODUCTION

In the latest years, the chicken gut metagenome and its
modulatory effects on production performance, the heritability
of chicken gut microbe, and the interactive regulation on feed
efficiency between host genetics and gut microbiome have been
well-studied (1, 2). However, little information could be acquired
about geese. Geese are traditionally considered as herbivorous
waterfowl which have been recently shown to be raised with
concentrate feeding and without green grass (3, 4). Indeed,
feeding with more concentrate significantly increased the growth
and feed efficiency. Simultaneously, gastrointestinal morphology
and gut microbiota altered with the change of diet. Therefore, to
investigate the gastrointestinal development and gut microbiota,
followed by the underlying interactive effects between the
host and gut microbiota of geese, is of critical importance to
geese production.

The gut microbiome is considered the host second genome,
which emerged as a key determinant of many aspects
including the capability of shaping developmental, physiological
and reproductive phenotypes (5), the enhancement of feed
digestibility and nutrient absorption throughout the digestive
tract (2), and the inhibition on intestinal pathogenic bacteria (6).
Further, unlike other environmental factors, the microbiomes
may be transmitted between generations carrying the potentiality
to alter traits beyond the limits of the host’s genetics (7), and
further worked on shaping the phenotypes of the progenies.
Previous studies showed that gut microbiome is highly malleable
by environmental factors (5) while symbiotic bacteria can
increase bioavailable nutrient pools (7), which ultimately
benefited the growth of the eukaryotic host.

Metabolic activity of the gut microbiota, especially the
microbial secondary metabolites, expressed an essential role
in maintaining homoeostasis and promoting growth of the
host (8). Among which, flavonoids were extensively studied in
shaping gut microbiota and epithelial barrier, and further applied
in poultry production as a growth promoter and microbial
regulator (9). Flavonoids and flavonoid metabolites have been
well-documented to shape gut microbiota by inhibiting the
growth of various pathogens and increasing beneficial genera
such as Bifidobacterium and Lactobacillus because of their
splendid anti-oxidation and free radical scavenging capabilities
(10–12). Also, flavonoids are metabolized by the gut microbiota
and intestinal tissues, resulting in modulation of intestinal
cytokines and enhancement of gut epithelial barrier function
(13). Moreover, flavonoids in the gastrointestinal tract were
proven to modulate the activity of enzymes involved in lipids and
carbohydrates, which further provided energy and substances
for gut morphogenesis and functional maturation (14). All these
benefits could in turn improve gut health by reducing the
endotoxin production, increasing the conversion of primary into
secondary bile acids, maintaining gut immune homeostasis, and
promoting nutrients absorption (14).

Conventionally, flavonoids are extracted from plants,
especially in Chinese medicine. Whereas, the honeycomb,
which provides a residential place for bees and also is easy to
acquire (15), was also virtually confirmed to contain a rich

content of flavonoids (16, 17). Therefore, in the present study,
honeycomb flavonoids (HF) were supplemented to determine
the effects on growth performances, intestinal development,
and gut microbiome of geese. We hypothesized that HF could
increase the gut beneficial genera, modulate the epithelial
development, and finally promote nutrient absorption and
growth performance.

MATERIALS AND METHODS

Animal care and procedures followed The Chinese Guidelines
for Animal Welfare, which was approved by the Animal Care
and Use Committee of Jiangxi Agricultural University, with the
approval number JXAULL-20201009.

Experimental Design and Birds Feeding
Procedure
A total of 400 one-day-oldmale lion-head geese with similar birth
weight (82.6 g± 1.4 g) was randomly divided into five treatments:
the control treatment (CON) and the HF supplementation
treatments, HF was supplementally arithmetically increased,
which includes 0.25, 0.50, 0.75, and 1.0%. Each treatment
contains four replications, with 20 birds in each replicate. All
birds received the floor-rearing system, each replicate was allotted
an 8-m long and 4-m wide compartment. Each compartment was
1m high from the ground. All birds were provided with a two-
phase feeding procedure (Day 0–21 as the starting phase, while
Day 22–70was the finishing phase), feed andwater were provided
ad libitum throughout the experiment. The room temperature
was maintained at 37◦C for the first week and then reduced by
3◦C each week until reaching 24◦C. The lighting schedule was
23 h light and 1 h dark during all experiment periods.

Raw honeycomb used in this study was provided by the
Institute of Bee Research, Jiangxi Agricultural University, Jiangxi,
China. Honeycomb was frozen at −18◦C for 24 h, and then
quickly pulverized and sieved through a 20-mesh screen for
further investigation. HF in the present study was extracted in the
laboratory using a 30-min long ultrasonic extracting procedure
combined with a centrifugation at 3,000 rpm for 10min. The
liquid level of ultrasonic cleaner (Elmasonic X-tra Flexl, Elma,
Konstanz, Germany) was kept between 3 and 5 cm. The post-
extracting liquor was filtered after cooling and collected into an
Erlenmeyer flask. The flavonoids content was measured for about
45% active ingredient.

For the experimental diets in each phase, a master-batch of
the basal diet (negative control) was prepared in mash, and
the additives were added afterward. The composition of the
experimental diets and the nutrients are shown in Table 1.

Parameters Measurement
Growth Performance
The weight and feed consumption were weighed by replicate
basis at hatching day, Day 21, and Day 70 to assess body weight
gain (BWG), feed intake (FI), and feed conversion ratio (FCR).
Geese were inspected thoroughly each day to record and remove
any dead birds, and the feed intake was adjusted.
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TABLE 1 | Composition of the experimental diets for geese.

Ingredient Starting phase Finishing phase

Corn 59.7 60.4

SBM, CP 43% 20.27 15.75

Alfalfa meal 11.22 13.65

Inferior powder 10 12

DL-Met 0.24 0.25

Stone powder 0.35 0.33

Calcium hydrophosphate DCP 2.53 2

Salt 0.35 0.32

Primixa 1 1

Total 100 100

Level of nutrients (calculated)

ME/(kcal/kg) 2,810 2,790

CP 16.75 15.5

Ca 0.91 0.88

P 0.75 0.65

dLys 1.15 1.1

dMet 0.5 0.48

dCys 0.29 0.28

CF 5.5 6

dM+C 0.86 0.82

aPrimix: VA 12,000 IU/kg; VD3 3,000 IU/kg; VE 7.5 IU/kg; VK3 1.50 mg/kg; VB1 0.6

mg/kg; VB2 4.8mg/kg; VB6 1.8mg/kg; VB12 10mg/kg; folic acid 0.15mg/kg; niacinamide

30 mg/kg; pantothenic acid 10.5 mg/kg; Fe 80mg, Cu 8mg, Mn 80mg, Zn 60mg, Se

0.15mg, and I 0.35mg. CP, crude protein; CF, crude fiber.

Carcass Performances
On Day 70, 2 birds per replication (total 40 samples) were
randomly selected for the carcass characteristics measurement
after 12-h fasting and sacrificed using electrical stunning.
Eviscerated yield was calculated as the percentages of body
weight (BW). Breast and thigh muscle yields were weighed
and calculated as the percentages of eviscerated weight (EW).
Abdominal fat percentage was calculated by abdominal fat
weight/(abdominal fat weight+ EW).

Gastrointestinal Development
On Day 70, all parts throughout the gastrointestinal tract
were sampled which includes muscular and glandular stomachs,
duodenum, ileum, jejunum, cecum, and colorectum. The
duodenum is connected to the muscular stomach, following with
the jejunum and the ileum, which are in the second segment
of the whole intestine. The cecum is located at the junction
of the small intestine and the large intestine, which possessed
two branched parallel bowel segments. Whereafter, the weight
and length of each part of the intestine were measured to
investigate the gastrointestinal development. Furthermore, tight
junctions related genes ZO1 and ZO2 of intestinal epithelial
cells which play important roles in maintaining the intestine
barrier function also determined the expression quantity
in both ileum and jejunum through reverse transcription-
PCR (RT-PCR).

Cecal Content Sampling and Microbiota
Analysis
Cecal samples were collected from all slaughtered birds. All
samples were rapidly frozen with liquid nitrogen and then
stored at −80◦C for further analysis. Based on the above-
mentioned parameters, optimum supplement treatment was
selected for the further microbiome analysis compared with
the CON treatment. DNA from each sample was extracted
using CTAB/SDS method followed by the measurement of
DNA concentration and purity. The V4 region of the
16S rRNA gene was amplified using the universal primers
520F and 802R (F: GTGCCAGCMGCCGCGGTAA and R:
GGACTACHVGGGTWTCTAAT). All PCR reactions were
carried out with Phusion High-Fidelity PCR Master Mix (New
England Biolabs). Samples with a bright main strip between 400
and 450 bp were chosen for further analysis. The mixture of PCR
products was purified with Qiagen Gel Extraction Kit (Qiagen,
Hilden, Germany) and, subsequently, sequencing libraries were
generated using TruSeq R© DNA PCR-Free Sample Preparation
Kit (Illumina, San Diego, CA). The library quality was assessed
on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent
Bioanalyzer 2100 system. At last, the library was sequenced on
Illumina HiSeq 4000 platform (Illumina Inc., San Diego, CA).

Quality filtering of raw tags was performed under specific
filtering conditions to obtain the high-quality clean tags
according to the Quantitative Insights Into Microbial Ecology
(QIIME, V1.7.0) quality controlling process. Sequences within
similarity >97% were assigned into the same operational
taxonomic unit (OTU). For each representative sequence, the
GreenGene Database was used based on the SILVA classifier
algorithm to annotate taxonomic information.

Statistical Analysis
Differential analysis of growth performances, carcass
performances, and gastrointestinal development parameters
was verified through a normal distribution test using SAS
procedure “proc univariate data = test normal.” Subsequently,
one-way ANOVA S-N-K test was applied to investigate the
differences among the 5 treatments. Results were presented as
mean ± SEM. OTU abundances of cecal bacteria first conducted
a transformation of normal distribution using log2, and then
Student’s T-test of SAS 9.2 was applied for the differential
analysis. Alpha diversity and beta diversity in our samples were
calculated with QIIME (Version 1.7.0) and displayed with R
software (Version 3.15.3). PCoA analysis was displayed by
WGCNA package, stat packages, and ggplot2 package in R
software (Version 3.15.3). The OTU abundance of ruminal
bacteria was first transformed into normal distribution using
the log2 transformation, and then the Student’s T-test of
SAS 9.2 was applied to analyze the differences of bacteria.
P < 0.05 was significant. Spearman correlations between
bacteria communities and production performances, carcass
performances, and intestinal development parameters were
assessed using the PROC CORR procedure of SAS 9.2 and then
the correlation matrix was created and visualized in a heatmap
format using R software (Version 3.15.3).
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TABLE 2 | Effects of honeycomb flavonoids on growth performances (n = 4).

Items CON 0.25% 0.50% 0.75% 1.00% P-value

Starting BWG (g) 1,089 ± 36.4 1,102 ± 27.2 1,110 ± 25.6 1,107 ± 28.6 1,090 ± 31.6 0.123

Phase FI (g) 3,613 ± 124.6 3,537 ± 137.8 3,529 ± 144.5 3,608 ± 128.9 3,535 ± 141.8 0.939

FCR 3.32 ± 0.34 3.21 ± 0.29 3.18 ± 0.26 3.26 ± 0.31 3.24 ± 0.41 0.221

Finishing BWG (g) 4,774 ± 59.8 4,784 ± 61.3 4,804 ± 56.7 4,795 ± 64.2 4,789 ± 67.6 0.797

Phase FI (g) 17,368 ± 267.7 17,473 ± 284.3 17,467 ± 277.6 17,270 ± 291.4 17,161 ± 299.8 0.136

FCR 3.64 ± 0.29 3.65 ± 0.31 3.64 ± 0.28 3.60 ± 0.37 3.58 ± 0.32 0.292

Whole BWG (g) 5,863 ± 95.2 5,886 ± 88.6 5,914 ± 82.3 5,902 ± 92.4 5,879 ± 98.2 0.116

Phase FI (g) 20,981 ± 391.6 21,010 ± 411.7 20,996 ± 413.5 20,879 ± 419.8 20,696 ± 431.6 0.224

FCR 3.58 ± 0.38 3.57 ± 0.30 3.55 ± 0.27 3.54 ± 0.34 3.52 ± 0.36 0.437

CON, control diet; SEM, standard error of the mean.

TABLE 3 | Effects of honeycomb flavonoids supplement on carcass performances (n = 8).

Items CON 0.25% 0.50% 0.75% 1.00% P-value

Body weight (g) 5,945 ± 95.6 5,968 ± 88.9 5,996 ± 82.5 5,984 ± 92.6 5,961 ± 98.4 0.123

Dressed weight (g) 5,258 ± 91.3b 5,318 ± 87.6a 5,320 ± 81.6a 5,326 ± 91.7a 5,317 ± 97.3a 0.034

Semi-eviscerated weight (g) 4,741 ± 85.8b 4,772 ± 83.7ab 4,806 ± 78.9a 4,822 ± 87.6a 4,813 ± 91.4a 0.047

Eviscerated weight (g) 4,267 ± 87.8 4,271 ± 83.1 4,334 ± 79.8 4,349 ± 82.7 4,350 ± 86.4 0.068

Abdominal fat (g) 132.7 ± 11.4 131.2 ± 12.6 129.8 ± 10.9 126 ± 11.3 123.8 ± 10.8 0.343

Breast (g) 442.9 ± 26.8 464.9 ± 27.9 468.3 ± 25.3 437.2 ± 31.3 482.6 ± 33.8 0.064

Thigh (g) 657.7 ± 15.7b 654.5 ± 13.8b 670.0 ± 11.3a 679.2 ± 15.6a 660.6 ± 13.3ab 0.038

Dressing percentage (%) 88.45 ± 0.52 89.12 ± 0.59 88.72 ± 0.68 89.01 ± 0.81 89.2 ± 0.84 0.621

Semi-eviscerating percentage (%) 79.74 ± 0.87 79.96 ± 0.92 80.15 ± 0.88 80.58 ± 1.01 80.74 ± 0.93 0.082

Eviscerating percentage (%) 71.78 ± 0.96 71.57 ± 0.88 72.27 ± 0.94 72.67 ± 1.03 72.98 ± 1.13 0.217

Abdominal percentage (%) 3.11 ± 0.29 3.07 ± 0.24 3.0 ± 0.27 2.9 ± 0.19 2.85 ± 0.31 0.483

Breast percentage (%) 10.68 ± 0.68 10.88 ± 0.71 10.81 ± 0.75 11.05 ± 0.81 11.09 ± 0.79 0.557

Tight percentage (%) 15.41 ± 0.48 15.32 ± 0.44 15.46 ± 0.38 15.62 ± 0.46 15.19 ± 0.49 0.37

a,bMeans within a row with different letters differed significantly (P < 0.05); SEM, standard error of the mean; CON, control diet.

RESULTS

Growth and Carcass Performances
Mortality and culling rate of each treatment was recorded daily,
all treatments showed 1–2 deaths of birds throughout the trials,
which indicated no significant changes were found among all
treatments. Differential analysis of gradient HF supplement on
growth performances was first evaluated including FI, BWG, and
FCR in the starting phase, the finishing phase, and the whole
phase. Results are shown in Table 2. No significant enhancive
effects were acquired after HF supplement on both FI and BWG
for either the starting or finishing phases. It is noteworthy that
FCR showed a gradually decreasing trend with the increase of HF
supplement in the finishing and the whole phase.

Subsequently, carcass characteristics were measured, and
the results are presented in Table 3. Totally, HF supplement
significantly promoted the dressed weight and semi-eviscerated
weight while it tended to promote the eviscerated weight. Besides,
supplemented with 0.5 and 0.75% of HF significantly increased
the tight weight compared with other treatments. No significant
changes were found for other parameters after HF supplement.

Gastrointestinal Development and Cecal
Microbiota
Gastrointestinal Development
Gastrointestinal development determined the nutrient

digestibility and might be the determinant on FCR of the

whole body. Therefore, in the present research, development

of the whole digestive tract was measured which included
muscular stomach, glandular stomach, duodenum, jejunum,

ileum, cecum, and colorectum. All the results are shown in
Table 4. Based on the results, gastro-development showed

a significant inflexion with the increase of HF supplement
and 0.5% of HF supplement performed superior to other
treatments in the total parameters of gastrointestinal
development. Notably, the jejunum, ileum, and cecum
showed the best performance in 0.5% treatment. No other
significant differences were detected among all the treatments.
Therefore, supplement with 0.5% of HF was chosen for
the further cecal microbiota analysis based on the growth
performances, carcass performances, and the intestinal
development parameters.

Frontiers in Veterinary Science | www.frontiersin.org 4 October 2021 | Volume 8 | Article 739237138

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


He et al. Geese Gastrointestinal Responses to Flavonoids

TABLE 4 | Effects of honeycomb flavonoids on gastrointestinal development (n = 8).

Items CON 0.25% 0.50% 0.75% 1.00% P-value

Muscular stomach (g) 145.5 ± 9.6 138.6 ± 8.7 136.4 ± 9.4 136.1 ± 8.9 130.5 ± 10.1 0.364

Glandular stomach (g) 15.88 ± 2.61 14.04 ± 2.33 13.7 ± 2.25 16.86 ± 2.98 14.5 ± 2.38 0.152

Duodenum (g) 14.53 ± 0.97 15.33 ± 1.21 14.82 ± 0.89 15.21 ± 1.13 15.21 ± 1.16 0.231

Jejunum (g) 34.06 ± 2.03b 37.38 ± 1.99a 35.30 ± 1.78ab 33.31 ± 2.03b 34.31 ± 2.03b 0.048

Ileum (g) 29.95 ± 1.13b 29.55 ± 1.21b 31.45 ± 1.22a 28.26 ± 1.29b 29.89 ± 1.33b 0.041

Cecum (g) 8.76 ± 0.21b 9.03 ± 0.18ab 9.45 ± 0.27a 9.19 ± 0.29ab 8.87 ± 0.19b 0.037

Colorectum (g) 9.6 ± 1.08 8.69 ± 1.13 9.13 ± 1.09 9.31 ± 1.11 9.35 ± 1.21 0.076

Duodenum (cm) 50.22 ± 1.79 50.17 ± 2.01 50.5 ± 2.13 50.96 ± 1.97 50.65 ± 2.08 0.743

Jejunum (cm) 115.02 ± 3.56a 107.58 ± 4.29b 104.43 ± 3.97b 101.93 ± 2.74c 109.36 ± 2.64b 0.022

Ileum (cm) 99.42 ± 2.33b 101.37 ± 2.76b 103.75 ± 2.64ab 106.81 ± 1.97a 107.39 ± 2.18a 0.037

Cecum (cm) 57.61 ± 2.74 58.58 ± 3.12 60.98 ± 2.97 56.23 ± 3.12 60.18 ± 3.22 0.243

Colorectum (cm) 15.58 ± 0.97 15.78 ± 1.13 15.54 ± 1.22 15.87 ± 1.19 15.38 ± 1.34 0.328

a,b,cMeans within a row with different letters differed significantly (P < 0.05); SEM, standard error of the mean; CON, control diet.

FIGURE 1 | Effects of honeycomb flavonoids (0.5% supplementation) on the relative expression of ZO1 and ZO2 in the ileum and jejunum. (A) Effects of honeycomb

flavonoids on the relative expression of ZO1 in the ileum and jejunum. (B) Effects of honeycomb flavonoids on the relative expression of ZO2 in the ileum and jejunum.

*significant correlation; **very significant correlation.

Expression of ZO1 and ZO2
Apart from the weight and length, the epithelial absorption
and barrier functions account for the gross of gastrointestinal
development. Structural integrity of gut epithelium represented a
better function of the intestine. The tight junction proteins played
an important role in the epithelial integrity and thus the genes
with encodes tight junction proteins were determined to partially
illustrate the effects of HF. Results are shown in Figure 1. The
expression of ZO1 and ZO2 in both the ileum and the jejunum
were detected. Expression of ZO1 and ZO2 was up-regulated
after HF supplementation in both ileum and jejunum, and both
genes were significantly up-regulated in the ileum compared with
the control treatments. No significant changes were found in
the jejunum.

Cecal Microbiota
The 16S rRNA gene amplicon sequences from cecal contents
of both CON and HF treatment samples were conducted to

investigate the effects of HF supplementation treatments on
gastrointestinal microbiota. Taxonomy results of all bacteria are
shown in Supplementary Table 1. A total of 10 phyla and more
than 200 genera were identified in the present study, the average
length of sequence reads was about 410 nt. All the results were
subsequently analyzed for α-diversity and β-diversity.

α-Diversity
α-diversity was applied in analyzing complexity of species
diversity through Chao1, Shannon, Simpson, and ACE indexes,
and all results are displayed in Table 5. Indexes including
Chao1, Shannon, and ACE increased after HF supplement, while
noticeably the Shannon index is significantly increased after HF
treatment, which indicated that HF supplement increased the
cecal bacterial diversity.

β-Diversity
Principal coordinates analysis (PCoA), which mainly clarified
the monolithic discrepancy of bacterial profiles between HF and
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CON treatments, was first processed. As shown in Figure 2,
PCoA axes 1 and 2 account for 51.29 and 14.48%, respectively.
Bacterial communities after HF treatment could be clearly
separated from those in CON treatment through PCoA axes
1 and 2, which indicates a significant alteration of bacterial
communities took place after HF supplements.

Whereafter, differential analysis on the abundances of
different bacteria in both the phyla and the genera levels
were investigated, and all results are shown in Tables 6, 7.
Firmicutes located the dominant phylum, while Bacteroidetes
and Proteobacteria accounted for the 2nd and 3rd of the
total microbiota, respectively. HF significantly promoted the
proliferation of Firmicutes and Tenericutes Bacteroidetes while

TABLE 5 | Effects of honeycomb flavonoids (0.5% of HF) on α-diversity of cecal

contents bacterial communities (n = 8).

Items CON HF P-value

Shannon 3.93 ± 0.061 4.06 ± 0.059 0.031

Simpson 0.07 ± 0.014 0.05 ± 0.017 0.126

ACE 495.2 ± 12.34 515.1 ± 15.64 0.364

Chao 498.8 ± 9.59 505.6 ± 11.23 0.447

CON, control diet; HF, honeycomb flavonoids supplement treatment; SE, standard error.

suppressed Bacteroidetes,Verrucomicrobia, and Fibrobacteres.No
significant changes were investigated for other phyla.

As referred to the genera level, Faecalibacterium,
Ruminococcaceae, and Ruminococcus accounted for the top
three genera of both CON and HF treatments. Compared
with CON, HF supplement significantly increased the
Prevotella, Clostridiales, Streptococcus, Lachnoclostridium, and

TABLE 6 | Effects of honeycomb flavonoids (0.5% of HF) on the relative

abundances of cecal bacterial communities in the level of phyla (n = 8).

Phyla CON (%) HF (%) P-value

Bacteroidetes 14.92 ± 2.36 11.07 ± 2.46 0.163

Firmicutes 78.73 ± 3.24 83.73 ± 2.19 0.042

Proteobacteria 2.60 ± 0.64 3.19 ± 0.58 0.569

Actinobacteria 0.61 ± 0.16 0.83 ± 0.21 0.052

Spirochaetae 0.78 ± 0.36 0.34 ± 0.29 0.192

Tenericutes 1.32 ± 0.27 0.47 ± 0.19 0.029

Verrucomicrobia 0.14 ± 0.07 0.04 ± 0.02 0.009

Fibrobacteres 0.10 ± 0.07 0.07 ± 0.04 0.392

Others 0.81 ± 0.47 0.26 ± 0.25 0.111

CON, control diet; HF, honeycomb flavonoids supplement treatment.

FIGURE 2 | Principal coordinate analysis (PCoA) on community structures of the cecal microbiota after honeycomb flavonoids (0.5% supplementation) treatment.

CON, control diet; HF, honeycomb flavonoids supplement treatment.
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TABLE 7 | Effects of honeycomb flavonoids (0.5% of HF) on the relative

abundances of cecal bacterial communities in the level of genus (n = 8).

Items CON (%) HF (%) P-value

g__Faecalibacterium 16.00 ± 2.78 12.22 ± 3.11 0.091

g__Prevotella 10.77 ± 2.16 17.77 ± 2.54 0.005

g__Ruminococcaceae 12.21 ± 3.12 9.01 ± 2.01 0.301

g__Alistipes 9.98 ± 2.11 8.41 ± 1.79 0.395

g__Ruminococcus 9.38 ± 0.97 10.64 ± 1.47 0.216

g__Lachnospiraceae 7.51 ± 1.02 8.01 ± 1.21 0.771

g__Prevotellaceae 6.15 ± 0.96 5.86 ± 0.79 0.544

g__Lactobacillus 4.69 ± 0.34 5.82 ± 0.67 0.092

g__Escherichia Shigella 2.91 ± 0.14 1.29 ± 0.21 <0.001

g__Anaerotruncus 2.75 ± 0.64 2.16 ± 0.37 0.787

g__Lachnoclostridium 2.30 ± 0.21 3.30 ± 0.27 0.004

g__Butyricicoccus 2.39 ± 0.22 2.41 ± 0.16 0.273

g__Eisenbergiella 2.11 ± 0.31 1.96 ± 0.24 0.417

g__Clostridiales 1.17 ± 0.11 1.72 ± 0.16 0.001

g__Sellimonas 2.11 ± 0.18 1.12 ± 0.11 0.031

g__Streptococcus 0.63 ± 0.09 0.94 ± 0.11 0.041

g__Enterococcus 0.43 ± 0.07 0.57 ± 0.14 0.224

g__Flavonifractor 0.50 ± 0.11 0.55 ± 0.09 0.446

g__Succinivibrio 0.09 ± 0.01 0.13 ± 0.07 0.143

g__Bifidobacterium 0.02 ± 0.004 0.03 ± 0.003 0.039

Others 5.90 ± 0.24 6.07 ± 0.31 0.161

CON, control diet; HF, honeycomb flavonoids supplement treatment.

Bifidobacterium, while significantly decreased the abundances of
Escherichia Shigella and Sellimonas. Faecalibacterium showed a
decreasing trend after HF treatment, and no significant changes
of other genera were investigated.

Interactive Analysis Between Cecal
Microbiota and Production Performances,
Carcass Performances, and Intestinal
Development Parameters
Interactive analysis between the most abundant bacteria and
production performance, carcass performance, and intestinal
development parameters were conducted and the result is shown
in Figure 3.

Integrally, phenotype parameters could be separated into two
big clusters. The first, which mainly consists of ileum, cecum,
FI, and breast, was positively correlated with Butyricicoccus,
Prevotella, Clostridiales, Streptococcus, Lachnoclostridium,
and Bifidobacterium, while negatively correlated with
Faecalibacterium, Ruminococcaceae, Escherichia Shigella, and
Sellimonas. The other cluster showed the reverse correlations
with bacterial genera compared with the first one which included
jejunum, abdominal fat, and FCR. Especially, Butyricicoccus
and Eisenbergiella remarkably negatively correlated with FCR,
which may provide the target for reducing FCR and promoting
feed efficiency.

DISCUSSION

Geese are generally considered the herbivore poultry. However,
unlike the ruminants who possess the high-digestibility rumen
or the rabbits who possess the powerful cecum, the geese
gastrointestinal tract is similar to other poultries. Therefore,
how the intestinal development and the gut constituent shaped
the herbivority of geese fascinated researchers. Previous studies
indicated the geese could also be reared like chickens with high-
concentrate diets (18), and the growth performances changed
with different nutritional levels (19, 20). Whereas, the geese gut
microbiota profiles and their interactions with epithelial cells are
still of limited cognition. To our knowledge, this might be the
first time that the development of every intestinal segment and
the interactions between gut microbiome and the host of geese
are investigated.

Effects of Honeycomb Flavonoids on
Intestinal Development
The intestinal functions typically regulated by the epithelial
absorptivity and gut microbiota digestibility. The nutrients’
absorption mainly occurs at the upper parts of the
gastrointestinal tract, which is regulated by high levels of
acids, abundant digestive enzymes, and antimicrobials (21).
Besides, the intestinal epithelial cells (IECs) exist as a layer of
columned cells that generated a functional barrier to protect
the intestinal mucosa from pathogenic microorganisms, and an
interchange channel to absorb nutrients into circulation (22).
The epithelium also contains plentiful functional proteins, which
conduct the substances interchange or achieve informative
communication with other metabolites as the target spot (23).

Flavonoids in the intestines were considered as efficient
antimicrobial metabolites, which showed a broad-spectrum
antimicrobial capacity and inhibited most pathogenic micro-
organisms and thus improved epithelium development.
Moreover, flavonoids in the intestinal tract interacted with
the functional proteins including inhibition of inflammatory
signaling such as nuclear factor-kappa B (NK-kB) and up-
regulation of tight-junction proteins such as ZO1 to fortify the
intestinal tight junction barrier and structure (18, 24). In the
present study, the expression of tight-junction proteins ZO1 and
ZO2 showed a significant increase with HF supplementation.
This might partly enhance intestinal barrier functions and
further intestinal absorptivity.

Effects of Honeycomb Flavonoids on Gut
Microbiota
Apart from the enzymatic digestion in the upper parts of the
gastrointestinal tract, colonic and cecal conditions support a
diverse community of bacteria that are capable of fermenting
complex substances undigested in the small intestine (21, 25).
In our research, the microbiota community is dominated by
bacteria, with more than 90% of the species belonging to
Firmicutes and Bacteroidetes, which is in line with Tremaroli
and Backhed (26). What is noteworthy is that the ratio of
Firmicutes to Bacteroidetes was positively correlated with the
energymetabolism, the higher Firmicutes boosts the concentrate’s
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FIGURE 3 | Correlation analyses between abundances of cecal bacteria and growth performances, carcass performances, and intestinal development parameters on

the level of genera. The red color represents positive correlation while the green color represents a negative correlation. *Means a significant correlation (|r| >

0.55, P < 0.05).

digestibility, and thus more energy was provided. In our research,
Firmicutes significantly increased after HF supplement. This may
partly explain the increased body weight after HF supplement.

Particularly, Lactobacillus and Bifidobacterium, which played
important roles in maintaining intestinal homeostasis and
fortifying the intestinal mucus layer (27, 28) in the present
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FIGURE 4 | Underlying mechanism of honeycomb flavonoids on the intestinal absorption of geese.

study were significantly proliferated in HF treatment. Higher
abundance of cecal Lactobacillus positive regulated a better feed
efficiency (2), while increased Bifidobacterium correlated with
reduced adiposity and levels of microbe-derived inflammatory
molecules (29). These changes protected intestinal structure,
enhanced intestinal barrier functions, and further promoted the
intestinal absorptivity.

The Underlying Interactions Between
Microbiota and Gut Epithelium to HF
Supplement
To date, host and bacteria interactions turned into a great
causal factor that shaped the gastrointestinal tract, affected host
fitness, growth rates, and carrying capacity through providing
more energy and scavenging inflammatory molecules (7, 30).
Thus, the host-associated bacteria interacting with the epithelial
barrier is thought to be the main underlying mechanism that
impacts the geese growth performance. Just as we here focused
on the nutrient’s metabolism, the uppermost energy supplier such
as carbohydrates, and the main nutritional anti-inflammatory
metabolite—bile acid—are considered as the main substances
mediating the connection between host and bacteria to the HF
supplement (31, 32).

The carbohydrates, including cellulose, xylans, and starch,
yield the most energy by colon and cecum microbiota. The
further fermented products such as short-chain fatty acids
(SCFAs) have profound effects on gut health and energy
absorption and utilization (26). Of the SCFAs produced from
microbial fermentation, butyrate is particularly important as
an energy substrate for epithelial development and cellular
metabolism in the colonic and cecal epithelium (33). In the
present research, the main butyrate generating bacteria such as

Clostridium and Butyricicoccus remarkably increased after HF
supplement (34, 35). This might indicate that HF stimulated the
proliferation of butyrate generating bacteria and further provided
more energy for gut epithelial development.

Bile acid (BA) metabolism might be another causative
factor that regulated intestinal absorptivity. In recent research,
the BA signaling pathway was proved to be critical in both
lipid and carbohydrate metabolism, also in maintaining
esoteric glucose and cholesterol homeostasis as well as
immune states (36, 37). In addition, bile acids can regulate
gut microbial composition both directly and indirectly by
activation of innate immune response genes in the small
intestine (37). BA is also a crucial secondary metabolite
that is utilized by gut microbiota and communicated with
epithelial cells. Research further confirmed that over 80% of
microbiota-host interactions were with secondary Bas (8).
Intriguingly, flavonoids could be responsible for increased
BA production (38). These findings provided us a strong
promotive effect of HF on gastrointestinal development and
growth performances.

CONCLUSION

In summary, HF supplement in concentrate-diet feeding geese
may effectively increase the growth performances by regulating
the gut microbiota to promote the nutrient digestibility and
fortifying the epithelial development and barrier functions to
facilitate the nutrient absorption and utilization. Finally, we
showed the predicted mechanism model of HF on geese growth
performance in Figure 4 to make it visualizable. The findings
in this research might provide an efficacy in raising geese with
concentrate diets.

Frontiers in Veterinary Science | www.frontiersin.org 9 October 2021 | Volume 8 | Article 739237143

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


He et al. Geese Gastrointestinal Responses to Flavonoids

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found in the
article/Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care
and Procedures followed the Chinese Guidelines for Animal
Welfare, which was approved by the Animal Care and Use
Committee of Jiangxi Agricultural University, with the approval
number JXAULL-20201009.

AUTHOR CONTRIBUTIONS

FX designed the study. CH, HW, and LZ conducted the
experiment. FX and HY contributed to the manuscript writing
and English editing. QL, YH, JT, QC, YS, and SX contributed

to parameter measurement and the data analysis. All authors
contributed to the article and approved the submitted version.
All authors carefully read and are accountable for all aspects of
the work.

ACKNOWLEDGMENTS

We thank the Nanchang Key Laboratory of Animal Health and
Safety Production and Jiangxi Province Key Laboratory
of Animal Nutrition/Engineering Research Center of
Feed Development.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.739237/full#supplementary-material

Supplementary Table 1 | Taxonomy results of cecal microbiota in both control

and HF supplement treatments.

REFERENCES

1. Huang P, Zhang Y, Xiao K, Jiang F, Wang H, Tang D, et al. The chicken gut

metagenome and the modulatory effects of plant-derived benzylisoquinoline

alkaloids.Microbiome. (2018) 6:211. doi: 10.1186/s40168-018-0590-5

2. Wen C, YanW,Mai C, Duan Z, Zheng J, Sun C, et al. Joint contributions of the

gut microbiota and host genetics to feed efficiency in chickens. Microbiome.

(2021) 9:126. doi: 10.1186/s40168-021-01040-x

3. Bainbridge I. Goose management in Scotland: an overview. Ambio. (2017)

46:224–30. doi: 10.1007/s13280-016-0883-5

4. Bradbeer DR, Rosenquist C, Christensen TK, Fox AD. Crowded skies:

conflicts between expanding goose populations and aviation safety. Ambio.

(2017) 46:290–300. doi: 10.1007/s13280-017-0901-2

5. Houwenhuyse S, Stoks R, Mukherjee S, Decaestecker E. Locally adapted

gut microbiomes mediate host stress tolerance. ISME J. (2021) 15:2401–

14. doi: 10.1038/s41396-021-00940-y

6. Zhu B, Wang X, Li L. Human gut microbiome: the second genome of human

body. Protein Cell. (2010) 1:718–25. doi: 10.1007/s13238-010-0093-z

7. Jackrel SL, Schmidt KC, Cardinale BJ, Denef VJ. Microbiomes reduce

their host’s sensitivity to interspecific interactions. MBio. (2020) 11:02657–

19. doi: 10.1128/mBio.02657-19

8. Visconti A, Le Roy CI, Rosa F, Rossi N, Martin TC, Mohney RP, et al. Interplay

between the human gut microbiome and host metabolism. Nat Commun.

(2019) 10:4505. doi: 10.1038/s41467-019-12476-z

9. Xue F, Shi L, Li Y, Ni A, Ma H, Sun Y, et al. Effects of replacing dietary

Aureomycin with a combination of plant essential oils on production

performance and gastrointestinal health of broilers. Poult Sci. (2020) 99:4521–

9. doi: 10.1016/j.psj.2020.05.030

10. Claudie B, Fatoumata D, Roland B, Luke M, Edward T, Diarra MS. Pathotype

and antibiotic resistance gene distributions of Escherichia coli isolates from

broiler chickens raised on antimicrobial-supplemented diets. Appl Environ

Microbiol. (2009) 75:6955–62. doi: 10.1128/AEM.00375-09

11. Espley R, Butts C, Laing W, Martell S, Smith H, McGhie T, et al. Dietary

flavonoids from modified apple reduce inflammation markers and modulate

gut microbiota in mice. J Nutr. (2013) 144:146–54. doi: 10.3945/jn.113.

182659

12. De Wasch K, Okerman L, Croubels S, De Brabander H, Van Hoof J, De

Backer P. Detection of residues of tetracycline antibiotics in pork and chicken

meat: correlation between results of screening and confirmatory tests.Analyst.

(1998) 123:2737–41. doi: 10.1039/a804909b

13. Pei R, Liu X, Bolling B. Flavonoids and gut health. Curr Opin Biotechnol.

(2020) 61:153–9. doi: 10.1016/j.copbio.2019.12.018

14. Oteiza PI, Fraga CG, Mills DA, Taft DH. Flavonoids and the

gastrointestinal tract: local and systemic effects. Mol Aspects Med. (2018)

61:41–9. doi: 10.1016/j.mam.2018.01.001

15. Moritz RFA. Molecular biology of the honeybee. Adv Insect Physiol. (1995)

25:105–49. doi: 10.1016/S0065-2806(08)60064-8

16. Gómez-Caravaca AM, Gómez-Romero M, Arráez-Román D. Advances in

the analysis of phenolic compounds in products derived from bees. J Pharm

Biomed Anal. (2006) 41:1220–34. doi: 10.1016/j.jpba.2006.03.002

17. Kang DH, Kim MY. Comparative phenolic composition and antioxidant

properties of honey and honeycomb extracts. J Life Sci. (2015) 25:1169–

75. doi: 10.5352/JLS.2015.25.10.1169

18. Wang W, Yan Y, Yang Y, Feng Y, Ye H, Zhu Y, et al. PSXII-40Moringa oleifera

enhance the oxidation resistance and lipid homeostasis in 1-21 d old lion head

geese. J Anim Sci. (2018) 96:36. doi: 10.1093/jas/sky404.081

19. Ho SY, Chen YH, Yang SK. Effects of sequential feeding with low- and high-

protein diets on growth performances and plasma metabolite levels in geese.

Animal. (2015) 9:952–7. doi: 10.1017/S1751731114003267

20. Zhang S, Zhong G, Shao D, Wang Q, Hu Y, Wu T, et al. Dietary

supplementation with Bacillus subtilis promotes growth performance of

broilers by altering the dominant microbial community. Poult Sci. (2021)

100:100935. doi: 10.1016/j.psj.2020.12.032

21. O’CallaghanAA, Corr SC. Establishing boundaries: the relationship that exists

between intestinal epithelial cells and gut-dwelling bacteria. Microorganisms.

(2019) 7:663. doi: 10.3390/microorganisms7120663

22. Xie S, Zhao S, Jiang L, Lu L, Yang Q, Yu Q. Lactobacillus reuteri

stimulates intestinal epithelial proliferation and induces differentiation into

goblet cells in young chickens. J Agric Food Chem. (2019) 67:13758–

66. doi: 10.1021/acs.jafc.9b06256

23. Shi S, Wu S, Shen Y, Zhang S, Xiao Y, He X, et al. Iron oxide nanozyme

suppresses intracellular Salmonella enteritidis growth and alleviates infection

in vivo. Theranostics. (2018) 8:6149–62. doi: 10.7150/thno.29303

24. Hu L, Wu C, Zhang Z, Liu M, Maruthi Prasad E, Chen Y, et al. Pinocembrin

protects against dextran sulfate sodium-induced rats colitis by ameliorating

inflammation, improving barrier function and modulating gut microbiota.

Front Physiol. (2019) 10:908. doi: 10.3389/fphys.2019.00908

25. Hu Y, Wang L, Shao D, Wang Q, Wu Y, Han Y, et al. Selectived and reshaped

early dominant microbial community in the cecum with similar proportions

and better homogenization and species diversity due to organic acids as AGP

Frontiers in Veterinary Science | www.frontiersin.org 10 October 2021 | Volume 8 | Article 739237144

https://www.frontiersin.org/articles/10.3389/fvets.2021.739237/full#supplementary-material
https://doi.org/10.1186/s40168-018-0590-5
https://doi.org/10.1186/s40168-021-01040-x
https://doi.org/10.1007/s13280-016-0883-5
https://doi.org/10.1007/s13280-017-0901-2
https://doi.org/10.1038/s41396-021-00940-y
https://doi.org/10.1007/s13238-010-0093-z
https://doi.org/10.1128/mBio.02657-19
https://doi.org/10.1038/s41467-019-12476-z
https://doi.org/10.1016/j.psj.2020.05.030
https://doi.org/10.1128/AEM.00375-09
https://doi.org/10.3945/jn.113.182659
https://doi.org/10.1039/a804909b
https://doi.org/10.1016/j.copbio.2019.12.018
https://doi.org/10.1016/j.mam.2018.01.001
https://doi.org/10.1016/S0065-2806(08)60064-8
https://doi.org/10.1016/j.jpba.2006.03.002
https://doi.org/10.5352/JLS.2015.25.10.1169
https://doi.org/10.1093/jas/sky404.081
https://doi.org/10.1017/S1751731114003267
https://doi.org/10.1016/j.psj.2020.12.032
https://doi.org/10.3390/microorganisms7120663
https://doi.org/10.1021/acs.jafc.9b06256
https://doi.org/10.7150/thno.29303
https://doi.org/10.3389/fphys.2019.00908
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


He et al. Geese Gastrointestinal Responses to Flavonoids

alternatives mediate their effects on broilers growth. Front Microbiol. (2019)

10:2948. doi: 10.3389/fmicb.2019.02948

26. Tremaroli V, Backhed F. Functional interactions between the gut microbiota

and host metabolism. Nature. (2012) 489:242–9. doi: 10.1038/nature11552

27. Engevik MA, Luk B, Chang-Graham AL, Hall A, Herrmann B, Ruan

W, et al. Bifidobacterium dentium fortifies the intestinal mucus layer via

autophagy and calcium signaling pathways. MBio. (2019) 10:e01087–19.

doi: 10.1128/mBio.01087-19

28. Luo J, Li Y, Xie J, Gao L, Liu L, Ou S, et al. The primary biological

network of Bifidobacterium in the gut. FEMS Microbiol Lett. (2018)

365:fny057. doi: 10.1093/femsle/fny057

29. Ramirez-Farias C, Slezak K, Fuller Z, Duncan A, Holtrop G, Louis P. Effect

of inulin on the human gut microbiota: stimulation of Bifidobacterium

adolescentis and Faecalibacterium prausnitzii. Br J Nutr. (2009) 101:541–

50. doi: 10.1017/S0007114508019880

30. Wu S, Shen Y, Zhang S, Xiao Y, Shi S. Salmonella interacts

with autophagy to offense or defense. Front Microbiol. (2020)

11:721. doi: 10.3389/fmicb.2020.00721

31. Jia W, Xie G, Jia W. Bile acid-microbiota crosstalk in gastrointestinal

inflammation and carcinogenesis. Nat Rev Gastroenterol Hepatol. (2018)

15:111–28. doi: 10.1038/nrgastro.2017.119

32. Xiao Y, Zhang S, Tong H, Shi S. Comprehensive evaluation of the

role of soy and isoflavone supplementation in humans and animals over

the past two decades. Phytother Res. (2018) 32:384–94. doi: 10.1002/ptr.

5966

33. Chen G, Ran X, Li B, Li Y, He D, Huang B, et al. Sodium butyrate inhibits

inflammation and maintains epithelium barrier integrity in a TNBS-induced

inflammatory bowel disease mice model. EBioMedicine. (2018) 30:317–

25. doi: 10.1016/j.ebiom.2018.03.030

34. Chen D, Jin D, Huang S, Wu J, Xu M, Liu T, et al. Clostridium butyricum, a

butyrate-producing probiotic, inhibits intestinal tumor development through

modulating Wnt signaling and gut microbiota. Cancer Lett. (2020) 469:456–

67. doi: 10.1016/j.canlet.2019.11.019

35. Trachsel J, Humphrey S, Allen HK. Butyricicoccus porcorum sp.

nov, a butyrate-producing bacterium from swine intestinal tract.

Int J Syst Evol Microbiol. (2018) 68:1737–42. doi: 10.1099/ijsem.0.

002738

36. Chávez-Talavera O, Tailleux A, Lefebvre P, Staels B. Bile acid control of

metabolism and inflammation in obesity, type 2 diabetes, dyslipidemia,

and nonalcoholic fatty liver disease. Gastroenterology. (2017) 152:1679–

94.e1673. doi: 10.1053/j.gastro.2017.01.055

37. Ramírez-Pérez O, Cruz-Ramón V, Chinchilla-López P, Méndez-Sánchez N.

The role of the gut microbiota in bile acid metabolism. Ann Hepatol. (2017)

16:s15–s20. doi: 10.5604/01.3001.0010.5672

38. Visavadiya NP, Narasimhacharya A. Asparagus root regulates cholesterol

metabolism and improves antioxidant status in hypercholesteremic rats. Evid

Based Complem Altern Med. (2014) 6:219–26. doi: 10.1093/ecam/nem091

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 He, Wu, Lv, You, Zha, Li, Huang, Tian, Chen, Shen, Xiong

and Xue. 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 Veterinary Science | www.frontiersin.org 11 October 2021 | Volume 8 | Article 739237145

https://doi.org/10.3389/fmicb.2019.02948
https://doi.org/10.1038/nature11552
https://doi.org/10.1128/mBio.01087-19
https://doi.org/10.1093/femsle/fny057
https://doi.org/10.1017/S0007114508019880
https://doi.org/10.3389/fmicb.2020.00721
https://doi.org/10.1038/nrgastro.2017.119
https://doi.org/10.1002/ptr.5966
https://doi.org/10.1016/j.ebiom.2018.03.030
https://doi.org/10.1016/j.canlet.2019.11.019
https://doi.org/10.1099/ijsem.0.002738
https://doi.org/10.1053/j.gastro.2017.01.055
https://doi.org/10.5604/01.3001.0010.5672
https://doi.org/10.1093/ecam/nem091
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/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


ORIGINAL RESEARCH
published: 21 October 2021

doi: 10.3389/fvets.2021.712183

Frontiers in Veterinary Science | www.frontiersin.org 1 October 2021 | Volume 8 | Article 712183

Edited by:

Shourong Shi,

Poultry Institute, Chinese Academy of

Agricultural Sciences (CAAS), China

Reviewed by:

Siaka Seriba Diarra,

University of the South Pacific, Fiji

Yueping Chen,

Nanjing Agricultural University, China

*Correspondence:

Yu Yang

345605203@qq.com

Specialty section:

This article was submitted to

Animal Nutrition and Metabolism,

a section of the journal

Frontiers in Veterinary Science

Received: 20 May 2021

Accepted: 16 September 2021

Published: 21 October 2021

Citation:

Wang R, Bai Y, Yang Y, Wu XT and Li

RR (2021) A Comparison of

Production Performance, Egg Quality,

and Cecal Microbiota in Laying Hens

Receiving Graded Levels of Vitamin

B12. Front. Vet. Sci. 8:712183.

doi: 10.3389/fvets.2021.712183

A Comparison of Production
Performance, Egg Quality, and Cecal
Microbiota in Laying Hens Receiving
Graded Levels of Vitamin B12

Rui Wang 1,2, Yan Bai 1, Yu Yang 1*, Xiaotian Wu 1 and Ruirui Li 1

1 Laboratory of Poultry Production, College of Animal Science, Shanxi Agricultural University, Taigu, China, 2Department of

Life Sciences, Luliang University, Luliang, China

The objective of the study was to investigate the effect of fortified diets with standard

vs. high levels of vitamin B12 on cecal microbiota composition, production performance,

and eggshell quality of laying hens. Dietary treatments consisted of a basal diet with

no supplementation of vitamin B12 or supplemented with 25, 100, and 400 µg/kg

vitamin B12, respectively. A total of 432 laying hens were randomly assigned to four

treatments with six replicates per treatment. No significant effect of dietary treatments

on the production performance of hens was detected. The shell thickness of eggs from

hens fed diet supplemented with 100 µg/kg of vitamin B12 was higher (P < 0.01) than

that of eggs from hens fed control diet or supplemented with 25 µg/kg vitamin B12. The

shell percentage of eggs from hens fed diet supplemented with 400 µg/kg of vitamin

B12 was higher (P < 0.01) than that of eggs from hens fed other treatment diets. Dietary

vitamin B12 did not modulate diversity of the cecal microbiota of the layers. At genus

level, the cecal content from layers fed diet with supplemental level of 100 or 400 µg/kg

of vitamin B12 had higher (P< 0.01) abundance of Faecalibacterium and lower (P< 0.05)

abundance of Acinetobacter compared with the cecal content from layers fed other two

diets. The abundance of Lactobacillus in the cecal samples from layers fed 100 µg/kg of

supplemental level of vitamin B12 was higher (P < 0.05) than that from layers fed other

three diets. The abundance of Butyricicoccus was higher (P < 0.05), while Bilophila

was lower (P < 0.05) in the cecal content of layers fed 400 µg/kg of vitamin B12 diet

compared with those from layers fed other three diets. The results of PICRUSt analysis

indicated that 10 predicted metabolic functions of the cecal microbial communities were

positively correlated to dietary vitamin B12 level. Overall, dietary supplementation of 100

or 400 µg/kg of vitamin B12 had equivalent effects and caused the significant change

in composition and metabolic functions of cecal microorganisms, which could positively

impact eggshell quality, metabolism, and gut health of laying hens.

Keywords: vitamin B12, laying hens, production performance, eggshell quality, cecal microbiota
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INTRODUCTION

Vitamin B12 is one of essential B vitamins required by humans
and animals. Since it is involved in nucleic acid synthesis,
carbohydrate and fat metabolism, and methyl synthesis, the
deficiency of vitamin B12 will cause anemia, muscle weakness,
severe neurologic problems, and many other symptoms in
humans and animals (1–6). In laying hens, numerous studies
indicated that vitamin B12 is required for optimal egg production,
egg weight, and hen weight (7–11). Today, vitamins are
commonly over fed in poultry feed to give safety margin for
the deterioration of many vitamins during feed processing and
storage (12–14). Also, vitamin-enriched eggs produced through
supplementing extremely a high level of vitamins of interest
to the layer diet for human consumption have been widely
accepted (15–20). Subsequently, a significant portion of vitamins
that was not absorbed in the small intestine of layers could
reach the hind gut and affect the microbiota composition of
the cecum. Giannella et al. reported that excess vitamin B12
in the intestine changed the gut microbiome composition and
caused the overgrowth of intestinal bacterial (21). Degnan
et al. found that the competition and exchange of vitamin
B12 among microbes can regulate the gut microcommunity
(22). It was documented that vitamin B12 and some other
B vitamins changed the metabolism of microbiota, promoted
bacterial colonization in the gut, and modulated bacterial
virulence and the host defense to the pathogen infection (23–
25). Results from in vitro and in vivo trials indicated that
vitamin B12 was essential for some enteropathogens to utilize
ethanolamine, which enhanced Salmonella typhimurium growth
and its virulence gene expression (26–29). Xu et al. indicated that
vitamin B12 supplementation changed microbial composition
and increased the amount of short-chain fatty acids in an in vitro
colon simulation (30).

Thus far, not much information is available for the link
between high dietary vitamin B12 and the intestinal microbiota
composition in poultry. Therefore, the purpose of the current
study was to investigate the effect of fortified diets with standard
vs. high levels of vitamin B12 on cecal microbiota composition
and production performance of laying hens.

METHODS AND MATERIALS

All experimental procedures were carried out in accordance
with the Guidelines of the Shanxi Agricultural University
Animal Experiment Ethics Committee, and the license number
was SXAU-EAW-2017-002Chi.001. The experiment was
performed in the Animal Production Laboratory of Shanxi
Agricultural University and Xingmin Animal Husbandry
Industry Cooperative located in Taigu District of Jinzhong City.

Animals, Diets, and Experimental Design
Based on a single-factor experimental design, a total of 432
healthy Jinghong No. 1 laying hens with the same initial body
weight (BW) at 30 weeks of age were randomly assigned to
four dietary treatments to give six replicate cages of three
hens per cage. Dietary treatments included (1) corn soybean

TABLE 1 | Ingredients and composition of the basal diet (as fed basis).

Ingredient % Nutrientc Value

Corn 64.50 Metabolizable energy (MJ/kg) 11.08

Soybean meal 21.00 Crude protein (%) 16.46

Cottonseed meal 1.00 Crude fiber (%) 3.00

Linseed meal 2.00 Ether extract (%) 2.89

Limestone 9.66 Ash (%) 12.61

NaCl 0.30 Calcium (%) 3.51

DL-methionine (98%) 0.40 Total phosphorus (%) 0.50

L-Lysine·H2SO4 (70%) 0.04 Available phosphorus (%) 0.22

Choline chloride (50%) 0.11 Methionine (%) 0.39

Vitamin premixa 0.04 Lysine (%) 0.78

Mineral premixb 0.20 Threonine (%) 0.58

Calcium hydrophosphate 1.00 Methionine + Cysteine (%) 0.66

Phytase (5,000 IU/g) 0.02

Total 100.00

aSupplied per kg diet: VA 14,400 IU, VD3 54,00 IU, VK3 3.2mg, VE 32mg, VB1 2.4mg,

VB2 10mg, VB6 4mg, folate 1mg, nicotinic acid 48mg, pantothenic acid 14mg, and

biotin 0.16 mg.
bSupplied per kg diet: Cu (as copper sulfate) 8mg, Fe (as ferrous sulfate) 50mg, Mn (as

manganese sulfate) 100mg, Zn (as zinc sulfate) 90mg, I (as potassium iodide) 0.40mg,

Se (as sodium selenite) 0.36mg, and Co (as cobalt sulfate) 0.26 mg.
cThe values of metabolizable energy, available phosphorus, and amino acids are

calculated, and others are measured values.

meal basal (basal) diet with no supplementation of vitamin B12
(B0), (2) basal diet supplemented with 25 µg/kg of vitamin B12
(B25), (3) basal diet supplemented with 100 µg/kg of vitamin
B12 (B100), and (4) basal diet supplemented with 400 µg/kg
vitamin B12 (B400). The commercial product used in this trial
contained 1% vitamin B12 and was provided by Hebei Yuxing
Bio-Engineering Co. Ltd. No vitamin B12 was detected in the
basal diet by using high-performance liquid chromatography.
This is because vitamin B12 is well-known to be the sole vitamin
that is absent from plant-based feed sources. Three dietary
supplemental levels of vitamin B12 included one standard level
of 25 µg/kg recommended by breeders and vitamin-producing
companies (31, 32), and two (100 or 400 µg/kg) high levels were
used for producing vitamin B12-enriched eggs (15, 16). Other
nutrient level of basal diet was designed based on the NRC
recommendation (33). The composition and calculated nutrient
level of basal diet are listed in Table 1.

The experimental chicken coop was completely enclosed with
the stainless-steel galvanized cages of 47 ∗ 37 ∗ 38 cm in size. In a
14-day pretrial period, all laying hens were fed a basal diet. Then
the treatment diets were provided to the laying hens for another
42 days. The layers were free to eat feed and drink water during
the entire pretrial and trial periods. The daily light exposure was
16 h with an intensity not <15 lx/m2.

The Assay of Production Performance, Egg
Quality, and Serum Indicators of Laying
Hens
Hens in each replicate were weighed in-group at the start and
at the end of the experiment to evaluate the BW change. Egg
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number, egg weight, and dead birds were recorded daily, whereas
feed consumption was recorded weekly to calculate hen day egg
production (%), feed intake (g/hen/day), egg mass (g/day), and
feed conversion ratio (feed/egg mass).

A total of 18 egg samples (three eggs per replicate) were
taken weekly in a 6-week trial period to do the analysis of egg
weight and eggshell quality. Egg diameter was measured with a
digital display vernier caliper (S102-101-101, SMCT, Shanghai).
Eggshell strength was evaluated using an Egg Force Reader (EFR-
01, Orka Food Technology Ltd., Israel). Eggshell thickness was
measured on the large end, equatorial region, and small end,
respectively, using an eggshell thickness gauge (Robotmation Co.,
Ltd., Tokyo, Japan), and the average value was calculated as the
eggshell thickness measurement. The egg weight, egg yolk color,
and Haugh unit (HU) were evaluated using an Egg Analyzer
(EA-01, Orka Food Technology Ltd., Israel). Egg white and yolk
were separated carefully, then the egg yolk and eggshell were
weighed, and the ratio of the egg yolk, egg white, and eggshell
was calculated.

Blood samples were taken from six hens per treatment (one
bird per cage) to test the biochemical indicators of serum.
Vitamin B12, progesterone, and estrogen levels were measured
using enzyme-linked immunoassay kit (Shanghai Hushen
Biological Technology Co., Ltd., China). Total cholesterol (TC)
and triglyceride (TG) levels were measured using GPO-PAP
(NanJing JianCheng Bioengineering Institute, China).

The Assay of Cecal Microbiome
At the end of the experiment, one bird with a BW close to the
mean BW of each cage was euthanized by cervical dislocation to
collect the cecal content. A total of six samples per treatment were
collected. After collection, the samples were immediately frozen
by liquid nitrogen and preserved at −80◦C until analysis. The
frozen samples were used for isolation of metagenomic DNA.

DNA Extraction
Total bacterial genomic DNA samples were extracted using the
Fast DNA SPIN extraction kits (MP Biomedicals, Santa Ana, CA,
USA), following the instructions of the manufacturer, and stored
at −20◦C prior to further analysis. The quantity and quality
of extracted DNAs were measured using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher scientific, Waltham,
MA, USA) and agarose gel electrophoresis, respectively. 16S
rDNA amplicon pyrosequencing PCR amplification of the
bacterial 16S rRNA gene V3–V4 region was performed using the

forward primer 338F (5
′

-ACTCCTACGGGAGGCAGCA-3
′

) and
the reverse primer 806R (5

′

-GGACTACHVGGGTWTCTAAT-
3
′

). Sample-specific 7-bp barcodes were incorporated into
the primers for multiplex sequencing. The PCR components
contained 5 µl of Q5 reaction buffer (5×), 5 µl of Q5 High-
Fidelity GC buffer (5×), 0.25 µl of Q5 High-Fidelity DNA
Polymerase (5 U/µl), 2 µl (2.5mM) of dNTPs, 1 µl (10 µM) of
each forward and reverse primer, 2 µl of DNA template, and 8.75
µl of ddH2O.

Thermal cycling included initial denaturation at 98◦C for
2min, followed by 25 cycles consisting of denaturation at 98◦C
for 15 s, annealing at 55◦C for 30 s, and extension at 72◦C for

30 s, with a final extension of 5min at 72◦C. PCR amplicons
were purified with Agencourt AMPure Beads (Beckman Coulter,
Indianapolis, IN, USA) and quantified using the PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the
individual quantification step, amplicons were pooled in equal
amounts, and paired-end 2,300-bp sequencing was performed
using the Illlumina MiSeq platform with MiSeq Reagent Kit v3
at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

Sequence Analysis
The Quantitative Insights Into Microbial Ecology (QIIME,
v1.8.0) pipeline was employed to process the sequencing data,
as previously described (34). Briefly, raw sequencing reads with
exactmatches to the barcodes were assigned to respective samples
and identified as valid sequences. The low-quality sequences
were filtered through following criteria (35, 36) sequences that
had a length of <150 bp, sequences that had average Phred
scores of <20, sequences that contained ambiguous bases, and
sequences that contained mononucleotide repeats of >8 bp.
Paired-end reads were assembled using FLASH (37). After
chimera detection, the remaining high-quality sequences were
clustered into operational taxonomic units (OTUs) at 97%
sequence identity by UCLUST (38). A representative sequence
was selected from each OTU using default parameters. OTU
taxonomic classification was conducted by BLAST searching the
representative sequences set against the Greengenes Database
(39) using the best hit (40).

Bioinformatics and Statistical Analysis
Sequence data analyses were mainly performed using QIIME
and R packages (v3.2.0). OTU-level alpha diversity indices,
such as Chao1 richness estimator, ACE metric (Abundance-
based Coverage Estimator), Shannon diversity index, and
Simpson index, were calculated using the OTU table in
QIIME. OTU-level ranked abundance curves were generated to
compare the richness and evenness of OTUs among samples.
Differences in the Unifrac distances for pairwise comparisons
among groups were determined using Student’s t-test and
the Monte Carlo permutation test with 1,000 permutations.
The taxonomy compositions and abundances were visualized
using MEGAN (41) and GraPhlAn (42). Venn diagram was
generated to visualize the shared and unique OTUs among
samples or groups using R package “VennDiagram,” based
on the occurrence of OTUs across samples/groups regardless
of their relative abundance (43). Taxa abundances at the
phylum and genus levels were statistically compared among
samples or groups by Metastats (44). Pattern Search was used
to identify correlation between the microbial composition of
cecal content and dietary supplemental level of vitamin B12.
Microbial functions were predicted by PICRUSt (phylogenetic
investigation of communities by reconstruction of unobserved
states), based on high-quality sequences (45). Correlation
Heatmap was performed using the OmicStudio tools at https://
www.omicstudio.cn/tool.

Data were analyzed with one-way ANOVA by using Statistical
Product and Service Solutions (SPSS) 22.0 (SPSS Inc., Chicago,
IL, USA). The significant difference of means among treatment
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TABLE 2 | Effects of dietary supplementation of vitamin B12 on the production performance of laying hens*.

Items Vitamin B12 level (µg/kg) SEM P-Value

0 25 100 400

Egg production (%) Adjustment period 91.49 92.31 91.22 92.41 0.62 0.73

Experimental period 90.63 91.87 90.34 91.85 1.25 0.81

Feed intake (g/hen/day) 122.1 124.9 123.3 123.3 2.18 0.91

Feed conversion ratio (feed/egg mass) 2.10 2.13 2.14 2.10 0.06 0.65

Egg mass (g/hen/day) 58.20 58.73 57.75 58.79 0.89 0.44

Egg weight (g) 64.22 63.93 63.92 64.01 0.67 0.60

*Data are expressed as the means and pooled standard error of the mean (SEM) (n = 6).

TABLE 3 | Effects of dietary supplementation of vitamin B12 on the eggshell and egg quality*.

Items Vitamin B12 level (µg/kg) SEM P-Value

0 25 100 400

Eggshell strength (kgf) 3.752 3.860 4.031 4.231 0.258 0.66

Eggshell/egg weight (%) 10.46a 10.57a 10.35a 11.59b 0.002 0.005

Egg yolk/egg weight (%) 25.61 25.03 25.42 25.27 0.124 0.73

Egg white/egg weight (%) 63.93 64.40 64.23 63.14 0.007 0.61

Shape index 1.27 1.27 1.27 1.31 0.014 0.12

Albumen height (mm) 8.58 8.56 8.23 8.32 0.224 0.24

Haugh units 90.89 89.62 88.64 89.43 1.526 0.56

Egg yolk color 5.30 5.50 5.67 5.67 0.419 0.93

Eggshell thickness (mm) 0.362a 0.341a 0.393b 0.373ab 0.008 0.002

*Data are expressed as the means and pooled standard error of the mean (SEM) (n = 6).
a,bMeans in the same row not sharing a common superscript differ significantly at P < 0.05.

TABLE 4 | Effects of dietary supplementation of vitamin B12 on the serum indicators of laying hens*.

Items Vitamin B12 level (µg/kg) SEM P-Value

0 25 100 400

Vitamin B12 (ng/ml) 42.28a 54.85b 76.37c 78.93c 2.13 0.02

TC (mmol/L) 6.11 6.28 6.00 5.88 0.23 0.57

TG (mmol/L) 11.80 11.98 11.67 12.05 0.82 0.48

Progesterone (ng/ml) 16.53 16.31 17.08 16.58 0.71 0.56

Estrogen (pg/ml) 57.57 58.01 60.07 55.44 1.34 0.60

*Data are expressed as the means and pooled standard error of the mean (SEM) (n = 6).
a,b,cMeans in the same row not sharing a common superscript differ significantly at P < 0.05.

groups was identified via Tukey’s test. The significance was
determined at P < 0.05.

RESULTS

Production Performance, Egg Quality, and
Serum Indicators of Laying Hens
Effects of dietary vitamin B12 on the production performance
of laying hens are shown in Table 2. There was no significant
difference among all treatments for egg production, feed intake,
feed conversion ratio, egg mass, and egg weight (P > 0.05).

Table 3 lists the effect of dietary vitamin B12 on egg quality
parameters. The shell percentage of eggs from hens fed diet
supplemented with 400 µg/kg of vitamin B12 was higher (P <

0.05) than that of eggs from hens fed other treatment diets. The
shell thickness of eggs from hens fed diet supplemented with 100
µg/kg of vitamin B12 was higher (P < 0.05) than that of eggs
from hens fed control diet or supplemented with 25 µg/kg of
vitamin B12. No significant effect of dietary treatments on other
egg quality parameters was detected (P > 0.05).

The biochemical indicators of serum are listed in Table 4. The
vitamin B12 concentration of serum from hens fed diet with a
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supplementation of 25 µg/kg of vitamin B12 was higher (P< 0.05)
than that from hens fed diet with no supplementation of vitamin
B12, but lower (P < 0.05) than that from hens fed other two
diets with high supplemental levels of vitamin B12. There was no
significant difference among all treatments for other parameters.

Cecal Microbiota Composition
To explore the diversity of the cecal microbiota of layers
after dietary vitamin B12 supplementation, the composition and
species distribution of the cecal microbiota were investigated by
16S rRNA gene sequencing. After removal of the questioning
sequences, a total sequencing quantity was 952,855 that was from
24 samples of cecal content with an average of 39,702 sequences
per sample (range from 27,769 to 50,808) for subsequent analysis.
A total of 4,386 OTUs after streamlining was characterized into
different taxonomic levels including phylum, class, order, family,
genus, and species based on Green gene database through QIIME
with a 97% species similarity. Venn diagram analysis showed
that 1,927 OTUs were shared among the four dietary treatment

FIGURE 1 | Venn diagram analysis of proportion of the cecal microbes in

different treatments.

groups (Figure 1). There were 3,413, 3,165, 3,446, and 3,211
OTUs in treatments B0, B25, B100, and B400, respectively. These
results indicated that dietary vitamin B12 did not modulate
diversity of the cecal microbiota of the layers. However, there
were 141, 92, 104, and 83 OUTs that were uniquely identified in
four different treatments.

The rarefaction curves and species accumulation curve
(Figures 2A,B) for each sample leveled off as the number of
sequences increased in all four treatment groups indicating
that the samples analyzed had sufficient sequence coverage to
accurately describe the bacterial composition of the cecal content
in this study.

The alpha diversity of microbiota in the cecal content,
including species diversity (Shannon and Simpson indices) and
richness (ACE and Chao 1 indices), is shown in Table 5. There
was no significant difference among all treatments for these
indices, although the group with no vitamin B12 supplementation
tended to have higher values of ACE and Chao1.

Figure 3A and Supplementary Table 1 demonstrated the
microbial composition of cecal content from four dietary
treatments in the phylum level. The results indicated that
cecal microbiota of layers was mainly composed of Firmicutes,
Bacteroidetes, and Proteobacteria accounting for about 94%, with
Firmicutes being the predominant phylum (>52). A numerical
shift in the proportion of Bacteroidetes and Proteobacteria to
Firmicutes was observed when high-level vitamin B12 (100 or 400
µg/kg) was included in the diets. The proportion of Firmicutes,
Actinobacteria, Deferribacteres, WPS_2, and Spirochaetes is
positively correlated, and the proportion of Elusimicrobia,
Thermi, TM7, Cyanobacteria, Lentisphaerae, Planctomycetes,
Proteobacteria, Fusobacteria, Verrucomicrobia, Synergistetes, and
Bacteroidetes is negatively correlated with the supplemental level
of vitamin B12 (Figure 3C).

At genus level, a total of 173 species of bacteria in the
cecal content of laying hens was observed in this trial, among
which 17 genera had the relative abundance of more than
1% (Figure 3B; Supplementary Table 2). Pattern Search results

FIGURE 2 | (A) Rarefaction curves and (B) species accumulation curve diagram analysis of proportion of the cecal microbes in different treatments.
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TABLE 5 | Effects of dietary supplementation of vitamin B12 on the cecal microbial diversity in laying hens*.

Items Vitamin B12 level (µg/kg) SEM P-value

0 25 100 400

Simpson 0.984 0.987 0.985 0.985 0.002 0.50

Shannon 8.14 8.14 8.03 7.91 0.12 0.51

Chao1 1955.8 1701.2 1696.5 1798.2 104.1 0.36

ACE 2013.8 1768.8 1767.8 1885.8 114.2 0.40

*Data are expressed as the means and pooled standard error of the mean (SEM) (n= 6). Simpson, Simpson index; Shannon, Shannon diversity index; Chao1, Chao1 richness estimator;

ACE, abundance-based coverage estimator metric.

FIGURE 3 | The relative abundance of the cecal microbial composition and correlation with the dietary vitamin B12 level at the phylum level (A,C) and the genus level

(B,D).

indicated that the abundance of Butyricicoccus, Faecalibacterium,
Paludibacter, p_75_a5, and Unclassified_Ruminococcaceae has a
positive correlation, and the abundance of the other 20 bacteria
has a negative correlation with the dietary supplemental level of
vitamin B12 (Figure 3D).

As shown in Figure 4, the cecal content from layers fed a
diet with supplemental level of 100 or 400 µg/kg of vitamin
B12 had higher (P < 0.01) abundance of Faecalibacterium and

lower (P < 0.05) abundance of Acinetobacter compared with the
cecal content from layers fed other two diets. The abundance of
Lactobacillus in the cecal samples from layers fed 100 µg/kg of
a supplemental level of vitamin B12 was higher (P < 0.05) than
that from layers fed with the other three diets. The abundance
of Paraprevotella, Blvii28, Perlucidibaca, and Succinatimonas in
the cecal content of the layers fed diets supplemented with 25 or
100 µg/kg of vitamin B12 was higher (P < 0.05) than that from
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FIGURE 4 | The relative abundance of cecal microbiota of layers fed diets with different levels of vitamin B12 at genus level only statistically significant differences are

shown. Bars with different superscript letters were significantly different (P < 0.05).

the layers fed with the other two diets. It was worth noting that
Paludibacter was not detected in the cecal content of layers fed
a diet with no supplementation of vitamin B12. The abundance
of Butyricicoccus was significantly higher, while Bilophila was
significantly lower in the cecal content of layers fed 400 µg/kg
of vitamin B12 diet compared with that from layers fed with the
other three diets.

Functional Prediction of the Gut Microbiota
In order to get the predicted metabolic functions of the cecal
microbial communities from different treatments, PICRUSt
analysis was performed. The results are shown in Figure 5.
Ten predicted metabolic functions of the cecal microbial
communities were positively correlated with dietary vitamin
B12 level (P < 0.05). These metabolic functions included
(1) carbohydrate metabolism such as starch and sucrose
metabolism, pentose and glucuronate interconversions, other
glycan degradation, and galactose metabolism; (2) lipid
metabolism such as sphingolipid metabolism and secondary bile
acid biosynthesis; (3) biosynthesis of other secondary metabolites
such as phenylpropanoid biosynthesis and flavone and flavonol
biosynthesis; (4) other metabolisms such as polycyclic aromatic
hydrocarbon degradation and biosynthesis and biodegradation
of secondary metabolites. The cecal microbiota from layers fed
a diet with 400 µg/kg of vitamin B12 increased all the predicted
metabolic functions except flavone and flavonol biosynthesis.

Based on the results of Spearman’s analysis (Figure 6),
a positive correlation (P < 0.05) between the abundance
of Acinetobacter in the cecal content and the biosynthesis
and biodegradation of secondary metabolites and polycyclic
aromatic hydrocarbon degradation was found. The abundance
of Butyricicoccus and Paludibacter in the cecal content was

positively correlated (P < 0.05) with carbohydrate and lipid
metabolism. A negative correlation (P < 0.05) between the
abundance of Bilophila in the cecal content and biosynthesis
and biodegradation of secondary metabolites was observed. The
abundance of Lactobacillus was positively correlated (P < 0.05)
with flavone and flavonol biosynthesis.

DISCUSSION

The results from the current study showed no significant effect
of dietary vitamin B12 levels on the production performance
of laying hens including egg production, feed intake, and egg
weight. Although the concentration of vitamin B12 in B0 is
below the detectable limit, no negative impact on the production
performance due to deficiency of vitamin B12 was noticed. This
is probably because the layers might get enough reservation of
vitamin B12 in the tissues from pretrial diets to support the
need of production. The similar results were reported by other
researchers (46–48). Kominato reported that 2–5 months may
be needed to completely deplete hens of vitamin B12 stored
in tissues (49). The high dietary levels of vitamin B12 (100
or 400 µg/kg) used in this trial did not affect the production
performance of layers, but significantly increased the thickness
and the percentage of eggshell. Leeson and Caston reported that
a high dietary vitamin B12 had no effect on the egg production of
laying hens (15). The improvement of eggshell quality is probably
due to the change in microbiota and their metabolites in the
gut. A positive correlation between the abundance of butyrate-
producing bacterium and Lactobacillus in the cecal content and
dietary vitamin B12 level was found in this trail. Many studies
indicated the beneficial effect of dietary inclusion of butyrate or
probiotic including Lactobacillus on the eggshell quality (50–53).
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FIGURE 5 | The predicted metabolic attributes of cecal microbiota at genus level from different treatments.

Vitamin B12 is a critical nutrient for human beings, animals,
as well as microbes. Studies indicated that dietary inclusion of
vitamin B12 increased the level of vitamin B12 in the hind gut and
modulated the structure and function of microbial communities
in humans and mice (22, 54, 55). In the current study, although
different dietary levels of vitamin B12 did not alter the diversity
of cecal microbiota of layer hens as evident by the similar
α-diversity index among different treatments, the community
structure and abundance of the microbiota in the cecum were
significantly changed. A positive correlation between dietary
level of vitamin B12 and cecal abundance of Firmicutes was
detected. Studies found that Firmicutes is one of the dominant
microorganisms in the cecum of chicken, and the abundance
of Firmicutes is beneficial to the health of the bird because of
its anti-inflammatory effects (56–58). The negative correlation
between the dietary level of vitamin B12 and the richness of
Bacteroidetes in the cecal content observed in this trial did not
support the results reported by Kelly et al. and Wang (55, 59).
The abundance changes in microbiota due to dietary vitamin
B12 level could impact the energy metabolism of laying hens.
This is based on some evidence showing the close relationship
between the abundance of Firmicutes or Bacteroidetes and body
fat accumulation in humans and some obesity-related parameters
in mice (60, 61). However, further investigation is needed.

It is well-documented that butyrate can positively impact
intestinal health through the synergistic effect of providing
energy to the intestinal cell and anti-inflammatory effect (62–
64). Major butyrate-producing bacteria in the gastral intestinal

tract included F. prasusnitzii in Faecalibacterium genus and
Butyricoccus (65, 66). They all played a very important role
in host intestinal health (58, 66–68). Results from the current
study indicated that Faecalibacterium was the core genus in the
cecum of laying hens and was positively correlated with dietary
supplemental levels of vitamin B12, and dietary supplementation
of high-level vitamin B12 (100 or 400 µg/kg) increased
the abundance of Butyricoccus. The increased abundance of
Lactobacillus, Paraprevotella, Succinatimonas, Paludibacter, and
Sphaerochaeta in the cecal content due to high dietary vitamin
B12 (100 or 400 µg/kg) observed in this trial could also
positively impact the gut health of laying hens. This is because
bacteria in the gut, including Lactobacillus and Paraprevotella,
have been proven to play an active and protective role in
intestinal health of the host through producing antimicrobial
molecules, competitive exclusion, and changing bile acid
metabolism in the gut (69–71). Succinatimonas, Paludibacter,
and Sphaerochaeta were found to produce volatile fatty acids
including acetic acid, propionic acid, and succinic acid that
could positively impact energy metabolism of the host and
regulate hindgut pH to inhibit the growth of harmful bacteria
(72–77). Dietary supplementation of high-level vitamin B12
depressed the richness of Acinetobacter and Bilophila that
were inflammation-associated genera (78). The composition
changes in cecal microbiota of laying hens found in this
trial due to high dietary vitamin B12 was also significantly
correlated to the predicted metabolism function of microbial
communities in the cecum including carbohydrate, lipid, and
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FIGURE 6 | The correlation heatmap between the abundance of microbiota at genus level in the cecal content and the predicted metabolic functions. *P < 0.05,

**P < 0.01.

many other metabolisms. Similar results were reported by other
researchers (79).

CONCLUSIONS

To our knowledge, this is the first trial to explore the relationship
between high dietary levels of vitamin B12 and the cecal
microbiota in laying hens. The results indicated that dietary
supplementation of 100 µg/kg of vitamin B12 had equivalent
effects with the supplemental level of 400 µg/kg. Both levels
caused a significant change in composition and metabolic
functions of cecal microorganisms, which could positively impact
eggshell quality, metabolism, and gut health of laying hens
during peak production period. These findings provided the
valuable information for the application of high supplemental
levels of vitamin B12 in the diet of laying hens for production or
health purposes.
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The perturbation of gut health is a common yet unresolved problem in broiler chicken

production. Antibiotics used as growth promoters have remarkably improved the broiler

production industry with high feed conversion efficiency and reduced intestinal problems.

However, the misuse of antibiotics has also led to the increase in the development of

antibiotic resistance and antibiotic residues in the meat. Many countries have enacted

laws prohibiting the use of antibiotics in livestock production because of the increasing

concerns from the consumers and the public. Consequently, one of the most significant

discussions in the poultry industry is currently antibiotic-free livestock production.

However, the biggest challenge in animal husbandry globally is the complete removal of

antibiotics. The necessity to venture into antibiotic-free production has led researchers

to look for alternatives to antibiotics in broiler chicken production. Many strategies can

be used to replace the use of antibiotics in broiler farming. In recent years, many studies

have been conducted to identify functional feed additives with similar beneficial effects

as antibiotic growth promoters. Attention has been focused on prebiotics, probiotics,

organic acids, emulsifiers, enzymes, essential oils, tributyrin, and medium-chain fatty

acids. In this review, we focused on recent discoveries on gut healthmaintenance through

the use of these functional feed additives as alternatives to antibiotics in the past 10 years

to provide novel insights into the design of antibiotic-free feeds.

Keywords: gut, health, antibiotic, antibiotic-free strategies, broilers

INTRODUCTION

Gut health is an increasingly important topic in broiler chicken production. The rapid rise in
the global human population has increased the demand for animal protein for human nutrition,
which consequently led to the intensive production of broiler chickens to meet the demand
for food, causing unintended gut health problems and performance impairment in broiler
chickens. Intestinal diseases are associated with gut mucosal barrier leakage, inflammation, and
gut microbiome dysbiosis. For a long time, broiler production has relied on the use of antibiotics,
which have led to significant improvements in the growth performance of broiler chicken and have
helped in the fight against bacterial infections (1–3). Antibiotics have demonstrated significant
value in terms of the enhancement of health and productivity in broiler chickens. However, their
misuse in intensive livestock production has led to public and consumer concerns about antibiotic

158

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.692839
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.692839&domain=pdf&date_stamp=2021-11-17
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:naposong@qq.com
https://doi.org/10.3389/fnut.2021.692839
https://www.frontiersin.org/articles/10.3389/fnut.2021.692839/full


Zhu et al. Antibiotics-Free Strategies

FIGURE 1 | Graphical abstract.

residues in the meat and the development of antibiotic resistance
among pathogenic bacteria, with serious implications for human
and animal health and the environment. This has led to the
enactment of legal regulations prohibiting the use of antibiotics
in broiler production to alleviate its risks to human and animal
health, as well as threats to the environment (4, 5). This has
led to the need to identify alternatives to antibiotics that can
be used to fight gut pathogens that cause intestinal diseases
(Figure 1).

This review aims to identify the causes of gut health problems,
show the reported results of various regulatory measures or
alternative antibiotics, and analyze the feasibility of feeding
without antibiotics.

LESSONS FROM THE GUT HEALTH
IMPAIRMENT IN BROILERS

Poultry production losses caused by avian necrotic enteritis
(NE) and parasitic diseases, such as coccidiosis, have become
a global challenge for the poultry industry (6, 7). Since the
ban on antibiotics in animal feed, the high prevalence of NE
and coccidiosis has become a major cause of mortality in
broilers (8–10) (Figure 2).

Necrotic enteritis increases feed consumption and mortality
rates but reduces the growth performance of broiler chickens
(11). Several reasons can be cited as to why broilers contract
NE. Nutrition, stress, and coccidiosis are predisposing factors
that influence the incidence of NE (8). Clostridium perfringens
is a crucial factor for the development of NE in broiler chickens
because of its negative influence on the epithelial barrier (12,
13). C. perfringens uses and releases more than 16 toxins that
cause histotoxic and intestinal infections in animals. Different
toxins may bring virulence flexibility to C. perfringens, thereby
causing a series of diseases (14). C. perfringens is also one of

the most common contaminants in feeds (15). Alpha toxins
are C. perfringens type A product, which causes gas gangrene
(16, 17). Early studies on NE showed that alpha-toxin is the main
virulence factor for the development of the disease, but recent
studies proposed that alpha-toxin is not an essential virulence
factor in the pathogenesis of NE in poultry (8, 13, 18–20). NetB
is identified in a C. perfringens strain isolated from NE in broilers
and has considerable potential for novel vaccines against NE in
broilers (19, 21–23).

Coccidiosis is a recurring disease that endangers the intestinal
health of broilers and causes economic losses in the chicken
industry (24). The effects of coccidiosis include indigestion and
increased feed conversion rate, weight gain, and susceptibility
to secondary diseases in infected broilers (25). The main cause
of coccidiosis outbreaks is the protozoan Eimeria species, and
the infection route is through fecal–oral transmission (2, 9). The
Eimeria species increase their environmental survival through
their ability as oocysts and their drug resistance (9, 10). Eimeria
induces plasma protein leakage by damaging epithelial cells
in the intracellular phase, which includes mucus production
enhancement and the secretion of collagenases and collagenolytic
enzymes in the intestines (18, 20).

IMPAIRMENT FACTORS OF GUT HEALTH
IN BROILERS

Among the wide range of significant factors affecting broiler
health, stress, diets, exogenous infection, and water are
the most common indicators. Recently, more studies on
the impairment factors of the intestinal health of broilers
have focused on phytic acid, non-starch polysaccharides
(NSPs), inhibitors of enzymes, lectins, and heat stress
(Figure 3).
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FIGURE 2 | Avian necrotic enteritis and parasitic diseases in broilers.

FIGURE 3 | Impairment factors of gut health in broilers.
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FIGURE 4 | Antibiotic-free management strategies in broilers.

Phytic Acid
Phytic acid is a natural antioxidant found naturally in the
form of salts and is present in cereals, vegetables, nuts, and
natural oils (26). For example, phytic acid forms insoluble salts
with minerals, including phosphorus, calcium, zinc, magnesium,
and copper. Phytic acid increases the mucin (MUC) excretion
and endogenous nutrient losses, which are hazardous to
intestinal health.

Early studies showed that phytic acid is considered an
antinutritional component because of its ability to chelate with
minerals, but recent studies proposed that phytic acid performs
well in various pathological conditions, intoxication, and cancer
(27, 28). Phytic acid protects the integrity of the cytoplasmic
membrane of intestinal cells against the harmful effects of
deoxynivalenol, which is related to NE (29).

Low-phytate pea affects iron bioavailability, physiological
status, gut microbiota composition and metagenome, and
intestinal function (30). Phytase optimizes the phosphate
transporter gene expression and improves efficient dietary
phosphorus utilization (31).

Non-Starch Polysaccharides
Non-starch polysaccharides, together with resistant starch and
lignin from the dietary fiber, are found in plants especially in
the endospermic cell wall of multiple kinds of seeds (32). Many
viscous NSPs are present in the diet of chickens, leading to
increased fermentation in the small intestine, which is harmful
to the performance and gut health of poultry.

In the past, NSPs are considered an antinutritional factor
because they increase the viscosity of digests and inhibit
digestion. However, the beneficial effects of NSPs cannot
be denied. NSPs can promote the immune system, reduce
inflammation (33–37), and modulate the gut microbiota (38).

Inhibitors of Enzymes
The inhibitors of enzymes, including trypsin, chymotrypsin,
carboxypeptidases, elastase, and α-amylase, are important
naturally occurring antinutritional factors. Soybeans are a major
source of trypsin inhibitors among food and feed products (39).
Trypsin inhibitors cause the enlargement of the pancreas and
decrease protein digestibility.

Toasted soya beans decrease the trypsin inhibitor activity.
Nontoasted full-fat soya beans increase subclinical NE lesions in
the gut compared with toasted full-fat soya beans (40). The high
content of trypsin inhibitors negatively affects nutrient utilization
in the diets of broiler chickens (41).

Lectins
Lectins, which can be subdivided into hololectins, merolectins,
chimerolectins, and superlens, are widely distributed in all
plant tissues.

Plant lectins have oral toxicity to higher animals because of
the resistance of lectins to proteolysis (42). Tannins are naturally
occurring water-soluble polyphenolic compounds with the ability
to complex and precipitate proteins in aqueous solutions and
are responsible for the astringent taste of many fruits and
vegetables (43).

Frontiers in Nutrition | www.frontiersin.org 4 November 2021 | Volume 8 | Article 692839161

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


Zhu et al. Antibiotics-Free Strategies

Heat Stress
Heat stress can adversely affect welfare and productivity by
altering the activity of the neuroendocrine system of broilers
(44). Heat stress induces perturbation in the gut microbiome of
chicken (45, 46) and impairs nutrient transport and gut health by
modulating oxidative stress and inflammation (47).

ANTIBIOTIC-FREE MANAGEMENT
STRATEGIES IN BROILERS

Housing conditions, pathogen exposure, and dietary nutrients
play major roles in moderating the gut health of broilers.
Therefore, improving the gut health includes reducing stress,
promoting precision nutrition, preventing exogenous infection,
and having concern over how antibiotic-free management
strategies are used and how the breeding environment can be
improved. In this study, a review of antibiotic-free management
strategies will be detailed and will be discussed from the feed
quality control, feed additive enzymes, prebiotics, probiotics,
organic acids, and plant extract (Figure 4).

Feed Quality Control
Mycotoxins, including aflatoxins, ochratoxin A, fumonisins,
trichothecenes, zearalenone, emerging Fusarium mycotoxins,
ergot alkaloids, and patulin, are the secondary metabolites
produced by fungi and can cause mycotoxicosis (48). The
strategies for its prevention include the use of biological control
agents, appropriate environmental factors, and favorable storage
practices (49–52). Natural means, such as thermal insulation,
radiation treatment, and low-temperature plasma; chemical
methods, such as oxidation, reduction, hydrolysis, alcoholysis,
and absorption; biological methods with the use of biological
agents can eradicate mycotoxins (53). Prevention is the most
important strategy in the fight against mycotoxins.

Fermentation is a new cheap way to improve the nutritional
value of feed ingredients for broilers. Fermented poultry feeds use
solid-state (SSF) and submerged (SmF) fermentation methods
(54). Phytase is produced from fungal strains during SmF.
Fermented feeds affect the growth performance, gastrointestinal
tract microecology, gut morphology, immune system, and
welfare of poultry.

Fermented feeds can improve growth performance, immune
function, and antioxidant capacity in chickens. Fermented-feed
diets for chickens reduce the antinutritional factors process that
modulates host T-cell proliferation, T helper type 1, and T helper
type 2 cytokine production; many antioxidation are associated
with nuclear factor-κB (NF-κB) activation (55).

Feed Additive Enzymes
Fungal and bacterial fermentationmethods produce feed additive
enzymes that maximize feed conversion efficiency. Enzymes
facilitate component, protein, phytate, and glucan degradation
and improve diet digestion. The phytase (500 FTU per kg)
enzyme increases the villus width and decreases the crypt depth,
which improves the average daily gain (ADG) (56). Ply3626 lysine
(enzyme) may be exploited as an antibacterial for the treatment
of C. perfringens infection and is proposed as a biocontrol agent

in poultry production (57). Feed additive enzymes ameliorate the
deleterious effects of coccidiosis on the gut health and function of
broiler chickens (58).

Phytase (500 and 1,500 units per kg) supplements improve
phosphorous availability and have high plasma concentrations of
kynurenine and creatinine, and low concentrations of histamine
and cis-4-hydroxyproline (59). The NSP enzyme (150mg per kg)
affects the digestive function, serum cholecystokinin, pancreatic
lipase, and amylase enzyme activities, and mRNA expression in
broilers (60). Exogenous multienzyme complexes increase the
intestinal peptide transporter 1, facilitative glucose transporter
(GLUTs; e.g., GLUT2), acetyl-CoA carboxylase, and interleukin
(IL)-2 expression levels, which improve the absorption of
micronutrients and enhance the growth performance of broiler
chickens (61).

Prebiotics
Prebiotics stimulate the growth and activity of bacteria in
the intestines through their fermentable properties, benefitting
the health of broilers. Prebiotics are composed of short-
chain polysaccharides and oligosaccharides. Prebiotics cannot be
digested by broilers but can be metabolized by gut microbes
to produce short-chain fatty acids (62). Prebiotics have been
shown to reduce Campylobacter relative to its abundance in cecal
contents and other intestinal sections of the gut. Prebiotics, such
as propionic, acetic, and butyric acids, have a positive effect on
the performance of broilers, contribute to their gut health, and
can be a good alternative to antibiotics. Prebiotics change the
composition of cecal microbes in the gut, leading to changes
in the Proteobacteria and the genus and family of bacteria and
improving the performance of broilers (56).

The addition of a product rich in mannose, mannoproteins,
and mannanoligosaccharide (0.2 and.5%) in feeds significantly
increases the number of intestinal villus cells, and
mannanoligosaccharide confers gut health benefits over
antibiotics through the reduction of pathogenic bacteria,
morphological development, and increased colonization by
beneficial bacteria (63, 64). The ingestion of in ovo prebiotics
in the chicken embryo is an effective practice and alternative to
antibiotic growth promoters in broilers (65).

Curcumin (50 and 100mg per kg) supplementation induces
the expression of nuclear factor E2-related factor 2 (Nrf2)
and Nrf2-mediated phase II detoxifying enzyme genes and
increases the glutathione content and glutathione-related
enzyme activities (66). Yeast cell wall supplementation
modulates the intestinal glutathione pathway, proteolytic
enzyme activity, nutrient transport, and messenger RNA
(mRNA) expression levels of neutral, cationic, and oligopeptide
transporters (67). Nanoparticles of Fe3O4 (50mg per kg)
prevent the invasion of Salmonella enteritidis through the
regulation of phosphatidylinositol-3-kinase (PI3K)/protein
kinase (Akt)/mammalian target of rapamycin signaling pathways
(68, 69).

Probiotics
Probiotics, as a live microorganism feed supplementation,
improve growth, feed efficiency, and intestinal health (70).
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Enterococcus faecium (5 × 108 or 5 × 109 cfu per kg feed),
Streptomyces sp., and Bacillus subtilis (5 × 108 cfu/kg feed)
have antibacterial effects on the bacterial microflora in the small
intestine. Beneficial microflora contributes to the development of
the intestinal immune system and helps in the activation of innate
and adaptive immune responses (71, 72).

In terms of coccidiosis, probiotics may also have an
anticoccidial role. A study found a protecting effect in probiotic
preparations that help reduce the negative effects of coccidiosis
(70). Probiotics help minimize the risk of coccidiosis spread and
maintain gut health.

Probiotics stimulate endogenous enzymes, reduce metabolic
reactions, and promote vitamin or antimicrobial substance
production. Bacteriocins are antimicrobial peptides of bacterial
origin and have antimicrobial activities that inhibit the
production of toxins and the adhesion of pathogens (73).

Probiotics induce IFN-γ, MUC2, transforming growth
factor-beta 4 cytokine expression patterns, and the relative
abundance of specific bacterial taxon changes in the cecal
microbiota (74). Virginiamycin supplementation enhances the
epithelial barrier integrity and increases the expression levels
of IL-2 and INF-γ, and B. subtilis supplementation improves
the growth performance, intestinal immunity, and epithelial
barrier integrity. The expression levels of IL-2 and INF-γ are
downregulated (75). E. faecium supplementation upregulates the
expression of intestinal-type IIb sodium-dependent phosphate
cotransporter mRNA, increases the concentration of serum
alkaline phosphatase, changes the gut microbiota populations,
and increases the utilization of phosphorus (76). Bacillus subtilis
BYS2 supplementation improves the production performance,
immunity, and disease resistance; promotes innate immune
response, increases the expression levels of interferon (IFN)-
stimulated genes and β-defensins, and upregulates inflammatory
cytokines (77). Lactobacillus supplementation increases the
expression of sugar transporter genes (e.g., GLUT2, GLUT5,
sodium-glucose cotransporter [SGLT] 1, and SGLT4) and
improves the bacterial population of cecal contents (78).

Organic Acids
Short-chain fatty acids, medium-chain fatty acids, and other
organic acids are used as an alternative to antibiotics to reduce
the pathogenic bacteria in the gut based on their antimicrobial
activity outside the gut. The antibacterial effect of organic acids
is specific to species (79). The addition of organic acids causes
a decrease in Escherichia coli, Salmonella, Campylobacter, and
other potentially pathogenic bacteria, which result in a beneficial
effect on the gut health of broilers (80).

Growth, feed conversion rate, and feed utilization can be
promoted by adding organic acids (0.06% Galliacid, 0.1%
Biacid, or 0.02% Eneramycin) to the feed or drinking water
at appropriate times (81). Butyric acid improves the growth
performance of feed proteins of low digestible sources in chickens
(82). Butyric acid is an energy source of Intestinal epithelial
cells (IECs) that stimulate proliferation and differentiation.
Thus, improving the feed efficiency of diet supplementation
with organic acids (formic, propionic, and acetic acid) can
positively affect the cecal microbiota composition and ileal

microbial glycolytic enzyme activity (83). L-theanine is available
as a dietary supplement, used as the best natural feed additive,
and can improve the growth performance, immunity, intestinal
morphology, and antioxidant status of chickens (84).

Taurine supplementation alleviates fat synthesis by
suppressing the liver X receptor alpha pathway and decreasing
lipid accumulation in the liver (85). Glutamine inducing the
Nrf2–Keap1 pathway modulates the muscle glutamine level
and improves the resistance of heat-stressed broiler muscles
to oxidative damage (86). Diets supplemented with a blend of
organic acids prime the immune cells, and boost the immune
system of chicks. Heterophils have high expression levels of
IL10, IL1β, and C-X-C Motif Chemokine Ligand 8 mRNA
(87). Taurine improves immunity by regulating the PI3K–Akt
signaling pathway (88).

Plant Extract
Plant extracts are phytogenic feed additives that can be divided
into phenolics, nitrogen-containing alkaloids, sulfur-containing
compounds, and terpenoids based on their biosynthetic origin.
Ginger and oregano are suitable for poultry feed rather than
garlic and rosemary because they appear to be less sensitive to
odor (89, 90). Similarly, essential oils are promising alternatives
to growth promoter antibiotics. Essential oils can play preventive
and curative roles in NE in broilers (91). Adding oregano
essential oil (300 and 600mg per kg) in broiler chicken feed
increases the ADG (92). Guduchi (T. cordifolia) has a positive
effect on poultry growth performance, enhances the immune
function in birds, and is used as a potent immunomodulator and
an active antimicrobial agent in poultry (93).

Essential oils interfere with the modulation of immune
responses and inflammation (5, 94). The antibacterial effects of
essential oils disrupt the structure of the membrane and inner cell
structures via their lipophilic characteristics and related ability
to penetrate through the cell wall and cytoplasmic membrane
(95). The antioxidant effects of essential oils are observed to be
connected to the reduction of tumor cell proliferation either by
apoptosis or necrotic effects (96). Ginger oil and carvacrol can
influence the digestibility and speed of feed passage through the
digestive tract, increase the secretion of saliva, bile, and mucus,
and enhance enzyme activity. Essential oils with saponins can
promote the growth performance of broilers and increase the
protein digestibility and absorption of dietary nutrients that are
related to intestinal development and protease activity (97).

Grape seed proanthocyanidin ameliorates aflatoxin B1-
induced immunotoxicity and oxidative damage by modulating
the NF-κB and activating the Nrf2 signaling pathways (98).
Leonurine hydrochloride supplementation improves intestinal
mucosal disruption by regulating the expression of tight
junction (TJ) proteins and inhibiting the activation of the NF-
κB/mitogen-activated protein kinase (MAPK) signaling pathway
(99). Genistein ameliorates the growth performance of chicks
with intestinal injury and prevents the Lipopolysaccharides
(LPS)-induced NF-κB-dependent cytokine and MAPK
cascade signaling (100). Epigallocatechin-3-gallate increases
the antioxidant activity, regulates the MAPK/Nrf2 signaling
pathway, and upregulates the P-38MAPK, Nrf2, and heme
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oxygenase 1 expression levels (101). Quercetin supplementation
decreases the expression of NF-κB inhibitor-alpha mRNA
and increases the expression levels of TNF-α, TNF receptor-
associated factor-2, TNF receptor superfamily member 1B,
NF-κB p65 subunit, and IFN-γ mRNA, thereby improving the
immune function via the NF-κB signaling pathway triggered by
TNF-α (102).

CONCLUSION

The livestock industry has paid considerable attention to the
issues of antibiotics, and topics on intestinal health have become
the spotlight. The purpose of antibiotic alternatives is to keep the
environment and consumers healthy and maintain low mortality
and high animal production. Identifying a single “ideal” solution
within the wealth of options for gut health control is difficult.
Several measures and alternatives to antibiotics can be used in
conjunction with one another to achieve the perfect gut health.

In recent years, feed additive enzymes, prebiotics,
probiotics,organic acids, and plant extracts play an increasingly
important role in fighting infectious diseases and stimulating
poultry growth. The use of antibiotic alternatives has addressed
the problem of antibiotic resistance and residues in the food
and environment, which can promote gut health. In addition,

this strategy maintains favorable sanitary conditions and
ensures high-quality feed ingredients. Precise nutrition is
also critical.

AUTHOR CONTRIBUTIONS

QZ wrote the original manuscript and contributed much to the
revised figures. PS wrote the manuscript and revised it critically
for important intellectual content. BZ edited the manuscript. LK
and CX drawed the original figures. ZS designed the profiles
of the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the Natural Science Foundation
of Shandong Province (ZR2020MC170), the National Key R&D
Program of China (2018YFD0501401-3), and the Shandong
Province Agricultural Industry Technology (SDAIT-11-08).

ACKNOWLEDGMENTS

We thank Mr. Li Xianlei for his contribution to the writing of the
primitive manuscript.

REFERENCES

1. Khodambashi Emami N, Samie A, Rahmani HR, Ruiz-Feria CA. The effect

of peppermint essential oil and fructooligosaccharides, as alternatives to

virginiamycin, on growth performance, digestibility, gut morphology and

immune response of male broilers. Anim Feed Sci Technol. (2012) 175:57–

64. doi: 10.1016/j.anifeedsci.2012.04.001

2. Lee KW, Ho Hong Y, Lee SH, Jang SI, Park MS, Bautista DA, et al.

Effects of anticoccidial and antibiotic growth promoter programs on

broiler performance and immune status. Res Vet Sci. (2012) 93:721–

8. doi: 10.1016/j.rvsc.2012.01.001

3. Chattopadhyay MK. Use of antibiotics as feed additives: a burning question.

Front Microbiol. (2014) 5:334. doi: 10.3389/fmicb.2014.00334

4. Gonzalez Ronquillo M, Angeles Hernandez JC. Antibiotic and synthetic

growth promoters in animal diets: Review of impact and analytical

methods. Food Control. (2017) 72:255–67. doi: 10.1016/j.foodcont.2016.

03.001

5. Mehdi Y, Letourneau-Montminy MP, Gaucher ML, Chorfi Y, Suresh G,

Rouissi T, et al. Use of antibiotics in broiler production: Global impacts and

alternatives. Anim Nutr. (2018) 4:170–8. doi: 10.1016/j.aninu.2018.03.002

6. Grass JE, Gould LH, Mahon BE. Epidemiology of foodborne disease

outbreaks caused by Clostridium perfringens, United States, 1998-2010.

Foodborne Pathog Dis. (2013) 10:131–6. doi: 10.1089/fpd.2012.1316

7. Lawal JR, Jajere SM, Ibrahim UI, Geidam YA, Gulani IA, Musa

G, et al. Prevalence of coccidiosis among village and exotic

breed of chickens in Maiduguri, Nigeria. Vet World. (2016)

9:653–9. doi: 10.14202/vetworld.2016.653-659

8. Van Immerseel F, Rood JI, Moore RJ, Titball RW. Rethinking our

understanding of the pathogenesis of necrotic enteritis in chickens. Trends

Microbiol. (2009) 17:32–6. doi: 10.1016/j.tim.2008.09.005

9. Blake DP, Tomley FM. Securing poultry production from

the ever-present Eimeria challenge. Trends Parasitol. (2014)

30:12–9. doi: 10.1016/j.pt.2013.10.003

10. Fatoba AJ, Adeleke MA. Transgenic Eimeria parasite: A potential

control strategy for chicken coccidiosis. Acta Trop. (2020)

205:105417. doi: 10.1016/j.actatropica.2020.105417

11. Okumura R, Takeda K. Roles of intestinal epithelial cells in the maintenance

of gut homeostasis. Exp Mol Med. (2017) 49:e338. doi: 10.1038/emm.

2017.20

12. Martin TG, Smyth JA. The ability of disease and non-disease

producing strains of Clostridium perfringens from chickens to adhere

to extracellular matrix molecules and Caco-2 cells. Anaerobe. (2010)

16:533–9. doi: 10.1016/j.anaerobe.2010.07.003

13. Antonissen G, Van Immerseel F, Pasmans F, Ducatelle R, Haesebrouck F,

Timbermont L, et al. The mycotoxin deoxynivalenol predisposes for the

development of Clostridium perfringens-induced necrotic enteritis in broiler

chickens. PLoS ONE. (2014) 9:e108775. doi: 10.1371/journal.pone.0108775

14. Uzal FA, Freedman JC, Shrestha A, Theoret JR, Garcia J, Awad MM,

et al. Towards an understanding of the role of Clostridium perfringens

toxins in human and animal disease. Future Microbiol. (2014) 9:361–

77. doi: 10.2217/fmb.13.168

15. Timbermont L, Haesebrouck F, Ducatelle R, Van Immerseel F. Necrotic

enteritis in broilers: an updated review on the pathogenesis. Avian Pathol.

(2011) 40:341–7. doi: 10.1080/03079457.2011.590967

16. Nauerby B, Pedersen K, Madsen M. Analysis by pulsed-field

gel electrophoresis of the genetic diversity among Clostridium

perfringens isolates from chickens. Vet Microbiol. (2003)

94:257–66. doi: 10.1016/s0378-1135(03)00118-4

17. Gholamiandekhordi AR, Ducatelle R, Heyndrickx M, Haesebrouck F, Van

Immerseel F. Molecular and phenotypical characterization of Clostridium

perfringens isolates from poultry flocks with different disease status. Vet

Microbiol. (2006) 113:143–52. doi: 10.1016/j.vetmic.2005.10.023

18. Keyburn AL, Sheedy SA, Ford ME, Williamson MM, Awad MM, Rood JI,

et al. Alpha-toxin of Clostridium perfringens is not an essential virulence

factor in necrotic enteritis in chickens. Infect Immun. (2006) 74:6496–

500. doi: 10.1128/IAI.00806-06

19. Keyburn AL, Boyce JD, Vaz P, Bannam TL, Ford ME, Parker D,

et al. NetB, a new toxin that is associated with avian necrotic

enteritis caused by Clostridium perfringens. PLoS Pathog. (2008)

4:e26. doi: 10.1371/journal.ppat.0040026

20. Timbermont L, Lanckriet A, Gholamiandehkordi AR, Pasmans F, Martel A,

Haesebrouck F, et al. Origin of Clostridium perfringens isolates determines

Frontiers in Nutrition | www.frontiersin.org 7 November 2021 | Volume 8 | Article 692839164

https://doi.org/10.1016/j.anifeedsci.2012.04.001
https://doi.org/10.1016/j.rvsc.2012.01.001
https://doi.org/10.3389/fmicb.2014.00334
https://doi.org/10.1016/j.foodcont.2016.03.001
https://doi.org/10.1016/j.aninu.2018.03.002
https://doi.org/10.1089/fpd.2012.1316
https://doi.org/10.14202/vetworld.2016.653-659
https://doi.org/10.1016/j.tim.2008.09.005
https://doi.org/10.1016/j.pt.2013.10.003
https://doi.org/10.1016/j.actatropica.2020.105417
https://doi.org/10.1038/emm.2017.20
https://doi.org/10.1016/j.anaerobe.2010.07.003
https://doi.org/10.1371/journal.pone.0108775
https://doi.org/10.2217/fmb.13.168
https://doi.org/10.1080/03079457.2011.590967
https://doi.org/10.1016/s0378-1135(03)00118-4
https://doi.org/10.1016/j.vetmic.2005.10.023
https://doi.org/10.1128/IAI.00806-06
https://doi.org/10.1371/journal.ppat.0040026
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Zhu et al. Antibiotics-Free Strategies

the ability to induce necrotic enteritis in broilers. Comp Immunol Microbiol

Infect Dis. (2009) 32:503–12. doi: 10.1016/j.cimid.2008.07.001

21. Savva CG, Fernandes da Costa SP, Bokori-Brown M, Naylor CE, Cole AR,

Moss DS, et al. Molecular architecture and functional analysis of NetB,

a pore-forming toxin from Clostridium perfringens. J Biol Chem. (2013)

288:3512–3522. doi: 10.1074/jbc.M112.430223

22. Uzal FA, McClane BA, Cheung JK, Theoret J, Garcia JP, Moore

RJ, et al. Animal models to study the pathogenesis of human and

animal Clostridium perfringens infections. Vet Microbiol. (2015) 179:23–

33. doi: 10.1016/j.vetmic.2015.02.013

23. Navarro MA, McClane BA, Uzal FA. Mechanisms of Action and Cell Death

Associated with Clostridium perfringens Toxins. Toxins (Basel). (2018)

10:212. doi: 10.3390/toxins10050212

24. Venkatas J, Adeleke MA. A review of Eimeria antigen identification for the

development of novel anticoccidial vaccines. Parasitol Res. (2019) 118:1701–

10. doi: 10.1007/s00436-019-06338-2

25. Chengat Prakashbabu B, Thenmozhi V, Limon G, Kundu K, Kumar S, Garg

R, et al. Eimeria species occurrence varies between geographic regions and

poultry production systems and may influence parasite genetic diversity. Vet

Parasitol. (2017) 233:62–72. doi: 10.1016/j.vetpar.2016.12.003

26. Silva EO, Bracarense AP. Phytic Acid: From Antinutritional to Multiple

Protection Factor of Organic Systems. J Food Sci. (2016) 81:R1357–

1362. doi: 10.1111/1750-3841.13320

27. Zhao Z, Liu W, Su Y, Zhu J, Zheng G, Luo Q, et al. Evaluation of

biodistribution and safety of adenovirus vector containing MDR1 in mice.

J Exp Clin Cancer Res. (2010) 29:1. doi: 10.1186/1756-9966-29-1

28. da Silva, E. O., Gerez, J. R., do Carmo Drape, T., and Bracarense,

A. (2014). Phytic acid decreases deoxynivalenol and fumonisin

B1-induced changes on swine jejunal explants. Toxicol Rep 1,

284–292. doi: 10.1016/j.toxrep.2014.05.001

29. Pacheco GD, Silva CA, Pinton P, Oswald IP, Bracarense AP.

Phytic acid protects porcine intestinal epithelial cells from

deoxynivalenol (DON) cytotoxicity. Exp Toxicol Pathol. (2012)

64:345–7. doi: 10.1016/j.etp.2010.09.008

30. Warkentin T, Kolba N, Tako E. Low Phytate Peas (Pisum sativum L) Improve

Iron Status, Gut Microbiome, and Brush Border Membrane Functionality In

Vivo (Gallus gallus). Nutrients. (2020) 12:2563. doi: 10.3390/nu12092563

31. Olukosi OA, Kong C, Fru-Nji F, Ajuwon KM, Adeola O. Assessment of

a bacterial 6-phytase in the diets of broiler chickens. Poult Sci. (2013)

92:2101–8. https://doi.org/10.3382/ps.2012-03005.

32. Lovegrove A, Edwards CH, De Noni I, Patel H, El SN, Grassby T, et al. Role of

polysaccharides in food, digestion, and health. Crit Rev Food Sci Nutr. (2017)

57:237–53. doi: 10.1080/10408398.2014.939263

33. Xu X, Yan H, Zhang X. Structure and immuno-stimulating activities of a

new heteropolysaccharide from Lentinula edodes. J Agric Food Chem. (2012)

60:11560–6. doi: 10.1021/jf304364c

34. Berner VK, duPre SA, Redelman D, Hunter KW. Microparticulate β-

glucan vaccine conjugates phagocytized by dendritic cells activate both

naïve CD4 and CD8T cells in vitro. Cell Immunol. (2015) 298:104–

114. doi: 10.1016/j.cellimm.2015.10.007

35. Huang X, Nie S. The structure of mushroom polysaccharides

and their beneficial role in health. Food Funct. (2015) 6:3205–

17. doi: 10.1039/c5fo00678c

36. Kang GD, Lim S, Kim DH. Oleanolic acid ameliorates dextran sodium

sulfate-induced colitis in mice by restoring the balance of Th17/Treg cells

and inhibiting NF-kappaB signaling pathway. Int Immunopharmacol. (2015)

29:393–400. doi: 10.1016/j.intimp.2015.10.024

37. Li, Oosting M, Smeekens SP, Jaeger M, Aguirre-Gamboa R, Le KTT,

et al. A functional genomics approach to understand variation

in cytokine production in humans. Cell. (2016) 167:1099–110

e1014. doi: 10.1016/j.cell.2016.10.017

38. Li, Pavuluri S, Bruggeman K, Long BM, Parnell AJ, Martel A, et al.

Coassembled nanostructured bioscaffold reduces the expression of

proinflammatory cytokines to induce apoptosis in epithelial cancer

cells. Nanomed. (2016) 12:1397–407. doi: 10.1016/j.nano.2016.01.009

39. Sarwar Gilani G, Wu Xiao C, Cockell KA. Impact of Antinutritional Factors

in Food Proteins on the Digestibility of Protein and the Bioavailability

of Amino Acids and on Protein Quality. Br J Nutr. (2012) 108:S315–

32. doi: 10.1017/s0007114512002371

40. Palliyeguru MWCD, Rose SP, Mackenzie AM. Effect of trypsin inhibitor

activity in soya bean on growth performance, protein digestibility and

incidence of sub-clinical necrotic enteritis in broiler chicken flocks. Br Poult

Sci. (2011) 52:359–67. doi: 10.1080/00071668.2011.577054

41. Aderibigbe A, Cowieson AJ, Sorbara JO, Pappenberger G, Adeola O.

Growth performance and amino acid digestibility responses of broiler

chickens fed diets containing purified soybean trypsin inhibitor and

supplemented with a monocomponent protease. Poult Sci. (2020) 99:5007–

17. doi: 10.1016/j.psj.2020.06.051

42. Bhutia SK, Panda PK, Sinha N, Praharaj PP, Bhol CS, Panigrahi

DP, et al. Plant lectins in cancer therapeutics: Targeting apoptosis

and autophagy-dependent cell death. Pharmacol Res. (2019) 144:8–

18. doi: 10.1016/j.phrs.2019.04.001

43. Smeriglio A, Barreca D, Bellocco E, Trombetta D. Proanthocyanidins and

hydrolysable tannins: occurrence, dietary intake and pharmacological effects.

Br J Pharmacol. (2017) 174:1244–62. doi: 10.1111/bph.13630

44. Lara LJ, Rostagno MH. Impact of heat stress on poultry production. Animals

(Basel). (2013) 3:356–69. doi: 10.3390/ani3020356

45. Shi D, Bai L, Qu Q, Zhou S, Yang M, Guo S, et al. Impact of gut microbiota

structure in heat-stressed broilers. Poult Sci. (2019) 98:2405–13. https://doi.

org/10.3382/ps/pez026.

46. Zhu L, Liao R, Wu N, Zhu G, Yang C. Heat stress mediates changes in

fecal microbiome and functional pathways of laying hens. Appl Microbiol

Biotechnol. (2019) 103:461–72. doi: 10.1007/s00253-018-9465-8

47. Santos RR, Awati A, Roubos-van den Hil PJ, van Kempen TATG, Tersteeg-

Zijderveld MHG, Koolmees PA, et al. Effects of a feed additive blend

on broilers challenged with heat stress. Avian Pathol. (2019) 48:582–

601. doi: 10.1080/03079457.2019.1648750

48. Liew WP, Mohd-Redzwan S. Mycotoxin: Its Impact on Gut

Health and Microbiota. Front Cell Infect Microbiol. (2018)

8:60. doi: 10.3389/fcimb.2018.00060

49. Luo Y, Liu X, Li J. Updating techniques on controllingmycotoxins - A review.

Food Control. (2018) 89:123–32. https://doi.org/10.1016/j.foodcont.2018.01.

016.

50. Sarrocco S, Vannacci G. Preharvest application of beneficial fungi as a

strategy to prevent postharvest mycotoxin contamination: A review. Crop

Prot. (2018) 110:160–70. https://doi.org/10.1016/j.cropro.2017.11.013.

51. Xiao Y, Zhang S, Tong H, Shi S. Comprehensive evaluation of the role of soy

and isoflavone supplementation in humans and animals over the past two

decades. Phytother Res. (2018) 32:384–94. doi: 10.1002/ptr.5966

52. Sarrocco, S., Mauro, A., and Battilani, P. (2019). Use of Competitive

Filamentous Fungi as an Alternative Approach for Mycotoxin Risk

Reduction in Staple Cereals: State of Art and Future Perspectives. Toxins

(Basel) 11(12). doi: 10.3390/toxins11120701

53. Agriopoulou S, Stamatelopoulou E, Varzakas T. Advances in occurrence,

importance, and mycotoxin control strategies: prevention and detoxification

in foods. Foods. (2020) 9:137. doi: 10.3390/foods9020137

54. Sugiharto S, Ranjitkar S. Recent advances in fermented feeds towards

improved broiler chicken performance, gastrointestinal tract microecology

and immune responses: A review. Animal Nutrition (Zhongguo xu mu shou

yi xue hui). (2019) 5:1–10. doi: 10.1016/j.aninu.2018.11.001

55. Zhu F, Zhang B, Li J, Zhu L. Effects of fermented feed on growth performance,

immune response, and antioxidant capacity in laying hen chicks and the

underlying molecular mechanism involving nuclear factor-κB. Poult Sci.

(2020) 99:2573–80. doi: 10.1016/j.psj.2019.12.044

56. Mohammadagheri N, Najafi R, Najafi G. Effects of dietary supplementation

of organic acids and phytase on performance and intestinal histomorphology

of broilers. Vet Res Forum. (2016) 7:189–95.

57. Fenton M, Ross P, McAuliffe O, O’Mahony J, Coffey A. Recombinant

bacteriophage lysins as antibacterials. Bioeng Bugs. (2010)

1:9–16. doi: 10.4161/bbug.1.1.9818

58. Kiarie EG, Leung H, Akbari Moghaddam Kakhki R, Patterson R, Barta JR.

Utility of Feed Enzymes and Yeast Derivatives in Ameliorating Deleterious

Effects of Coccidiosis on Intestinal Health and Function in Broiler Chickens.

Front Vet Sci. (2019) 6:473. doi: 10.3389/fvets.2019.00473

Frontiers in Nutrition | www.frontiersin.org 8 November 2021 | Volume 8 | Article 692839165

https://doi.org/10.1016/j.cimid.2008.07.001
https://doi.org/10.1074/jbc.M112.430223
https://doi.org/10.1016/j.vetmic.2015.02.013
https://doi.org/10.3390/toxins10050212
https://doi.org/10.1007/s00436-019-06338-2
https://doi.org/10.1016/j.vetpar.2016.12.003
https://doi.org/10.1111/1750-3841.13320
https://doi.org/10.1186/1756-9966-29-1
https://doi.org/10.1016/j.toxrep.2014.05.001
https://doi.org/10.1016/j.etp.2010.09.008
https://doi.org/10.3390/nu12092563
https://doi.org/10.3382/ps.2012-03005
https://doi.org/10.1080/10408398.2014.939263
https://doi.org/10.1021/jf304364c
https://doi.org/10.1016/j.cellimm.2015.10.007
https://doi.org/10.1039/c5fo00678c
https://doi.org/10.1016/j.intimp.2015.10.024
https://doi.org/10.1016/j.cell.2016.10.017
https://doi.org/10.1016/j.nano.2016.01.009
https://doi.org/10.1017/s0007114512002371
https://doi.org/10.1080/00071668.2011.577054
https://doi.org/10.1016/j.psj.2020.06.051
https://doi.org/10.1016/j.phrs.2019.04.001
https://doi.org/10.1111/bph.13630
https://doi.org/10.3390/ani3020356
https://doi.org/10.3382/ps/pez026
https://doi.org/10.3382/ps/pez026
https://doi.org/10.1007/s00253-018-9465-8
https://doi.org/10.1080/03079457.2019.1648750
https://doi.org/10.3389/fcimb.2018.00060
https://doi.org/10.1016/j.foodcont.2018.01.016
https://doi.org/10.1016/j.foodcont.2018.01.016
https://doi.org/10.1016/j.cropro.2017.11.013
https://doi.org/10.1002/ptr.5966
https://doi.org/10.3390/toxins11120701
https://doi.org/10.3390/foods9020137
https://doi.org/10.1016/j.aninu.2018.11.001
https://doi.org/10.1016/j.psj.2019.12.044
https://doi.org/10.4161/bbug.1.1.9818
https://doi.org/10.3389/fvets.2019.00473
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Zhu et al. Antibiotics-Free Strategies

59. Gonzalez-Uarquin F, Kenéz Á, Rodehutscord M, Huber K. Dietary phytase

and myo-inositol supplementation are associated with distinct plasma

metabolome profile in broiler chickens. Animal. (2020) 14:549–59. https://

doi.org/10.1017/S1751731119002337.

60. Yuan L, Wang M, Zhang X, Wang Z. Effects of protease and non-starch

polysaccharide enzyme on performance, digestive function, activity and

gene expression of endogenous enzyme of broilers. PLoS ONE. (2017)

12:e0173941–e0173941. doi: 10.1371/journal.pone.0173941

61. Saleh AA, El-Far AH, Abdel-Latif MA, Emam MA, Ghanem R, Abd

El-Hamid HS. Exogenous dietary enzyme formulations improve growth

performance of broiler chickens fed a low-energy diet targeting the

intestinal nutrient transporter genes. PLoS ONE. (2018) 13:e0198085–

e0198085. doi: 10.1371/journal.pone.0198085

62. Kim SA, Jang MJ, Kim SY, Yang Y, Pavlidis HO, Ricke SC. Potential

for Prebiotics as Feed Additives to Limit Foodborne Campylobacter

Establishment in the Poultry Gastrointestinal Tract. Front Microbiol. (2019)

10:91. doi: 10.3389/fmicb.2019.00091

63. Baurhoo B, Phillip L, Ruiz-Feria CA. Effects of purified lignin and

mannan oligosaccharides on intestinal integrity and microbial populations

in the ceca and litter of broiler chickens. Poult Sci. (2007) 86:1070–

8. doi: 10.1093/ps/86.6.1070

64. Baurhoo B, Ferket PR, Zhao X. Effects of diets containing different

concentrations of mannanoligosaccharide or antibiotics on growth

performance, intestinal development, cecal and litter microbial

populations, and carcass parameters of broilers. Poult Sci. (2009)

88:2262–72. doi: 10.3382/ps.2008-00562

65. Park SH, Kim SA, Lee SI, Rubinelli PM, Roto SM, Pavlidis HO,

et al. Original XPC(TM) effect on salmonella typhimurium and

cecal microbiota from three different ages of broiler chickens when

incubated in an anaerobic in vitro culture system. Front Microbiol. (2017)

8:1070. doi: 10.3389/fmicb.2017.01070

66. Zhang JF, Bai KW, SuWP, Wang AA, Zhang LL, Huang KH, et al. Curcumin

attenuates heat-stress-induced oxidant damage by simultaneous activation

of GSH-related antioxidant enzymes and Nrf2-mediated phase II detoxifying

enzyme systems in broiler chickens. Poult Sci. (2018) 97:1209–19. https://doi.

org/10.3382/ps/pex408.

67. Liu N, Wang J, Liu Z, Wang Y, Wang J. Effect of supplemental yeast cell

walls on growth performance, gut mucosal glutathione pathway, proteolytic

enzymes and transporters in growing broiler chickens. J Anim Sci. (2018)

96:1330–7. doi: 10.1093/jas/sky046

68. Shi S, Wu S, Shen Y, Zhang S, Xiao Y, He X, et al. Iron oxide nanozyme

suppresses intracellular Salmonella Enteritidis growth and alleviates

infection in vivo. Theranostics. (2018) 8:6149–62. doi: 10.7150/thno.29303

69. Shen Y, Xiao Y, Zhang S, Wu S, Gao L, Shi S. Fe(3)O(4) Nanoparticles

attenuated salmonella infection in chicken liver through reactive oxygen and

autophagy via PI3K/Akt/mTOR signaling. Front Physiol. (2020) 10:1580–

1580. doi: 10.3389/fphys.2019.01580

70. Giannenas I, Papadopoulos E, Tsalie E, Triantafillou E, Henikl S,

Teichmann K, et al. Assessment of dietary supplementation with

probiotics on performance, intestinal morphology and microflora of

chickens infected with Eimeria tenella. Vet Parasitol. (2012) 188:31–

40. doi: 10.1016/j.vetpar.2012.02.017

71. Adil S, Magray SN. Impact and manipulation of gut microflora in poultry: a

review. J Vet Intern Med. (2012) 11:873–7. doi: 10.3923/javaa.2012.873.877

72. Wu S, Shen Y, Zhang S, Xiao Y, Shi S. Salmonella interacts with

autophagy to offense or defense. Front Microbiol. (2020) 11:721–

721. doi: 10.3389/fmicb.2020.00721

73. Pan D, Yu Z. Intestinal microbiome of poultry and its interaction with host

and diet. Gut Microbes. (2014) 5:108–19. doi: 10.4161/gmic.26945

74. Chang CH, Teng PY, Lee TT, Yu B. The effects of the supplementation

of multi-strain probiotics on intestinal microbiota, metabolites and

inflammation of young SPF chickens challenged with Salmonella enterica

subsp. enterica. Anim Sci J. (2019) 90:737–46. doi: 10.1111/asj.13205

75. Park I, Lee Y, Goo D, Zimmerman NP, Smith AH, Rehberger T, et al.

The effects of dietary Bacillus subtilis supplementation, as an alternative

to antibiotics, on growth performance, intestinal immunity, and epithelial

barrier integrity in broiler chickens infected with Eimeria maxima. Poult Sci.

(2020) 99:725–33. doi: 10.1016/j.psj.2019.12.002

76. Wang W, Cai H, Zhang A, Chen Z, Chang W, Liu G, et al.

Enterococcus faecium modulates the gut microbiota of broilers and

enhances phosphorus absorption and utilization. Animals. (2020)

10:1232. doi: 10.3390/ani10071232

77. Dong Y, Li R, Liu Y, Ma L, Zha J, Qiao X, et al. Benefit of dietary

supplementation with bacillus subtilis BYS2 on growth performance,

immune response, and disease resistance of broilers. Probiotics Antimicrob

Proteins. (2020) 12:1385–97. doi: 10.1007/s12602-020-09643-w

78. Faseleh Jahromi M, Wesam Altaher Y, Shokryazdan P, Ebrahimi R,

Ebrahimi M, Idrus Z, et al. Dietary supplementation of a mixture

of Lactobacillus strains enhances performance of broiler chickens

raised under heat stress conditions. Int J Biometeorol. (2016)

60:1099–110. doi: 10.1007/s00484-015-1103-x

79. Van Immerseel F, Russell JB, Flythe MD, Gantois I, Timbermont L, Pasmans

F, et al. The use of organic acids to combat Salmonella in poultry:

a mechanistic explanation of the efficacy. Avian Pathol. (2006) 35:182–

8. doi: 10.1080/03079450600711045

80. Hu Y, Wang L, Shao D, Wang Q, Wu Y, Han Y, et al. Selectived and reshaped

early dominant microbial community in the cecum with similar proportions

and better homogenization and species diversity due to organic acids as AGP

alternatives mediate their effects on broilers growth. Front Microbiol. (2020)

10:2948–2948. doi: 10.3389/fmicb.2019.02948

81. Hassan HMA, Mohamed MA, Youssef AW, Hassan ER. Effect of using

organic acids to substitute antibiotic growth promoters on performance

and intestinal microflora of broilers. Asian-Australas J Anim Sci. (2010)

23:1348–53. doi: 10.5713/ajas.2010.10085

82. Qaisrani SN, van Krimpen MM, Kwakkel RP, Verstegen MW, Hendriks

WH. Diet structure, butyric acid, and fermentable carbohydrates influence

growth performance, gut morphology, and cecal fermentation characteristics

in broilers. Poult Sci. (2015) 94:2152–64. doi: 10.3382/ps/pev003

83. Palamidi I, Mountzouris KC. Diet supplementation with an organic acids-

based formulation affects gut microbiota and expression of gut barrier genes

in broilers. Anim Nutr. (2018) 4:367–77. doi: 10.1016/j.aninu.2018.03.007

84. Saeed M, Khan MS, Kamboh AA, Alagawany M, Khafaga AF, Noreldin AE,

et al. L-theanine: an astounding sui generis amino acid in poultry nutrition.

Poult Sci. (2020) 99:5625–36. doi: 10.1016/j.psj.2020.07.016

85. Lu Z, He X, Ma B, Zhang L, Li J, Jiang Y, et al. Dietary taurine

supplementation decreases fat synthesis by suppressing the liver X receptor

α pathway and alleviates lipid accumulation in the liver of chronic heat-

stressed broilers. J Sci Food Agric. (2019) 99:5631–7. https://doi.org/10.1002/

jsfa.9817.

86. Hu H, Dai S, Li J, Wen A, Bai X. Glutamine improves heat stress-induced

oxidative damage in the broiler thigh muscle by activating the nuclear

factor erythroid 2-related 2/Kelch-like ECH-associated protein 1 signaling

pathway. Poult Sci. (2020) 99:1454–61. doi: 10.1016/j.psj.2019.11.001

87. Swaggerty CL, He H, Genovese KJ, Callaway TR, Kogut MH, Piva

A, et al. A microencapsulated feed additive containing organic

acids, thymol, and vanillin increases in vitro functional activity of

peripheral blood leukocytes from broiler chicks. Poult Sci. (2020)

99:3428–36. doi: 10.1016/j.psj.2020.03.031

88. Han, L., Yang, J., Jing, L., Li, G., Li, L., Ji, M., et al. Tau-TCHF Inhibits

Spleenic Apoptosis via PI3K-Akt Signaling Pathway in Chickens. In: J. Hu, F.

Piao, S.W. Schaffer, A. El Idrissi & J.-Y. Wu, editors. Taurine 11. Singapore:

Springer. (2019). p. 555–563.

89. Janz JA, Morel PC, Wilkinson BH, Purchas RW. Preliminary investigation

of the effects of low-level dietary inclusion of fragrant essential oils and

oleoresins on pig performance and pork quality. Meat Sci. (2007) 75:350–

5. doi: 10.1016/j.meatsci.2006.06.027

90. Omonijo FA, Ni L, Gong J, Wang Q, Lahaye L, Yang C. Essential oils as

alternatives to antibiotics in swine production. Anim Nutr. (2018) 4:126–

36. doi: 10.1016/j.aninu.2017.09.001

91. Jerzsele A, Szeker K, Csizinszky R, Gere E, Jakab C, Mallo JJ, et al.

Efficacy of protected sodium butyrate, a protected blend of essential oils,

their combination, and Bacillus amyloliquefaciens spore suspension against

artificially induced necrotic enteritis in broilers. Poult Sci. (2012) 91:837–

43. doi: 10.3382/ps.2011-01853

92. Peng QY, Li JD, Li Z, Duan ZY, Wu YP. Effects of dietary supplementation

with oregano essential oil on growth performance, carcass traits and jejunal

Frontiers in Nutrition | www.frontiersin.org 9 November 2021 | Volume 8 | Article 692839166

https://doi.org/10.1017/S1751731119002337
https://doi.org/10.1017/S1751731119002337
https://doi.org/10.1371/journal.pone.0173941
https://doi.org/10.1371/journal.pone.0198085
https://doi.org/10.3389/fmicb.2019.00091
https://doi.org/10.1093/ps/86.6.1070
https://doi.org/10.3382/ps.2008-00562
https://doi.org/10.3389/fmicb.2017.01070
https://doi.org/10.3382/ps/pex408
https://doi.org/10.3382/ps/pex408
https://doi.org/10.1093/jas/sky046
https://doi.org/10.7150/thno.29303
https://doi.org/10.3389/fphys.2019.01580
https://doi.org/10.1016/j.vetpar.2012.02.017
https://doi.org/10.3923/javaa.2012.873.877
https://doi.org/10.3389/fmicb.2020.00721
https://doi.org/10.4161/gmic.26945
https://doi.org/10.1111/asj.13205
https://doi.org/10.1016/j.psj.2019.12.002
https://doi.org/10.3390/ani10071232
https://doi.org/10.1007/s12602-020-09643-w
https://doi.org/10.1007/s00484-015-1103-x
https://doi.org/10.1080/03079450600711045
https://doi.org/10.3389/fmicb.2019.02948
https://doi.org/10.5713/ajas.2010.10085
https://doi.org/10.3382/ps/pev003
https://doi.org/10.1016/j.aninu.2018.03.007
https://doi.org/10.1016/j.psj.2020.07.016
https://doi.org/10.1002/jsfa.9817
https://doi.org/10.1002/jsfa.9817
https://doi.org/10.1016/j.psj.2019.11.001
https://doi.org/10.1016/j.psj.2020.03.031
https://doi.org/10.1016/j.meatsci.2006.06.027
https://doi.org/10.1016/j.aninu.2017.09.001
https://doi.org/10.3382/ps.2011-01853
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Zhu et al. Antibiotics-Free Strategies

morphology in broiler chickens. Anim Feed Sci Technol. (2016) 214:148–

53. doi: 10.1016/j.anifeedsci.2016.02.010

93. Saeed M, Naveed M, Leskovec J, Ali Kamboh A, Kakar I, Ullah K,

et al. Using Guduchi (Tinospora cordifolia) as an eco-friendly feed

supplement in human and poultry nutrition. Poult Sci. (2020) 99:801–

11. doi: 10.1016/j.psj.2019.10.051

94. Khattak F, Ronchi A, Castelli P, Sparks N. Effects of natural blend of

essential oil on growth performance, blood biochemistry, cecal morphology,

and carcass quality of broiler chickens. Poult Sci. (2014) 93:132–

7. doi: 10.3382/ps.2013-03387

95. Burt S. Essential oils: their antibacterial properties and potential

applications in foods–a review. Int J Food Microbiol. (2004)

94:223–53. doi: 10.1016/j.ijfoodmicro.2004.03.022

96. Shen SC, Ko CH, Tseng SW, Tsai SH, Chen YC. Structurally related

antitumor effects of flavanones in vitro and in vivo: involvement of caspase

3 activation, p21 gene expression, and reactive oxygen species production.

Toxicol Appl Pharmacol. (2004) 197:84–95. doi: 10.1016/j.taap.2004.02.002

97. Youssef IMI, Männer K, Zentek J. Effect of essential oils or saponins alone

or in combination on productive performance, intestinal morphology and

digestive enzymes’ activity of broiler chickens. J Anim Physiol Anim Nutr.

(2021) 105:99–107. doi: 10.1111/jpn.13431

98. Rajput SA, Sun L, Zhang N-Y, Khalil MM, Ling Z, Chong L, et al. Grape seed

proanthocyanidin extract alleviates AflatoxinB1-induced immunotoxicity

and oxidative stress via modulation of NF-κB and Nrf2 signaling pathways

in broilers. Toxins. (2019) 11:23. doi: 10.3390/toxins11010023

99. Yang L, Liu G, Lian K, Qiao Y, Zhang B, Zhu X, et al. Dietary leonurine

hydrochloride supplementation attenuates lipopolysaccharide challenge-

induced intestinal inflammation and barrier dysfunction by inhibiting the

NF-κB/MAPK signaling pathway in broilers. J Anim Sci. (2019) 97:1679–

92. doi: 10.1093/jas/skz078

100. Lv Z, Dai H, Wei Q, Jin S, Wang J, Wei X, et al. Dietary genistein

supplementation protects against lipopolysaccharide-induced intestinal

injury through altering transcriptomic profile. Poult Sci. (2020) 99:3411–

27. doi: 10.1016/j.psj.2020.03.020

101. Wang J, Jia R, Celi P, Ding X, Bai S, Zeng Q, et al. Green tea polyphenol

epigallocatechin-3-gallate improves the antioxidant capacity of eggs. Food

Funct. (2020) 11:534–43. doi: 10.1039/C9FO02157D

102. Yang JX, Maria TC, Zhou B, Xiao FL, Wang M, Mao YJ, et al.

Quercetin improves immune function in Arbor Acre broilers

through activation of NF-κB signaling pathway. Poult Sci. (2020)

99:906–13. doi: 10.1016/j.psj.2019.12.021

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Zhu, Sun, Zhang, Kong, Xiao and Song. 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 Nutrition | www.frontiersin.org 10 November 2021 | Volume 8 | Article 692839167

https://doi.org/10.1016/j.anifeedsci.2016.02.010
https://doi.org/10.1016/j.psj.2019.10.051
https://doi.org/10.3382/ps.2013-03387
https://doi.org/10.1016/j.ijfoodmicro.2004.03.022
https://doi.org/10.1016/j.taap.2004.02.002
https://doi.org/10.1111/jpn.13431
https://doi.org/10.3390/toxins11010023
https://doi.org/10.1093/jas/skz078
https://doi.org/10.1016/j.psj.2020.03.020
https://doi.org/10.1039/C9FO02157D
https://doi.org/10.1016/j.psj.2019.12.021
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/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


ORIGINAL RESEARCH
published: 24 November 2021
doi: 10.3389/fnut.2021.747136

Frontiers in Nutrition | www.frontiersin.org 1 November 2021 | Volume 8 | Article 747136

Edited by:

Shourong Shi,

Poultry Institute, Chinese Academy of

Agricultural Sciences (CAAS), China

Reviewed by:

Jun Yan,

Tianjin Academy of Agricultural

Sciences, China

Xin Wu,

Chinese Academy of Sciences

(CAS), China

*Correspondence:

Ruqing Zhong

zhongruqing@caas.cn

Liang Chen

chenliang01@caas.cn

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Nutrition and Microbes,

a section of the journal

Frontiers in Nutrition

Received: 25 July 2021

Accepted: 15 October 2021

Published: 24 November 2021

Citation:

Yin C, Xia B, Tang S, Cao A, Liu L,

Zhong R, Chen L and Zhang H (2021)

The Effect of Exogenous Bile Acids on

Antioxidant Status and Gut Microbiota

in Heat-Stressed Broiler Chickens.

Front. Nutr. 8:747136.

doi: 10.3389/fnut.2021.747136

The Effect of Exogenous Bile Acids
on Antioxidant Status and Gut
Microbiota in Heat-Stressed Broiler
Chickens
Chang Yin 1†, Bing Xia 1,2†, Shanlong Tang 1, Aizhi Cao 1,3, Lei Liu 1, Ruqing Zhong 1*,

Liang Chen 1* and Hongfu Zhang 1

1 The State Key Laboratory of Animal Nutrition, Institute of Animal Sciences, Chinese Academy of Agricultural Sciences

(CAAS), Beijing, China, 2College of Animal Science and Technology, Northwest A&F University, Xianyang, China, 3 Shandong

Longchang Animal Health Care Co., Ltd., Jinan, China

Bile acids are critical for lipid absorption, however, their new roles in maintaining or

regulating systemic metabolism are irreplaceable. The negative impacts of heat stress

(HS) on growth performance, lipid metabolism, and antioxidant status have been

reported, but it remains unknown whether the bile acids (BA) composition of broiler

chickens can be affected by HS. Therefore, this study aimed to investigate themodulating

effects of the environment (HS) and whether dietary BA supplementation can benefit

heat-stressed broiler chickens. A total of 216 Arbor Acres broilers were selected with

a bodyweight approach average and treated with thermal neutral (TN), HS (32◦C), or

HS-BA (200 mg/kg BA supplementation) from 21 to 42 days. The results showed that

an increase in average daily gain (P < 0.05) while GSH-Px activities (P < 0.05) in

both serum and liver were restored to the normal range were observed in the HS-BA

group. HS caused a drop in the primary BA (P = 0.084, 38.46%) and Tauro-conjugated

BA (33.49%) in the ileum, meanwhile, the secondary BA in the liver and cecum were

lower by 36.88 and 39.45% respectively. Notably, results were consistent that SBA

levels were significantly increased in the serum (3-fold, P = 0.0003) and the ileum

(24.89-fold, P< 0.0001). Among them, TUDCA levels (P< 0.01) were included. Besides,

BA supplementation indeed increased significantly TUDCA (P = 0.0154) and THDCA

(P = 0.0003) levels in the liver, while ileal TDCA (P = 0.0307), TLCA (P = 0.0453),

HDCA (P = 0.0018), and THDCA (P = 0.0002) levels were also increased. Intestinal

morphology of ileum was observed by hematoxylin and eosin (H&E) staining, birds fed

with BA supplementation reduced (P = 0.0431) crypt depth, and the ratio of villous

height to crypt depth trended higher (P = 0.0539) under the heat exposure. Quantitative

RT-PCR showed that dietary supplementation with BA resulted in upregulation of FXR

(P = 0.0369), ASBT (P = 0.0154), and Keap-1 (P = 0.0104) while downregulation of

iNOS (P = 0.0399) expression in ileum. Moreover, 16S rRNA gene sequencing analysis
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and relevance networks revealed that HS-derived changes in gut microbiota and BA

metabolites of broilers may affect their resistance to HS. Thus, BA supplementation can

benefit broiler chickens during high ambient temperatures, serving as a new nutritional

strategy against heat stress.

Keywords: heat stress, bile acid, antioxidant status, cecal microbiota, broiler chicken

INTRODUCTION

According to the Food and Agriculture Organization (FAO),
chicken meat accounted for 36.5% of all meat produced
worldwide (equivalent 117.2 million metric tons), owing to its
rich nutrition, low cost, high-quality protein, low cholesterol,
and low fat (1). However, with the rapid development and
growth of meat-type chickens, particularly sensitive to ambient
temperatures, and the fact that heat stress (HS) cannot be
ignored (2, 3). The negative impacts of HS on growth
performance, lipid metabolism, and redox balance have been
reported (4, 5). Our previous study suggested that chronic
heat stress caused a reduction in Tauro-conjugated bile acids
(TCBA) synthesis, conjugation, and uptake transport in pigs,
which was independent of reduced feed intake (6). Bile acids
(BA) play important roles in lipid and fat-soluble substances
digestion, antioxidant status, and lipid metabolism, etc. (7).
The primary BA is synthesized from cholesterol in the liver,
then secreted into the intestine lumen primarily as the amino
acid conjugates. Around 95% of BA is reabsorbed in the
terminal ileum by the ileal bile acid transporter (ASBT, the
apical ileal sodium-dependent bile acid cotransporter) and
recycled to the liver via the enterohepatic circulation (8). The
remaining BA is further metabolized to the secondary BA
through deconjugation and multistep dehydroxylation reactions
carried out by gut bacteria (9, 10). Our previous study suggested
that bile acids explained 37.1% of variations in the luminal
microbial composition in growing pigs (11). Gut microbiota
can deconjugate the glycine and taurine from conjugated bile
acids to yield deconjugated bile acids, which is a critical step
in microbial bile acid metabolism. Our and other previous
studies have reported that the dysbiosis of the gut microbiota

Abbreviations: ASBT, the apical ileal sodium-dependent bile acid cotransporter;

ADG, average daily gain; AMPKα1, adenosine 5
′

-monophosphate (AMP)-

activated protein kinase-α1; BA, bile acids; CA, cholic acid; CDCA,

chenodeoxycholic acid; DCA, deoxycholic acid; FDR, false discovery rate;

FXR, farnesoid x receptor; GCA, glycol-cholic acid; GCBA, glyco-conjugated

bile acids; GCDCA, glycol-chenodeoxycholic acid; GHCA, glycol-hyocholic acid;

GLP-1, glucagon-like peptide 1; GSH-Px, glutathione peroxidase; GUDCA, glycol-

ursodeoxycholic acid; HCA, hyocholic acid; HDCA, hyodeoxycholic acid; HS, heat

stress; iNOS, inducible NO synthase; Keap-1, kelch-like ECH-associated protein

1; LCA, lithocholic acid; LPS, lipopolysaccharide; MDA, malondialdehyde; Nrf2,

nuclear factor-like 2; OTU, operational taxonomic unit; PBA, primary bile acids;

PCoA, principal coordinate analysis; SBA, secondary bile acids; SCFA, short-chain

fatty acid; SOD, superoxide dismutase; TBA, total bile acids; TCA, tauro-cholic

acid; TCBA, tauro-conjugated bile acids; TCDCA, tauro-chenodeoxycholic acid;

TDCA, tauro-deoxycholic acid; THDCA, tauro-hyodeoxycholic acid; TLCA,

tauro-lithocholic acid; TN, thermal neutral; TNFα, tumor necrosis factor-α;

TUDCA, tauro-ursodeoxycholic acid; UDCA, ursodeoxycholic acid; ZO-1, zonula

occludens-1.

induced by environmental stress (HS, NH3, etc.) was associated
with the modification of BA structure (12, 13). Therefore,
changes in intestinal flora lead to alterations of the BA
profiles, in turn, the BA themselves affect the composition
of the intestinal flora and modulate host physiology was also
indicated (14).

Previous works have focused mainly on dietary high-energy
density or applying additives such as electrolytes, minerals,
vitamins, and Chinese herbal to exert anti-stress (15). However,
“targeted” strategies for alleviating HS get more and more
attention. As a new nutritional strategy, dietary supplementation
with BA could elevate the activities of lipoprotein lipase and
duodenum lipase was previously reported (7). Secondly, the
ligand-activated transcription factor farnesoid x receptor (FXR)
can also be activated by specific BA metabolites, including cholic
acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid
(DCA), lithocholic acid (LCA), or their conjugated metabolites,
thus acting as the cellular sensor, it also serves as the crucial
metabolic regulator and liver protector (16, 17). Growing
evidence suggests that BA are intensively related to the gut
microbiota, and they interact with each other (18). For instance,
Kang et al. found that the secondary BA (endogenous bile
acids) enhanced the inhibitory activity of tryptophan-derived
antibiotics, 1-acetyl-β-carboline, and turbomycin A, which
appear to inhibit cell division of Clostridium difficile (19). There
remains a lack of studies investigating whether HS alters the
composition of the BA pool and whether exogenous BA can
alleviate HS by its characteristics described above. In this study,
we considered the cost-effectiveness and in practical applications,
a dose of 200 mg/kg BA compound (the components are
shown below) was selected as the recommended dose in
alleviating HS attracts our attention. Thus, the potential effects
of BA on alleviating heat stress in broiler chickens need to be
further studied.

MATERIALS AND METHODS

Animals and Experimental Design
The animal component of this study was conducted in
accordance with the Guidelines for Experimental Animals,
established by the Ministry of Science and Technology (Beijing,
China). Experimental procedures related to involving live
roosters were approved by the Experimental Animal Welfare and
Ethical Committee of the Institute of Animal Sciences, Chinese
Academy of Agricultural Sciences (IAS 2019-78, Beijing, China).

For statistical analyses, the treatments were divided into three
groups for all bioassays: (1) thermal neutral group (TN), (2) heat
stress group (HS), and (3) HS-BA, 200 mg/kg of feed.
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The porcine origin of BA compound, which was provided
by Shandong Longchang Animal Health Care Co., Ltd., Jinan,
China. The composition of the BA compound was analyzed by
LC-MS/MS as described (6), which contains THCA (34.02%),
UDCA (25.58%), CDCA (16.09%), HDCA (11.23%), GUDCA
(9.6%). Day-old Arbor Acres male chicks were reared in cages
for 16 days, then all birds were weighed, and 216 broilers near to
average weight were selected and divided into three treatments
(Supplementary Table S1), birds in each treatment group were
randomly allocated into six-floor pens (12 birds each pen). All
birds were caged in the environmental control cabins of the
State Key Laboratory of Animal Nutrition and had ad libitum
access to water and feed. After the 5-day adaptation in the
environmental control cabins, the temperature of HS and HS-BA
groups was increased to 32◦C in 2 h on d21, the remaining cabins
were maintained at 23◦C, and the humidity in all cabins was
maintained at 60± 5% until d42. Birds in the TN and HS groups
were provided a basal diet, while those in the HS-BA group were
fed a BA diet including the supplementation mentioned above.
Environmental conditions except temperature were referred to
the AA broiler management guide and kept the same among all
cabins. The experimental diets (Supplementary Table S2) were
formulated to meet or exceed the nutritional requirements for
broiler chickens calculated according to The National Research
Council (NRC, 1994) recommended. On d42, blood samples
were withdrawn from the wing of birds (two birds each pen)
to separate serum, then stored at −80◦C. Before tissue samples
collection, all birds were refed for 2 h, two chickens from
each pen were sacrificed by over-dose anesthetic injection.
Samples were then collected from the liver, ileum, and the
contents of ileum and cecum, aliquoted and stored at −80◦C
until use.

Apparent Digestibility of Crude Fat
After drying, the crude fat of diets and feces were determined via
the Soxhlet extractor method (Hanon SOX-406, Jinan, China).
The contents of acid-insoluble ash (AIA) in both diets and feces
were directly measured according to China National Standard
Method (GB/T23743-2009). The apparent digestibility of crude
fat was calculated using the following formula: Digestibility of CF
(%) = [1 - the CF content in feces/the CF content in diets× (the
AIA content in diets× the AIA content in feces)]× 100.

Oxidative Damages and Antioxidant
Activity in Serum and Liver
The activities of malondialdehyde (MDA), superoxide
dismutase (SOD), and glutathione peroxidase (GSH-Px)
in the serum and liver were measured with commercial
kits (Nanjing Jian Cheng Bioengineering Institute, Nanjing,
China) following the instructions of the manufacturer. To
quantify MDA, SOD, and GSH-Px in the liver, ∼100mg
of liver tissue was homogenized in 900ml of physiological
saline to make a 10 w/v% homogenate, and the supernatant
was harvested after centrifugation at 2,000 rpm for 10min
at 4◦C.

H&E Staining for Histomorphological
Analysis
The ileum samples were dehydrated, embedded in paraffin, and
then sliced at 5µm thickness. The samples were stained with
hematoxylin and eosin (HE) and observed on a Leica DM2000
light microscope (Leica Microsystems, Wetzlar, Germany). The
images were analyzed with Image J version 1.8 software (National
Institutes of Health, MD, USA). Six replicates of complete
villus and crypt from each histological section were selected for
measurement, and at least four vision fields were chosen.

LC-MS/MS to Quantify BA in Serum and
Liver as Well as Intestinal Contents
The bile acids in serum, liver and intestinal contents were
profiled with a Waters Xevo TQ-S LC/MS mass spectrometer
(Waters, Milford, MA, USA) equipped with an ESI source and
the assay condition used in the previous report by Fang et al. (20).
All solvents were of liquid chromatography-mass spectrometry
grade. The BA extraction in serum was described by Fang et al.
(20), the volume of 200-µl serum was mixed with an equal
amount of pre-cold sodium acetate buffer (50mM, pH 5.6) and
triple ethanol. The mixture was then vortexed for 2min and
allowed to stand for 30min at 4◦C, following centrifuged at
20,000 g for 20min. The supernatant was diluted four times
with sodium acetate buffer and applied to a Bond Elute C18
cartridge (500 mg/6ml, Harbor City, CA, USA) which has been
pre-activated by 5-ml methanol. The cartridge was washed with
25% ethanol and eluted with 5-ml of methanol. Finally, the
solvent was removed by gas flow (nitrogen gas), the residue was
reconstituted with 1-ml of methanol. Precipitated solids were
then removed by filtration using a 045-µm filter (Millipore, MA,
USA). The BA extraction in the liver, appropriate modification
methods were used and described by Yang et al. (21),∼50–60mg
of the lyophilized sample was homogenized in 1-ml physiological
saline, the supernatant was obtained by centrifugation at 2,500
rpm for 10min, 200-µl of liver homogenate was then extracted
using the same method as described above. Finally, the resulting
supernatant was used for LC-MS/MS analysis and the assay
conditions have been reported previously (20). The BA in the
intestinal contents was extracted in a similar manner as described
by Tang et al. (13).

Determination of mRNA Expression of
Target Genes in the Ileum
The critical genes related to BA transportation, BA
signaling, and antioxidant capacity were analyzed. Primers
(Supplementary Table S3) were characterized by amplification
efficiency analyses and agarose gel electrophoresis. Total RNA
was isolated from the ileum using a total RNA extraction kit
(Gene better, R013-50, Beijing, China). RNA integrity and
concentration were assessed via 1.2% agarose gel electrophoresis
and microspectrophotometer (Nanodrop, Technologies,
Wilmington, DE, USA). First-strand cDNA was synthesized by
using the High-Capacity cDNA Archive kit (Takara RR047A,
China) according to the instructions of the manufacturer.
Approximately 2-µg of RNA with an average A260/A280 of
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1.9 were transcribed. The qPCR was performed on 384-well
microplates and analyzed using ABI TaqMan 7900-HT software
(Applied Biosystems, CA, USA). The comparative CT method
(2−11Ct) was used to calculate the gene expression values using
β-actin as a housekeeping gene.

16S rRNA Gene Sequencing
Microbial community genomic DNA was extracted from cecal
contents samples using the E.Z.N.A. R© soil DNA Kit (Omega
Bio-Tek, Norcross, GA, USA) according to the instructions of
the manufacturer. The DNA extract was checked on 1% agarose
gel, and DNA concentration and purity were determined with
NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific,
Wilmington, USA). The hypervariable region V3–V4 of the
bacterial 16S rRNA gene was amplified with 338F/806R primer

pairs (338F, 5
′

-ACTCCTACGGGAGGCAGCAG-3
′

; 806R, 5
′

-
GGACTACHVGGGTWTCTAAT-3

′

) by an ABI GeneAmp R©

9700 PCR thermocycler (ABI, CA, USA). The PCR amplification
of 16S rRNA gene was performed as follows: initial denaturation
at 95◦C for 3min, followed by 27-cycles of denaturing at
95◦C for 30 s, annealing at 55◦C for the 30 s and extension
at 72◦C for 45 s, and single extension at 72◦C for 10min,
and end at 4◦C. The PCR mixtures contain 5×TransStart
FastPfu buffer (TransGen Biotech, Beijing, China) 4-µL, 2.5-
mM dNTPs (Takara, Shiga, Japan) 2-µl, forward primer (5-
µM) 0.8-µl, reverse primer (5-µM) 0.8-µl, TransStart FastPfu
DNA Polymerase (TransGen Biotech, Beijing, China) 0.4 µl,
template DNA 10 ng, and finally double-distilled water up to
20-µl. PCR reactions were performed in triplicate. The PCR
product was extracted from 2% agarose gel and purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
CA, USA) according to the instructions of the manufacturer
and quantified using QuantusTM Fluorometer (Promega, USA).
The raw 16S rRNA gene sequencing reads were demultiplexed,
quality-filtered by fastp version 0.20.0 (Haplox, Shenzhen, China)
(22), and merged by FLASH version 1.2.7 (Johns Hopkins
University, Baltimore, MD) (23) with the following criteria:
(1) the 300-bp reads were truncated at any site receiving
an average quality score of < 20 over a 50 bp sliding
window, and the truncated reads shorter than 50-bp were
discarded, reads containing ambiguous characters were also
discarded; (2) only overlapping sequences longer than 10-
bp were assembled according to their overlapped sequence.
The maximum mismatch ratio of the overlap region is 0.2.
Reads that could not be assembled were discarded; (3) Samples
were distinguished according to the barcode and primers, and
the sequence direction was adjusted, exact barcode matching,
two nucleotide mismatches in primer matching. Operational
taxonomic units (OTUs) with 97% similarity cutoff (24, 25)
were clustered usingUPARSE software (version 7.1, http://drive5.
com/uparse/) (24), and chimeric sequences were identified and
removed. The taxonomy of each OTU representative sequence
was analyzed by RDP Classifier version 2.2 (26) against the 16S
rRNA database (e.g., Silva v138) using a confidence threshold
of 0.7. The abundance data of representative sequences were
normalized for each sample and were log-transformed.

Statistical Analysis
The data of growth performance, serum and hepatic
biochemical parameters, bacterial α-diversity, bile acids,
intestinal morphometric indices, and mRNA expression levels
of genes were analyzed by one-way ANOVA using the fitting
model platform of JMP 10 software (SAS Institute, Inc., Cary,
NC, USA). Statistical differences among the treatments were
separated by the least significant difference method. Data were
shown as the means with a standard error of the mean or
standard error. Statistical significance was declared at a P < 0.05
and trends at 0.05 < P ≤ 0.10.

The statistical analysis of operational taxonomic unit (OTU)
reads was performed using the R program (version 3.6.1,
Vienna, Austria). For β-diversity analysis, principal coordinates
analysis (PCoA) based on the Bray-Curtis distance matrices was
used to visualize among groups. A permutational multivariate
analysis of variance (PERMANOVA) was evaluated for microbial
community structure comparison. Pairwise comparisons based
on a negative binomial Wald test from the DESeq2 software
package and sparse partial least squares discriminant analysis
(sPLS-DA) from the mixOmics packages were used to measure
the differences in individual OTUs at different taxon levels (27–
29). A Benjamini and Hochberg-corrected P-value of 0.05 was
considered statistically significant (30).

In order to identify critical features influencing the
physiological responses to heat stress or exogenous bile
acids, sparse partial least squares (sPLS) regression and
relevance network analysis were performed using the mixOmics
package (31, 32) in the R program to integrate the data sets
of discriminant bacterial OTUs, bile acids, serum and liver
biochemical parameters, as well as mRNA expression levels of
BA-related genes. The threshold for absolute correlation was set
to be at least 0.6.

RESULTS

Growth Performance
As shown in Supplementary Table S1, there was no significant
difference in the initial BW of all groups at d21 (P =

0.9640). And the effects of BA supplementation on the growth

TABLE 1 | Effect of BA on the growth performance of heat-stressed broiler

chickens.

Groups P-value

TN HS HS-BA

ADFI, g 147.92 ± 0.73a 110.25 ± 1.17b 110.27 ± 3.46b <0.0001

ADG, g 80.38 ± 0.48a 49.76 ± 0.90c 54.68 ± 1.98b <0.0001

FCR 0.56 ± 0.01a 0.48 ± 0.02c 0.51 ± 0.02b <0.0001

Digestibility

of CF, %

84.00 ± 1.08 83.94 ± 2.47 85.34 ± 1.76 0.3621

All data are expressed as M± SD (n= 6 per group). In the same row, values with different

small letter superscripts mean a significant difference (P < 0.05). ADFI, average daily feed

intake; ADG, average daily gain; FCR, feed conversion ratio; Digestibility of CF, apparent

digestibility of crude fat.
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performance of heat-stressed birds were shown in Table 1, the
average daily feed intake (ADFI) and average daily gain (ADG)
of birds reared under 32◦C were extremely significant lower
than those in the thermoneutral environment (P < 0.0001).
During the heat stress, the feed conversion ratio (FCR) of
birds was greatly decreased from 0.56 to 0.48, while the ADG
and FCR reductions were diminished by BA administration
(P < 0.05). whereas the apparent digestibility of crude fat
was not significantly affected by HS or BA supplementation
(P > 0.05).

Antioxidant Activity in Serum and Liver
As shown in Table 2, HS significantly decreased GSH-Px
activities in the serum (P = 0.049) and liver (P = 0.002),
which was reversed after treatment with BA. However, MDA
(biomarkers for tissue oxidative damages) and SOD activities
were not significantly changed in both serum and liver (P
> 0.05) by the increased environmental temperature or BA
supplementation. Besides, HS and exogenous BA increased the
expression of Keap-1 (P = 0.0104) without the impact on Nrf-2
expression (Figure 6I).

Spatial Heterogeneity of BA Profiles in
Broiler Biological Samples
Bile acid concentrations and composition exhibited large
differences in various compartments as shown in Figure 1. In
the present study, analysis of the BA profiles revealed BA in
broiler chickens is primarily conjugated with taurine, accounting
for the majority of total-BA in the serum, liver, ileum, and
cecum. In the serum, taurochenodeoxycholic acid (TCDCA) was
present in a ratio of 86.74%, and the taurine to glycine bile acids
ratio was ∼92:1 in the BA pool. The liver is the critical site
for BA synthetic regulation, most of BA was conjugated with
taurine, Tauro-BA (TCBA) such as TCDCA (59.16%) and TCA
(18.23%) played a leading role, which constituted more than 77%
of total BA in the liver. Similar results of the BA composition
were observed for serum and hepatic, TCDCA (66.02%), TCA
(17.08%), and CDCA (14.34%) were still the predominant BA
in ileal contents. However, through a BA quantification in the

intestine contents of healthy birds, we found that the total-
BA in the cecal contents merely accounted for 0.83% of those
in the ileum, because of absorption of BA in the terminal
ileum, and 70.75% of total-BA were secondary BA (SBA) in
the cecum.

The Alterations in BA Profiles, BA
Transporter, and Signaling Caused by HS
and HS-BA Treatments
As illustrated by Figure 2B, dietary BA supplementation
significantly increased the serum SBA level (P = 0.0003). Among
them, supplementing BA in the diet increased significantly
the TUDCA level (P = 0.0026). Whereas, it was found to
have no significant effect on TBA, PBA, TCBA, and GCBA
in serum.

For the alteration of BA profiles in the liver (Figure 3), SBA
was lower in the HS group than those in the TN group (−36.88%)
and was significantly lower than those in the HS-BA group (P =

0.0368). However, birds in the BA group exhibited significantly
higher liver TUDCA (P = 0.0154) and THDCA (P = 0.0003)
levels than those in the TN and HS group. HS (P = 0.0062)
and exogenous BA (P < 0.0001) resulted in decreased TCA and
tended to decreased CDCA in the liver (P = 0.0541).

Under the HS and exogenous BA conditions, there was a trend
toward lower PBA in the ileal contents (P = 0.084) by 38.46
and 39.36% (Figure 4). The ileal contents of the BA group had
higher levels of SBA than the HS and TN group (P < 0.0001),
but the low TCBA level was not significantly different between
these groups. BA supplementation indeed increased TDCA (P =

0.0307), TLCA (P= 0.0453), HDCA (P= 0.0018), THDCA (P=

0.0002), and TUDCA (P = 0.0072) levels.
It could be seen from Figures 2–4 that BA supplementation

and exposure to heat were significantly affected the PBA, SBA,
or TCBA levels in the serum, liver, and ileal contents. Whereas,
no significant change was observed in the cecal contents BA
(Figure 5), only HS-caused SBA was decreased by 39.45%
compared with the TN group, but there is no statistical difference
between groups (P > 0.05).

As for the transportation of BA in the ileum, the expression of
FXR (P = 0.0369) and ASBT (P = 0.0154) were increased in the

TABLE 2 | Oxidative damage parameters and antioxidative enzymes in the serum and liver.

Groups P-value

TN HS HS-BA

Serum MDA, nmol/mL 1.19 ± 0.09 1.80 ± 0.56 1.26 ± 0.10 0.3877

SOD, U/mL 20.42 ± 0.46 21.44 ± 0.44 20.01 ± 0.78 0.2356

GSH-Px, U/mL 1219.82 ± 93.20a 788.26 ± 128.78b 1216.88 ± 156.09a 0.0485

Liver MDA, nmol/g 2.62 ± 0.44 3.56 ± 0.56 2.96 ± 0.16 0.3064

SOD, U/g 330.05 ± 39.18 339.10 ± 34.92 291.16 ± 24.53 0.5719

GSH-Px, U/g 1233.79 ± 52.40a 896.40 ± 52.98b 1301.37 ± 95.08a 0.0020

All data are expressed as M ± SD (n = 6 per group). In the same row, values with different small letter superscripts mean a significant difference (P < 0.05). MDA, malondialdehyde;

SOD, superoxide dismutase; GSH-Px, glutathione peroxidase.
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FIGURE 1 | The compositions of BA in the (A) serum, (B) liver, (C) ileal contents, and (D) cecal contents of broiler chickens in the TN group. Data of total BA are

expressed as mean value, and each BA was calculated as % of total BA (n = 6).

HS-BA group (Figure 6G). Moreover, we also observed that HS
tended to increase theGLP-1 expression (P= 0.067) (Figure 6H).

Intestinal Morphology and mRNA
Expression Levels of Tight Junction
Proteins as Well as Inflammatory
Cytokines in the Ileum
As illustrated by H&E staining of the ileum and its measurement
parameters (Figures 6A–D), birds fed with BA supplementation
reduced (P = 0.0431) crypt depth, and the ratio of villous height
to crypt depth trended higher (P = 0.0539) under the heat
exposure. The ileum villi were partly exfoliated in the HS group
(heat exposure for 21 days). Even so, the villus structure in
the HS-BA group remained relatively intact. However, HS and
exogenous BA did not affect the expression of ZO-1 andOccludin
(P > 0.05) (Figure 6E). On the other hand, BA significantly
decreased iNOS mRNA level (P = 0.0399) but had no obvious

effect on TNFα mRNA level compared with the HS group in the
ileum (Figure 6F).

Bacterial Community Profiles
Heat stress-caused SBA was decreased in the liver and
cecum by 36.88 and 39.45%, respectively. We further
examined whether exposure to heat caused changes to
the intestinal environment. Before calculating α- and β-
diversity, samples were rarefied to 28,286 reads to account
for unequal numbers of sequences among samples. After
filtration for the rare OTU, a total of 1,059 OTU remained
in our data set. The species richness estimators (Chao1),
evenness (Simpson and ACE index), and diversity index
(Shannon) were comparable among all treatments in the
cecum (Supplementary Figures S1A–D), and there was no
difference in microbial α-diversity. Based on Bray-Curtis
dissimilarity matrices at the OUT level, the cecal samples
in the HS group exhibited a distinct cluster that was clearly
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FIGURE 2 | The alteration in serum BA profiles of broiler chickens caused by HS, or by HS-BA treatment. (A) The heatmap shows the BA profiles of each group (data

were represented as the Z-score, the same below); (B) each type of BA content, and (C) the significant differences in individual BA content were shown and marked.

Data were presented with mean ± SEM (n = 6). **P < 0.01; ***P < 0.0001.

separated from those in the TN group (R2
=0.18, P < 0.03)

(Supplementary Figure S1E).
Overall, the flora in the cecal niche of broilers is mainly

composed of Firmicutes, Bacteroidota, Proteobacteria, and

Actinobacteria (Supplementary Figure S1F). Heat-stressed
broilers which fed with a Basal diet displayed an increased
abundance of Firmicutes (59.6 vs. 48.02%) and decreased
abundance of Bacteroidota (38.81 vs. 47.80%). A core bacterial
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FIGURE 3 | The alteration in liver BA profiles of broiler chickens caused by HS, or by HS-BA treatment. (A) The heatmap shows the BA profiles of each group; (B)

each type of BA content, and (C) the significant differences in individual BA content were shown and marked. Data were presented with mean ± SEM (n = 6). *P <

0.05; **P < 0.01; ***P < 0.0001.

community was determined based on the DESeq2 method and
sPLS-DA analysis implemented in R programming software
(Figure 7). As indicated in Figure 8C, a total of 15 most
discriminant bacterial OTUs among the treatment groups were
identified in the cecum.

Associations Between Cecal OTUs, BA,
Biochemical Parameters, and BA-Related
Genes in the Host
The sPLS regression offered us a potentially effective model
to classify the most discriminant bacterial OTUs, serum
biochemical parameters, BA, and BA-related genes (Figure 8).
For example, unclassified Streptococcus-OTU168 and gut
metagenome Alistipes-OTU691 abundances were positively
correlated to serum TCBA concentration. In contrast, Alistipes
inops-OTU94 and uncultured Alistipes-OTU134 abundances
were positively correlated to serum TCBA concentration,

while uncultured Oscillospiraceae-OTU793 and unclassified
Ruminococcaceae-OTU872 were negatively associated with
serum TUDCA and even SBA concentrations. And gut
metagenome Alistipes-OTU1245 was positively correlated to
SBA and TUDCA in the serum and ileum. The abundance of
unclassified Christensenellaceae R-7 group-OTU27 and Alistipes
inops-OTU723 were positively correlated to serum TUDCA and
THDCA concentrations. Furthermore, three OTUs (unclassified
Streptococcus-OTU168, gut metagenome Alistipes-OTU691, and
Barnesiella viscericola DSM 18177-OTU216) were negatively
associated with ileum SBA such as THDCA. Whereas, four
OTUs (Christensenellaceae R-7 group-OTU27, uncultured
Alistipes-OTU134, Alistipes inops-OTU723, and unclassified
Ruminococcaceae-OTU148) were positively correlated to ileum
SBA such as HDCA and THDCA concentrations. For the
relationships between BA, serum biochemical parameters, and
the mRNA expression levels of BA-related genes, the TCBA
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FIGURE 4 | The alteration BA profiles in ileal contents of broiler chickens caused by HS, or by HS-BA treatment. (A) The heatmap shows the BA profiles of each

group; (B) each type of BA content, and (C) the significant differences in individual BA content were shown and marked. Data were presented with mean ± SEM (n =

6). *P < 0.05; **P < 0.01; ***P < 0.0001.

was positively correlated to GSH-Px activity but it correlated
negatively with MDA level in the serum. In addition, SBA such
as THDCA was positively correlated to genes of Occludin, ASBT,
FXR, and Keap-1, meanwhile, PBA and TCBA were negatively
associated with genes of ZO-1 and iNOS in the ileum.

DISCUSSION

The high ambient temperature has a negative effect on the growth
performance of broiler chickens in the middle and later stages,
and adversely impacts physiological parameters by inducing
oxidative stress as well as abnormal lipid metabolism (4, 5, 33). A
decreased feed intake is the most common and intuitive impact
of HS on broilers. Consequently, the growth performance of
broilers cannot be guaranteed, where ADG is decreased by 38%
under the HS. Emerging evidence has demonstrated a strong
correlation between oxidative stress, growth performance, and
metabolic disorders (34). High-intensity HS induces intestinal

ischemia, as well as autolysis and sloughing the intestinal villi,
leading to impairments of intestinal morphology, or reduction
of antioxidant enzyme activities (35, 36). Misregulation in this
ROS-scavenging process leads to the generation of excessive
amounts of ROS, it can damage lipids, proteins, and DNA,
which is associated with changes in mitochondrial functions
(37–39). In the present study, however, these heat-stressed birds
did not develop obvious oxidative damages at 32◦C, as there
were no significant changes in serum and liver MDA, but HS
significantly decreased GSH-Px activities in serum and liver of
heat-stressed birds. Notably, it was collectively consistent with
the TUDCA content was significantly increased in the serum
and liver, and ileum by supplementing the BA in the diet.
Hydrophilic BA like (Tauro-) UDCA as the classic endoplasmic
reticulum (ER) stress inhibitor, could alleviate ER stress and
restore glucose homeostasis (40). Paumgartner and Beuers
indicated that TUDCA is a nutritional preventive strategy in
alleviating oxidative stress and protecting cells (41). Furthermore,
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FIGURE 5 | The alteration of BA profiles in cecal contents of broiler chickens caused by HS, or by HS-BA treatment. Each type of BA content and the main individual

BA content were shown. Data were presented with mean ± SEM (n = 6).

previous research has also indicated that (Tauro-) UDCA could
be used as a molecular chaperone to enhance protein folding
to increase the level of glutathione in the liver, and protect
liver Huh7 cells against TG induced morphologic changes of
endoplasmic reticulum stress and apoptosis (42, 43). Indeed, BA
supplementation ameliorated the decreased GSH-Px activities in
the serum and liver in heat-stressed birds. It has also been shown
that heat exposure decreased villi height and the ratio of villi
height to crypt depth in the ileum of broilers as compared to
those in control and pair-fed groups, which is not conducive
to the digestion and absorption of nutrients (44, 45). However,
heat-stressed birds fed with BA supplementation had a trend
toward a higher ratio of villi height to crypt depth in the
ileum. On the other hand, the micellization process of BA
increases intraluminal lipids in the surface area and improves
the accessibility of intestinal lipase and the efficiency of fat
hydrolysis (46). Therefore, BA was expected to improve growth
performance by facilitating fat digestion. Previous two studies
showed that dietary supplementation with 60∼80 mg/kg BA
compound for 42-d improved the performance of broilers by
elevating the activities of lipoprotein lipase and duodenum
lipase (7, 47). In the current study, heat-stressed birds fed
with a BA-supplemented diet increased the ADG by about 10%
with a significant effect on feed conversion ratio (from 0.48
to 0.51), however, the apparent digestibility of crude fat (1.4%
increase). Although the exogenous BA did not seem to improve
the digestion of fat, the BA supplementation contributed to a
potential way to promote the growth of birds under the HS.
Besides, our results showed that heat stress up-regulated the
expression of ileal kelch-like ECH-associated protein 1 (keap-
1), and regardless of TN or HS, and exogenous BA similarly

up-regulated the expression of keap-1 in ileal. Inactive Nrf-
2 is bound to its suppressor Keap-1 and sequestered in the
cytoplasm under normal conditions (48). The expressions of
Nrf-2 and antioxidant enzymes were not altered when the
temperature or diet alternated. Varasteh et al. reported that
iNOS level was negatively associated with intestinal integrity, an
increase of iNOS level seems to represent a late inflammatory
response (49). And a decreased expression of iNOS mRNA
in the ileum was observed in heat-stressed birds fed with
BA supplementation.

To the best of our knowledge, it is the first study to profile
BA composition in compartments to provide a comprehensive
investigation of whether HS alters BA compositions and the
availability of exogenous BA in heat-stressed chickens. By
evaluating the compositions of BA profiles throughout the
enterohepatic circulation, we obtained a biogeographical view
of BA-mediated ecological impact. And the enterohepatic
circulation of BA exerts important physiological functions not
only in the digestion of lipids and fat-soluble vitamins but
also in control of whole-body lipid homeostasis (50). The
previous study has indicated that mild HS caused hepatic lipid
accumulation, whereas dietary supplementation of BA decreased
triglycerides and the expressions of SREBP-1c and FAS (51).
Unlike the growing pigs that were exposed to high ambient
temperatures, heat exposure did not suppress BA synthesis of
broiler in our previous report, however, the results indicated
that the supplementation of BA was necessary under the HS
(6, 52). Research suggested that metabolomics provides evidence
points to BA as signature metabolites for heat stress (53).
The decrease of CA, DCA, and even TCBA was observed
in the plasma of rats after 48-h of acute HS (54). Here we
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FIGURE 6 | Effects of exogenous BA on the intestinal morphology and the mRNA expression levels of tight junction, inflammatory cytokines, as well as BA-related

genes in ileum of heat-stressed broiler Chickens. (A–C) The villus height, crypt depth and V/C of ileum. Tissue sections of intestinal mucosa in ileum [Scale bars: 250

microns, (D)]. Protein expressions of ZO-1, Occludin, iNOS, TNFα, FXR, ASBT, GLP-1, AMPKα1, Keap-1, and Nrf-2 in the ileum (E–I). Data were the means ± SEM (n

= 6 birds). * indicates P < 0.05 and ** indicates P < 0.01. AMPKα1: adenosine 5′-monophosphate (AMP)-activated protein kinase-α1, ASBT: the apical ileal

sodium-dependent bile acid cotransporter, FXR: farnesoid x receptor, GLP-1: glucagon-like peptide 1, iNOS: inducible NO synthase, Keap-1: kelch-like

ECH-associated protein 1, Nrf2: nuclear factor-like 2, ZO-1: zonula occludens-1, TNFα: tumor necrosis factor-α.

noted that hepatic and cecal SBA was decreased in birds
exposed to 32◦C, and the same trend was observed for PBA
(mainly TCDCA) in the ileum. (Taurine-) CDCA, the primary
bile acid of LCA and UDCA, have stronger ligand activity
to FXR than LCA and DCA. In mice, it has been reported
that CDCA supplementation restored LPS-induced elevation of
intestinal permeability and MLCK expression and reduction of
tight junction protein expression, thus alleviating LPS-induced
intestinal barrier impairment (55). Dietary CDCA improves the
growth performance of weaned piglets by improving intestinal
morphology and barrier function and enhancing lipid digestion.
Nevertheless, cross-species function studies are inconsistent, the
side effects of the single BA supplementation can be problematic.
Piekarski et al. reported that chickens fed with diet-containing
0.1% or 0.5% CDCA for 2 weeks exhibited a significant and
dose-dependent reduction of feed intake and body weight by
modulating the expression of appetite-related hypothalamic
neuropeptides (56). The proportion of Tauro-CDCA in the ileum

was 66.02% and this reduction by HS was probably an adaptive
strategy of the cells in response to sophisticated environments.
And the 7α-hydroxyl groups in CDCA can be epimerized to 7β
from ursodeoxycholic acid (UDCA). Hydroxylation at the 6α/β
or 7β-position increases solubility and reduces the toxicity of bile
acids (9). Moreover, Perez and Briz indicated that UDCA and
TUDCA can induce the expression of CCK in intestinal epithelial
cells, and promote the immune regulation and bile secretion
of hepatocytes and bile duct epithelial cells (43). Additionally,
BA is reabsorbed via ASBT-mediated active transport or passive
transport (57). In the ileum, we noted that an increase in the
expression ofASBT and FXR after supplementing BA. Exogenous
BA supplementation resulted in increases of several BA species,
namely TUDCA, HDCA, and THDCA in the ileum, which
can also function as a weak FXR agonist (58). However, the
conflicting results of FXR induce ASBT expression in mice and
inhibit ASBT expression in rabbits but do not affect ASBT in
humans (59). Moreover, it was reported that GLP-1 regulated by
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FIGURE 7 | Score plot of 2-component sparse partial least square discriminant analysis models showing gut microbiota clustering according to the environment in

the cecum of birds under HS or HS-BA treatments (A–D) with the percentage of variance captured for each principal component.

FXR, and inhibited gastric emptying and suppressed food intake
in both broiler and layer chicks (60). Exogenous BA inhibited
the expression of GLP-1 by up-regulating the expression of
ileal FXR in heat-stressed broilers, thus can regulate and
altering host physiologic responses (61). Relevant research has
provided supporting evidence that HCA species (HCA, HDCA,
and THDCA, etc.) are protective against the development of
diabetes in mammals and have the potential to be used as a

treatment for type 2 diabetes (62). We noted that the increases
of HDCA and THDCA in the gut-liver axis after supplementing
BA, besides its role in lipid emulsification, whether HCA
species beneficial or harmful in heat-stressed broilers needs
further investigation.

It has been indicated that the BA and microbiota could
be considered an important role in gastrointestinal health (63,
64). Bile acids are produced in the liver as primary BA and
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FIGURE 8 | The circos plots of sparse partial least square-discriminant analysis displaying correlations between the identified best discriminant bacterial operational

taxonomic units 1 (OTU; n = 15; relative OTU abundance > 1%), expression levels of target genes, serum biochemical parameters, and BA. Positive and negative

correlations (|r| > 0.6 for the component) are displayed by red and blue links, respectively. OTU168, unclassified Streptococcus; OTU1245, gut metagenome Alistipes;

OTU94, Alistipes inops; OTU1121, uncultured Merdibacter; OTU1230, Lactobacillus johnsonii; OTU27, unclassified Christensenellaceae R-7 group; OTU134,

uncultured Alistipes; OTU723, Alistipes inops; OTU148, unclassified Ruminococcaceae; OTU170, unclassified Turicibacter; OTU691, gut metagenome Alistipes;

OTU793, uncultured Oscillospiraceae; OTU872, unclassified Ruminococcaceae; OTU216, Barnesiella viscericola DSM 18177; OTU846, uncultured Fournierella. 1.

Pairwise comparison of diet group using Negative Binomial Wald Test. 2. Taxonomy assignments based on Silva Database. 3. Log2 fold differences. 4. P-value. 5.

Benjamini and Hochberg FDR correction.

metabolized in the gut to secondary BA, which participates in the
microbiota modifications (deconjugation and dehydroxylation)
with Bacteroides, Clostridium, Eubacterium, Lactobacillus, and

Escherichia (65, 66). However, a previous report indicated
that HS disturbed the stabilization of intestinal microbial
ecology, it decreased the viable counts of Lactobacillus and
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Bifidobacterium and increased the viable counts of coliforms
and Clostridium in the small intestine (67). HS also altered
the cecal microflora profile of broilers, which displayed the
increasing relative abundances of the phylum Firmicutes and
the genus Tyzzerella while the relative abundances of the
phylum Bacteroidetes, the genera Bacteroides, Parabacteroides,
and Romboutsia were decreased (68). Similarly, HS mediated
alterations in the gut microbial community structures were
observed in the cecum, members of the Firmicutes and
Bacteroidota contributed to the alterations in the cecum.
Accordingly, there was an obvious difference between HS and
TN from the PcoA plot in the cecum, the abundances of most
discriminant bacterial OTUs among the treatment groups based
on sPLS-DA analysis were found to be significantly influenced
by HS compared to the TN group. In contrast, few specific
OTUs were different due to dissimilar diets under HS conditions.
Among these, the decrease in the abundance of unclassified
Streptococcus, unclassified Turicibacter, gut metagenome Alistipes,
Lactobacillus johnsonii under HS condition were observed.
While the microbiota resident in the gut is now known to
provide a range of functions relevant to host health, many of
the microbial members of the community have not yet been
cultured or classified. For example, our results indicated that
a positive association between gut metagenome Alistipes and
unclassified Streptococcus and TCBA or SBA levels in serum
may associate inhibition of BA conversion with imbalanced
gut microbiota induced by HS. Well-known probiotics such
as Lactobacillus johnsonii appearing to be the most acid-
resistant strain are thought to be beneficial to the areas of
immunomodulation, pathogen inhibition, and cell attachment
(69). Moreover, some Turicibacter species, which has been
strongly associated with immune function and bowel disease,
indicating that may have a favorable effect on gut health (70).
In our research, mild heat stress (32◦C) seems to have little
effect on harmful bacteria multiplication. However, Tsiouris
et al. reported that cyclic acute HS (35◦C) affected the cecal
Clostridium perfringens counts in broilers, resulting in necrotic
enteritis (71). It was likely the intestinal flora is more sensitive
to high ambient temperature than the duration of HS. Naturally,
exogenous BA then enters the small intestine quickly after oral
administration, and most Bas are absorbed in the terminal
ileum. The circos plots (Figure 8B) showed that SBA such as
THDCA has a positive correlation with expressions of FXR,
occludin, ASBT, and Keap-1 while the PBA and TCBA were
negative correlation with expressions of ZO-1 and iNOS in
the ileum, indicating that the functions of exogenous BA are
diverse and complex. Note that since the hydrophobicity of
BA determines its toxicity and protective effect, the profile
of the exogenous BA can greatly affect its function (72).
Further comprehensive nutritional, physiological, microbiome,
genomics, and metabolomics measurements associated with
exogenous BA are warranted to accurately determine the mode
of action, and indeed whether any growth promotion in animal
husbandry can be achieved via healthy approaches.

In fact, our trial also has a limitation in that it lacks
the pair-fed group. Despite this limitation, several studies are
using the pair-fed treatment based on the same feed intake

to determine whether heat exposure directly or indirectly
(via reduced feed intake) causes these negative impacts in
broiler chickens. Compared with pair-fed birds exposed to
thermal neutral, heat-stressed chickens still exhibit slower
growth and decreased feed efficiency (44). Similar results were
observed in another study. HS caused the negative energy
balance and broilers unable to effectively mobilize fat, thereby
resulting in protein decomposition, which subsequently affected
growth performance and carcass characteristics (73). Also, the
alterations of amino acids, BA, and NEFA levels in serum were
observed (74).

CONCLUSION

Overall, our results showed that heat stress affected the
modification of primary bile acids by altering gut microbiota
composition in broiler chickens, leading to disturbance of
bile acid metabolism, which probably influenced their heat
stress resistance capability. Bile acids such as CA, CDCA,
and HCAs have a positive effect on relieving abnormal lipid
metabolism induced by heat stress has been reported, and
the benefits of the dietary supplementation of bile acids
contributing to the heat-stressed broilers are improvement
in their average daily gain, the feed conversion ratio, and
antioxidant capacity, indicating that bile acid as a nutritional
strategy has a certain potential in alleviating heat stress.
Furthermore, some bile acids such as tauro-conjugated
UDCA and HCAs may play important roles in maintaining
homeostasis in the gut-liver axis. However, more work
needs to be done to better understand the molecular
mechanisms of these bile acids in livestock and poultry
applied research.
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Monochromatic light is widely used in industry, medical treatment, and animal husbandry.

Green-blue light has been found to stimulate the proliferation of satellite cells and

the results of studies on the effects of blue light on poultry vary widely. It would be

worthwhile to study the effect of blue light on poultry growth and how exposure to

blue light affects metabolism and the intestinal microbiota. In this study, we irradiated

Cherry Valley ducks with 460 nm wavelength light (blue light) for 3 weeks to explore the

effects of blue light in comparison to those of white light (combined wavelength light) on

animal growth and development. Our results showed that, under exposure to blue light,

the body weight and average daily feed intake of ducks were decreased, but the leg

muscle and relative length of the intestine were increased. Exposure to blue light chiefly

enhanced the anti-inflammatory and antioxidant capacities of the animal and decreased

lipid levels in serum and liver. Metabolomic analysis revealed that blue light heightened

cysteine and methionine metabolism, and increased serum taurine and primary bile acid

levels, as well as up-regulating the metabolites L-carnitine and glutamine. Treatment

with blue light significantly increased the beta diversity of intestinal microbiota and

the relative abundances of bile acid hydrolase-producing bacteria, especially Alistipes.

These changes promote the synthesis of secondary bile acids to further enhance lipid

metabolism in the host, thereby reducing cholesterol accumulation in ducks. These

results should help us better understand the effects of exposure to blue light on

metabolite levels and the intestinal microbiota, and suggest that it may be possible to

use colored light to control the development of livestock and poultry.
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Xia et al. Blue Light Improves Lipid Metabolism

Graphical Abstract | Blue light improves lipid metabolism by altering metabolism and gut microbes.

INTRODUCTION

Illumination plays an important role in the regulation of
circadian rhythm and metabolic homeostasis. Monochromatic
light is widely used in animal husbandry to influence embryo
development and poultry production (1). Compared with
mammals, birds have a unique visual adjustment mechanism,
superior visual function, and a photosensitive range that has been
ascribed to ciliary muscles and four types of retinal cone cells
(2–4). However, it is unknown whether avian species have an
intrinsic metabolic mechanism and microbial structure under
stimulation with monochromatic light. Blue light is colored
light with a wavelength ranging between 400 and 500 nm (5).
Due to its fruitful broad-spectrum antibacterial effect (6–8),
LED blue-light irradiation has been used for the treatment of
skin diseases and wound sterilization (9–11). Various studies
have revealed that blue light also plays a role in regulating
physiological functions in vivo, e.g., it improves cognitive
performance (12), promotes cell proliferation and differentiation
(13, 14), and even inhibits tumor cell growth and metastasis
(15, 16).

Investigations of the effects of blue light on poultry
have not provided definitive conclusions. Several studies
have indicated that blue light and blue-green light promote
growth performance and improve the fatty acid composition
in Cherry Valley ducks, and green-blue light stimulated the
proliferation of chicken satellite cells (17, 18). In some cases,
blue light clearly reduced the body weight of ducks at
ages 1–35 days (19). However, whether and how exposure
to blue light impacts the metabolic processes of poultry
is unclear.

In this study, we hypothesized that blue light may reduce
growth performance and lipid deposition in ducks, and impact
the composition of the intestinal microbiota. Our results revealed

that treatment with blue light improved bile acid synthesis in the
intestine and suppressed cholesterol accumulation. Collectively,
the results of this study suggest that exposure to blue light
could intensify lipid metabolism and may be exploited for the
regulation of growth and development.

MATERIALS AND METHODS

Animal Diet and Treatments
Cherry Valley ducks (1-day-old, all male) were purchased from
Foshan Guiliu Poultry Co. Ltd. (Foshan, China). A total of
120 ducklings were randomly divided into two groups, with 6
replicates for each treatment and 10 birds for each replicate;
the breeding density was set to 6 per/m2. Birds were placed
in environmentally controlled light-proof rooms separated from
each other and exposed to white light (380–780 nm) and blue
light (460 nm), respectively. Twenty-four hours of lighting were
provided from light-emitting diode (LED) bulbs at 10 Lux for
21 days (Figure 1A). The photosynthetic photon flux density
(PPFD) of the white light was 0.2 µmoL/s/m2 and that of blue
light was 0.036 µmoL/s/m2 (Nuodake, Wuxi, China); LED lamp
spacing 0.8m, light-source calibration twice a week.

The body weight, feed intake, and ratio of feed to gain of the
animals were regularly recorded during the treatment period.
The room temperature was maintained at 32–34◦C for the first
3 days, and then reduced from 2 to 3◦C per week to a final
temperature of 26◦C. The experimental period lasted for 3 weeks.
Diets were formulated to meet the China Nutrient requirements
for meat-type duck (2012) (Table 1).

Sample Collection
After 3 weeks of rearing, one bird of average weight from each
group was selected for slaughter. Animals were sacrificed by
cervical dislocation, and 10ml of blood was collected from the
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jugular vein; these procedures followed the agricultural industry
standard of the People’s Republic of China (NY/T 3741-2020).
Plasma was prepared by centrifuging the blood at 3,000 r/min
for 10min and then stored at −20◦C. The middle part of liver
samples was collected for molecular biological analysis after
washing with phosphate-buffered saline (PBS, pH = 7.2–7.4).
Samples of the duodenum, jejunum, and ileum were snap-frozen
in liquid nitrogen and stored at −80◦C for mRNA analysis
for RT-PCR.

Serum Biochemical Analysis
Total cholesterol (TC) and activities of catalase (CAT), total
superoxide dismutase (T-SOD), total antioxidant capability (T-
AOC), and glutathione peroxidase (GSH-Px) in plasma and liver
contents were assayed by colorimetricmethods using commercial
kits (Jiancheng, Nanjing, China). Insulin-like growth factor-1
(IGF-1), adiponectin, and leptin were determined using ELISA
kits according to the manufacturer’s instructions (Jiancheng,
Nanjing, China).

Metabolite Extraction and LC-MS/MS
Analysis
In this study, UHPLC-MRM-MS/MS was used for high-
throughput metabolomics detection and analysis on duck serum
samples in the white- and blue-light groups. Chromatographic
conditions and mass spectrometry were performed under the
conditions described at www.researchsquare.com.

16S rRNA Amplicon Sequencing, Data
Processing, and Analysis
DNA extraction, PCR amplification, MiSeq sequencing, and
processing of sequencing data were carried out as described at
pubs.rsc.org.

Pro-inflammatory Factor Measurements
ELISA kits (Nanjing Jiancheng Institute of Biotechnology,
Nanjing, Nanjing) were used to measure the levels of cytokines
including IL-2, IL-6, TNF-α, and IFN-γ in the liver, according to
the manufacturer’s instructions.

Gene Expression Analysis
Total RNA was extracted from frozen tissue samples using a
Magen HI Pure Universal RNA Mini Kit (Magen, Guangzhou,
China). The first-strand cDNA was synthesized using
oligonucleotide 20 and Superscript II reverse transcriptase
(EZB, Guangzhou, China). Real-time PCR was performed on
an ABI 7500 (Applied, Bio-Systems, Foster City, CA) using
a SYBR Green Quantitative PCR Kit (TaKaRa, Japan). The
mRNA expression of each gene was calculated by the 2−11Ct

method. β-actin was used as an internal standard to normalize
the transcription level of target genes. Use the following primers
for transcription analysis of related genes: ACC: 5′-TAG CCA
TGC AGC CAC TTT GA-3′, 3′-ACC TTT GTA CGA GCT GCA
CA-5′, FAS: 5′-GGA AGT GCC CCA GTT GAA GA-3′, 3′-GCT
GCA ATG CCC CAT GAT G-5′, ChREBP: 5′-ACA TCA TCT
TGC GGC AGT GA-3′, 3′-TGT GAT ACG CCG GCT TTC
TAT-5′, FABP: 5′-ATG AGA CCA CAG CAG ATG ACA-3′,

TABLE 1 | Composition and nutrient levels of basal diets (air-dry basis, %).

Item Content (%)

Corn 62.00

Soybean meal 31.00

Fish meal 1.00

Wheat bran 2.20

Limestone 1.20

Dicalcium phosphate 1.30

Salt 0.30

Premixa 1.00

Total 100

Nutrient levelb

ME (MJ/kg) 12.14

CP 20.00

Ca 0.87

Non phosphorous 0.42

Lysine 1.20

Methionine + cystine 0.81

aPremixe supplied per kilogram diet: vitamin A, 12,000 IU; vitamin D, 3,000 IU; vitamin E,

30mg; vitamin B2, 9mg; vitamin B12, 0.03mg; vitamin K3, 6mg; pantothenic acid, 60mg;

niacin, 11mg; folic acid, 1.5mg; biotin, 0.18mg; Fe, 90mg; Cu, 8mg; Mn, 100mg; Zn,

70mg; I, 0.6mg; Se, 0.4 mg.
bNutrient levels are calculated values.

3′-TTT GCC ATC CCA CTT CTG CA-5′, LPL: 5′-AAG CTC
TGC GTC TGA TTG CT-3′, 3′-TGC TGG GCT TTT CTT CGT
AGA-5′, SREBP-1: 5′- CAT CCA TCA ACG ACA AGA TCG
T-3′, 3′-CTC AGG ATC GCC GAC TTG TT-5′, β-Actin (5′-
GCT ATG TCG CCC TGG ATT T-3′, 3′-GGA TGC CAC AGG
ACT CCA TAC-5′) was used as an internal control to normalize
the transcription level of target genes.

Statistical Analysis
Data are shown as mean ± SEM and SAS 9.2 (SAS Institute,
Inc., Cary, NC) was used for statistical analysis. Significant
differences were evaluated by an unpaired Student’s t-test or the
Mann-Whitney U test on both sides of non-normally distributed
samples. Differences were considered to be significant at P< 0.05;
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; and ∗∗∗∗P < 0.0001.

RESULTS

Treatment With Blue-Light Irradiation
Promotes Muscle Development in Ducks
The body weight and feed intake of ducklings were monitored
during the experiment to explore the effect of exposure to
blue light (Figure 1A). We found that exposure to blue light
significantly decreased the final weight (P = 0.001) and Average
Daily Gain (ADG, P = 0.001) compared to those in the white-
light group (Figure 1B). Interestingly, although the weight of
ducklings in the blue-light group decreased, the absolute weight
of their breast muscle and leg muscle tended to increase, and
the ratio of breast muscle to leg muscle significantly increased
(P < 0.05; Figures 1C,D). In addition, the relative length and
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FIGURE 1 | Exposure to blue light reduces body weight but increases the muscle percentage in ducklings. (A) Scheme of the experiments. (B) Effect of exposure to

blue light on growth performance of ducks from days 1–21 (n = 6, mean with SEM). (C) Effect of exposure to blue light on the absolute weight and percentage of

breast muscle. (D) Effect of exposure to blue light on the absolute weight and the percentage of leg muscle. (E) The effect of blue light irradiation on the relative length

and weight of duck jejunum. (F) The effect of blue light irradiation on the relative length and weight of duck ileum. Data in (B–F) were analyzed using the unpaired

t-test, *P < 0.05, **P < 0.01, ***P < 0.001.

weight of the jejunum of the ducklings in the blue-light group
were significantly higher than those in the white-light group (P <

0.05), and the relative length and weight of the ileum also tended
to be higher. These results demonstrate that exposure to blue light
affects the growth and development of ducks (Figures 1E,F and
Supplementary Figure S1).

Treatment by Irradiation With Blue Light
Improves the Anti-oxidant and
Anti-inflammatory Capacities of Ducks
Exposure to blue light significantly increased serum CAT (P <

0.05) and T-AOC levels (P < 0.001), and significantly increased
GSH-Px and T-SOD levels in the liver (P < 0.001; Figures 2A,B).
We also measured the levels of inflammatory cytokines in serum,
and found that exposure to blue light significantly reduced the
levels of pro-inflammatory cytokines such as IL-2 (P < 0.05) and
IL-6 (P < 0.001) compared to those in the white-light group

(Figure 2C). In general, these results indicate that exposure to
blue light could improve antioxidant and anti-inflammatory
capacities in ducks.

Treatment by Irradiation With Blue Light
Improves Lipid Metabolism in Ducks
The increase in muscle weight and the decrease in body weight
occurred at the same time, along with the improvements in
antioxidant and anti-inflammatory capacities. These changes
suggest that blue light may have an ameliorative effect on lipid
metabolism. Therefore, we determined the levels of hormones in
serum, the expression of genes related to lipid metabolism in the
liver, and the content of cholesterol in the liver and serum.

Serum IGF-1 and leptin levels were down-regulated in the
blue-light group (P < 0.01), while adiponectin and melatonin
were up-regulated (P < 0.01; Figure 3A); exposure to blue light
reduced the ratio of leptin to adiponectin (L/A) to 25.47% of that
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FIGURE 2 | Exposure to blue light improves the antioxidant and anti-inflammatory capacities in ducks. (A) Effect of exposure to 460 nm LED blue light on the serum

antioxidant indicators CAT, GSH-Px, T-SOD, and T-AOC in ducks (n = 6, mean with SEM). (B) Effect of exposure to blue light on the liver antioxidant indicators CAT,

GSH-Px, T-SOD, and T-AOC in ducks (n = 6, mean with SEM). (C) Effect of exposure to blue light on serum cytokine levels in ducks, including IL-2 IL-6, TNF-α, and

IFN-γ (n = 6, mean with SEM). Data in (A–C) were analyzed using the unpaired t-test, *P < 0.05, **P < 0.01, ***P < 0.001.

in the white-light group (P < 0.05; Figure 3B). The L/A ratio is
a critical index of insulin resistance and obesity, and its elevation
is often accompanied by metabolic diseases (20). Blue light also
significantly reduced the expression levels of genes involved in
fat synthesis, including ACC, FABP, and LPL, in the liver (P <

0.05; Figure 3C). Furthermore, irradiation with blue light also
significantly reduced the accumulation of cholesterol in duck
liver and serum (P < 0.05; Figure 3D): the cholesterol content in
the liver was reduced by 47.1%, and that in the serumwas reduced
by 17.8%. These results collectively suggest that exposure to blue
light can improve the efficiency of energy conversion and lipid
metabolism, especially cholesterol metabolism.

Treatment by Irradiation With Blue Light
Alters Cysteine and Methionine
Metabolism in Ducks
To further explore the underlying mechanism by which
irradiation with blue light regulates lipid metabolism, we
performed a non-target metabolomics analysis of serum in

the two groups. In this study, we extracted a total of 1,684
and 1,933 metabolic features in the POS (Positive) mode
and NEG (Negative) mode, respectively. According to the
OPLS-DA analysis, there was a vast metabolic difference
between the white-light and blue-light groups (Figure 4A).
The results of 200 permutation tests demonstrated that the
developed models do not overfit (Supplementary Figure 2A).
We calculated the Euclidean distance matrix of the
quantitative values of the different metabolites, calculated
the aggregated differential metabolites using the full-link
method, and displayed the different metabolites using a heat
map (Supplementary Figure 2). A total of 105 metabolite
biomarkers were significantly different between the two
groups, and exposure to blue light up-regulated 102 of them,
which was also consistent with volcano plots (Figure 4B).
Based on the KEGG database, MetaboAnalyst (4.0) was
used to analyze the most relevant metabolic pathways that
were changed by exposure to blue light, and we focused on
the metabolic pathways for methionine, cysteine and lysine
(Figure 4C).
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FIGURE 3 | Exposure to blue light reduces the accumulation of cholesterol in the liver and serum. (A) Effect of blue light on serum hormone levels of IGF-1, leptin,

adiponectin, and melatonin in ducks (n = 6, mean with SEM). (B) Effect of blue light on serum ratio of leptin to adiponectin in ducks (n = 6, mean with SEM). (C)

Relative mRNA expression of FAS, ACC, FABP, ChREBP, SREBP, and LPL in the liver of blue light-exposed ducks (n = 6, mean with SEM). (D) Effect of blue light on

the liver and serum total cholesterol levels in ducks (n = 6, mean with SEM). Data in (A–D) were analyzed using the unpaired t-test, *P < 0.05, **P < 0.01.

As an essential precursor of cellular methylation, methionine
is an indispensable substance in various physiological and
biochemical processes (21). According to the pathway analysis,
most of the metabolic biomarkers in this pathway were
up-regulated (Figure 4D), which suggested that cysteine and
methionine metabolism were positively associated with exposure
to blue light in ducks. Compared to the white-light group,
levels of methionine, homocysteine, cysteine, serine, γ-glutamyl
cysteine, and glutathione were elevated (P < 0.05), with fold-
changes of 1.96, 1.21, 1.38, 1.60, 2.06, and 2.02, respectively, in
the blue-light group. Notably, compared to that in the white-
light group, the taurine content in the blue-light group was
also increased (P = 0.057). Under exposure to blue light, the
metabolic pathways of lysine were also upregulated (Figure 4C).
As a downstream metabolite of methionine and lysine, the L-
carnitine level was significantly up-regulated [P < 0.01; (22)].
The serum glutamine content also tended to increase (P =

0.076; Figure 4D). Since both of these metabolites are associated
with fat metabolism and muscle production, we analyzed
the correlation between them and the muscle percentage. L-
Carnitine and glutamine levels were positively correlated with the
breast muscle rate and leg muscle percentages (Figure 4E).

In summary, exposure to blue light can significantly promote
the metabolism of cysteine and methionine in ducks, leading to
an increase in the content of the final metabolites: glutathione
and taurine.

Treatment by Irradiation With Blue Light
Promotes the Synthesis of Bile Acids
Glutathione and taurine are strongly correlated with antioxidant
function (23, 24). This would explain the enhanced anti-
oxidation capacity in the blue-light group mentioned above.

Here, we examine the relationship between taurine and
cholesterol metabolism (25). Taurine can improve the activity
of cholesterol 7α-hydroxylase (CYP7A1), which converts
cholesterol into primary bile acids (26) (Figure 5A).

Exposure to blue light significantly increased primary bile acid
levels (e.g., cholic acid, chenodeoxycholate, and taurocholate).
In particular, the taurocholate level in the blue-light group was
almost four times higher than that in the white-light group (P
< 0.05; Figure 5B). Notably, compared to the white-light group,
secondary bile acid levels (e.g., deoxycholic acid, lithocholic
acid, and taurodeoxycholic acid) were elevated in the blue-light
group, with fold-changes of 1.928, 2.173, and 2.335, respectively
(Figure 5C).

Exposure to Blue Light Alters the Intestinal
Microbiota in Ducks
Secondary bile acids are synthesized and metabolized in the
intestine and are dominated by the intestinal microbiota. As
mentioned above, the content of secondary bile acids in the
blue-light group tended to be up-regulated, so the influence
of blue light on intestinal microbes should also be considered.
To illustrate the interaction between the intestinal microbiota
and bile acids, we analyzed the cecum microbiota by 16S rRNA
gene sequencing.

According to a PCA analysis, the cecal microbiota was
significantly different between the two groups (Figure 6A).
The β diversity of the microbiota in the blue-light group
was significantly higher than that in the white-light group
(Figure 6B). Next, we performed an LDA effect size (LEfSe)
analysis to identify changes in the relative abundance of the
intestinal microbiota at the phylum, order, and genus levels
(Figure 6C; Supplementary Figure 3). Notably, exposure to blue
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FIGURE 4 | Exposure to blue light improves glutathione and taurine levels in ducks by promoting methionine and cysteine metabolism. (A) OPLS-DA score plots of

metabolomics (n = 6). (B) Volcano plot representation of the differences in metabolites (n = 6). (C) Metabolic pathway bubble chart (n = 6). (D) Heatmap of LC-MS

data showing metabolite changes after LED treatment with 460 nm illumination (n = 6). (E) Correlation analysis of the serum L-carnitine level and glutamine level with

breast muscle percentage and leg muscle percentage. Increases in metabolite levels are shown in red. Data in d were analyzed using the unpaired t-test, *P < 0.05,

**P < 0.01. Data in (E) were analyzed using the computer non-parametric Spearman correlation ***P < 0.001.
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FIGURE 5 | Exposure to blue light promotes bile acid synthesis. (A) Effects of blue light on synthesis and secretion of primary and secondary bile acids in ducks. (B)

Effects of blue light on primary bile acid levels of cholic acid, chenodeoxycholic acid, and taurocholic acid in ducks (n = 6, mean with SEM). (C) Effects of blue light on

secondary bile acid levels of deoxycholic acid, lithocholic acid, and taurodeoxycholic acid in ducks (n = 6, mean with SEM). Data in (B,C) were analyzed using the

unpaired t-test, *P < 0.05.

light significantly up-regulated the relative abundance ofAlistipes
(P < 0.0001), Parabacteroides Clostridiales (P < 0.01), and
Lachnospiraceae (P < 0.05) in the cecum, and the relative
abundance of Clostridiales also increased (P= 0.067; Figure 6D).
Interestingly, the changes in the above bacteria are all related to
the up-regulation of bile acid conversion and metabolism, and
have all been found to have alleviating effects on obesity (27).
Subsequently, we performed a correlation analysis on the relative
abundance of intestinal microbiota with the bile acid content
and cholesterol levels. The relative abundance of these bacteria is
positively correlated with the content of bile acids, and negatively
correlated with the level of cholesterol (Figure 6E).

These results indicate that blue light effectively shapes the
intestinal microbiota of ducks and regulates the synthesis of bile
acids through this process, ultimately reducing the accumulation
of cholesterol.

DISCUSSION

Blue light refers to monochromatic light in a wavelength between
400 and 500 nm (5). Typically, short-wavelength blue light (400–
450 nm) is considered to be toxic, while blue light at 450–480 nm
is beneficial (13). Thus, in this study, we selected blue light
with a wavelength of 460 nm to irradiate ducklings to explore its
influence on the growth and development of animals compared
with composite-wavelength light (380–780 nm). Our study is the
first to offer experimental evidence that to blue light reduces
cholesterol accumulation by altering taurinemetabolism, shaping

the intestinal microbiota, and promoting bile acid synthesis.
Importantly, our findings demonstrate that exposure to blue
light may have the potential to prevent obesity and alleviate
inflammation, and may provide a new method for studying the
influence of artificial light of different wavelengths as well as a
foundation for research on the effects of monochromatic light in
other scenarios.

Irradiation with blue light significantly reduced the weight of
ducklings, but increased the weights of the breast and legmuscles,
as well as their ratio. Blue light has been reported to promote
broiler growth by stimulating testosterone secretion and muscle
fiber growth (28). Other studies have reported that both blue light
alone and a combination of blue and green light improve growth
performance, bone mineral density, and fatty acid composition
in ducks (17). A study on Pekin ducks revealed that blue light
significantly reduced body weight and increased anxiety levels
(19). These inconclusive results suggest that the effect of blue
light on growth performance of animals may depend on their age,
illumination intensity, light wavelength and other conditions.
Further studies will be needed to clarify these points.

In this work, we found that exposure to blue light significantly
reduced the IGF-1 level in serum. The elevation of IGF-
1 is usually considered to be a sign of obesity and insulin
resistance (29). Similarly, green light also regulates the muscle
satellite cell proliferation mediated by the IGF-1 pathway
(30). On the other hand, exposure to blue light significantly
reduces the serum leptin and L/A levels, which suggests the
optimization of lipid generation and a reduced risk of obesity
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FIGURE 6 | Exposure to blue light alters the intestinal microbiota. (A) Principal component analysis of microbial communities in the cecum from the white-light and

blue-light groups (n = 6). (B) Beta diversity of microbial communities from the white-light and blue-light groups (n = 6). (C) Relative abundance of bacteria at the

phylum level. OTUs with an occurrence lower than 1% are not shown. Relative abundance of the top 10 orders in each group (n = 6); Relative abundance of the top

10 genus in each group (n = 6). (D) Effect of blue light on the relative abundance of Alistpes, Clostridiales, Parabacteroides, and Lachnospiraceae (n = 6, mean with

SEM). (E) Correlation analysis between microbiota and metabolites. Each row represents a different microorganism, and each column represents a different

metabolite. Red indicates a positive correlation; blue indicates a negative correlation. Data in d were analyzed using the unpaired t-test, *P < 0.05, **P < 0.01, ****P <

0.0001. Data in (E) were analyzed using the computer non-parametric Spearman correlation, *P < 0.05, **P < 0.01.
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(20). Significantly, the serum melatonin level is increased under
exposure to blue light, possibly because blue light directly
regulates hormone production through receptors in the retina
and acts on the hypothalamus. The contribution of melatonin
to lipid mechanism has been reported in experiments in high-
fat diet mice and melatonin could up-regulate the relative
abundance of Alistipes in the gut and thereby alleviate obesity in
mice (31).

To accurately explain the role of blue light in promoting
lipid metabolism and weight loss, we performed a serum
metabolomics analysis in the white- and blue-light groups. Our
results showed that exposure to blue light could significantly
upregulate the metabolism of methionine and cysteine, thus
increasing the levels of two end products: glutathione and
taurine (32). Broadly, glutathione and taurine are closely
related to antioxidant and lipid metabolism processes. As a
powerful antioxidant, glutathione directly removes hydrogen
peroxide from the organism, thereby alleviate the obesity
process by decreasing lipid peroxidation (33). Therefore,
glutathione depletion is usually considered to be an early
warning sign of lipid peroxidation (34, 35). Simultaneously,
as an isogeny product of glutathione, taurine is closely
related to its synthesis. Moreover, taurine could promote
SOD1 enzyme activity and inhibit mitochondrial complexes
I and III to reduce ROS production (36, 37). Consequently,
the increase in the antioxidant capacity of the liver and
serum under irradiation by blue light is probably due to the
increase in taurine and glutathione levels. In other words, the
blue light-mediated up-regulation of methionine and cysteine
metabolism may further promote antioxidant capacity in
the duck.

The increase in the L-carnitine level is the result of the
up-regulation of lysine and methionine metabolism (38). L-
Carnitine is synthesized from the substrate 6-N-trimethyl-lysine;
lysine residues in some proteins undergo N-methylation using S-
adenosylmethionine as a methyl donor, forming 6-N-trimethyl-
lysine residues (39). L-Carnitine is closely related to muscle
production and fat metabolism. It is also well-known as a fat-
burning agent, but it is rarely used in animal husbandry (40). It
has been reported in the literature that the addition of L-carnitine
to the summer diet improves the growth performance of
ducks (41). Notably, L-carnitine significantly improved nutrient
digestibility coefficients in ducks. Under blue light the serum
glutamine level also tends to be up-regulated. Recent studies have
reported that glutamine activated an mTOR signaling pathway
and stimulated the proliferation of muscle satellite cells (42).
Meanwhile, glutamine could also improve the oxidative damage
in broiler thin muscle (43, 44). A correlation analysis of these
two metabolites in serum and muscle development showed that
blue light increased the contents of L-carnitine and L-glutamine
by up-regulating the metabolism of methionine and cysteine,
thereby promoting muscle development in ducks.

This study also demonstrated that blue light had an
inhibitory effect on inflammatory cytokines, which is
mostly reflected in the promotion of wound healing in
vitro. Indeed, Lehrl et al. (12) reported that exposure to
blue light attenuated the cognitive impairment caused by

neuroinflammation. In this study, blue light also promoted
anti-inflammatory capacity inside the body. We speculate
that blue light may inhibit inflammatory cytokines through
multiple pathways: i.e., via hormonal regulation (e.g., leptin,
adiponectin, and melatonin) or the up-regulation of antioxidant
levels (45–47).

In addition to the aforementioned antioxidant and
cytoprotective effects, recent studies have shown that the
use of taurine supplements can effectively reduce obesity (48).
With the promotion of autophagy in adipocytes (49), taurine
can inhibit the production of white adipose tissue (50, 51).
More importantly, Guan and Miao (52) reported that taurine
supplementation reduced total cholesterol and triglyceride levels
in serum, thereby lowering blood pressure and improving blood
lipids. Our research found that exposure to blue light can also
significantly reduce serum and liver cholesterol levels, which
may be related to changes in the taurine content. This result
also suggests that blue-light regulation of cholesterol metabolism
may play a pivotal role in achieving body weight loss.

After cholesterol is metabolized, bile acids are produced in the
liver. As a downstream metabolite of cholesterol, bile acid can
be classified as primary bile acid or secondary bile acid (53). The
production, metabolism, and circulation of bile acids is a complex
process. In the liver, cholesterol is converted into primary bile
acids before it passes into the intestine. In the intestine, bacteria
that produce bile acid hydrolase (BSH) convert primary bile
acids into secondary bile acids. The interaction between intestinal
flora and bile acids is homeostatic and synergetic. The intestinal
microbiota affects the production and enterohepatic circulation
of bile acids, while bile acids could also affect the gut microbe
composition (54). Bile acid plays a key role in nutrient absorption
and distribution, metabolism regulation, and homeostasis (55).
Bile acid chelator supplement has even been used for the
treatment of obesity (56).

Therefore, after noting the down-regulated cholesterol levels
following exposure to blue light, we subsequently measured
bile acid levels in serum. Interestingly, both primary and
secondary bile acid levels tended to be up-regulated. The higher
content of primary bile acids is predictable because taurine plays
an indispensable role in converting cholesterol to bile acids.
Taurine activates the expression of the CYP7A1 gene to promote
cholesterol conversion and could be used as a precursor binding
to cholesterol to form bile salts (57, 58). In addition to promoting
lipid digestion, bile acids are also specific receptors for farnesol
X (FXR). After FXR is activated, it can reduce the accumulation
of cholesterol and triglycerides and relieve obesity (59–61). Our
results indicated that exposure to blue light might control body
weight by regulating cholesterol and bile acid homeostasis.

Despite these findings, secondary bile acid levels also tended
to increase after blue-light irradiation. Generally, gut microbes
play an integral role in converting primary bile acids to secondary
bile acids (62). The results of 16S rRNA sequencing also showed
that exposure to blue light significantly increased the abundance
of Clostridiales,Alistipes, Parabacteroides, and Lachnospiraceae in
the duck cecal microbiota. Clostridium scindens and Extibacter
muris have been reported to metabolize primary bile acids to
deoxycholic acid in mice (63). Moreover, as BSH-produced
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bacteria, Clostridiales play an essential role in converting and
refluxing bile acids (64). In this experiment, exposure to blue light
significantly increased the relative abundance ofClostridiales, and
the content of deoxycholic acid was increased 1.92-fold. The
relative abundance of Alistipes was also strongly up-regulated
and that in the blue-light group reached 5.4-fold that in the
white-light group, which may be due to the unique resistance
of Alistipes to bile acids (65). The up-regulation of Alistipes may
also be related to the alleviation of metabolic disorders and the
reduction of cholesterol content. Various studies have explored
the efficacy of Alistipes against obesity. For instance, Alistipes
could reduce lipid metabolism disorder induced by a high-fat
diet in mice by producing acetic acid (31). The up-regulation of
probiotics such as Alistipes also stimulates CYP7A and promotes
cholesterol conversion to bile acids (66). In addition, studies
have shown that a high abundance of Alistipes can increase the
intestinal absorption of cholesterol and reduce the synthesis of
cholesterol in the liver (67). Thus, Alistipes seems to be able
to directly use cholesterol to promote its own proliferation
and further reduce the accumulation of cholesterol in the liver
and serum. Furthermore, Parabacteroides has been reported to
improve succinate and secondary bile acid levels and play critical
roles in modulating host metabolism (68). In our study, the
relative abundance of Parabacteroides in the blue-light group
also increased significantly. In addition, Lachnospiraceae, as a
kind of butyrate-producing probiotic, promotes the growth and
development of the intestines (69). Irradiation with blue light
increases the relative length of the intestine, which is probably
the result of the increase in the relative abundance of short-chain
fatty acid-producing bacteria, and the increase in the β diversity
of the gut microbes in the blue-light group also increases the
stability of the gut microecology (16, 70, 71).

More importantly, previous studies have found that the
relative abundance of Lachnospiraceae in the intestines of
obese mice is significantly down-regulated (72). These results
suggested that blue light could shape the intestinal microbiota
and regulate the changes in the relative abundance of BSH-
related bacteria (e.g., Clostridiales, Alistipes, Parabacteroides, and
Lachnospiraceae). The alteration of microbiota and metabolites
significantly contributes to the variation of bile acid and lipid
metabolism, resulting in a reduction in cholesterol accumulation
and the loss of weight in ducks. However, more evidence
is needed.

We concluded that blue light could regulate cysteine and
methionine metabolism and shape the intestinal microbiota
based on our experimental results. Our findings also opened
up a new direction of conjecture (regarding the brain-gut axis)
for exploring the mechanism by which blue light regulates
lipid metabolism.

CONCLUSION

The present study applied non-targeted metabolomics and an
intestinal microbiota diversity analysis to investigate the effects
of exposure to blue light on duck metabolism. Blue light
triggered cysteine and methionine metabolism, and improved
lipid metabolism. By increasing bile acid production and bile acid
hydrolase-producing bacteria, exposure to blue light reduced the
accumulation of cholesterol in the host. These results highlighted
the change in metabolic function and the intestinal microbiota in
blue light exposure-induced weight loss. This study also provides
a new experimental approach for the application of blue light in
animal husbandry.
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With Bacillus subtilis, as an
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Performance, Serum Immunity, and
Intestinal Health in Broiler Chickens
Kai Qiu 1†, Cheng-liang Li 1†, Jing Wang 1, Guang-hai Qi 1, Jun Gao 2, Hai-jun Zhang 1* and

Shu-geng Wu 1*

1 Risk Assessment Laboratory of Feed Derived Factors to Animal Product Quality Safety of Ministry of Agriculture and Rural

Affairs, National Engineering Research Center of Biological Feed, Institute of Feed Research, Chinese Academy of

Agricultural Sciences, Beijing, China, 2 Animal Nutrition, Nutrition and Care, Evonik (China) Co., Ltd., Beijing, China

Bacillus subtilis (B. subtilis) as in-feed probiotics is a potential alternative for antibiotic

growth promoters (AGP) in the poultry industry. The current study investigated the effects

of B. subtilis on the performance, immunity, gut microbiota, and intestinal barrier function

of broiler chickens. A 42-day feeding trial was conducted with a total of 600 1-day-old

Arbor Acres broilers with similar initial body weight, which was randomly divided into

one of five dietary treatments: the basal diet (Ctrl), Ctrl + virginiamycin (AGP), Ctrl + B.

subtilis A (BSA), Ctrl + B. subtilis B (BSB), and Ctrl + B. subtilis A + B (1:1, BSAB). The

results showed significantly increased average daily gain in a step-wise manner from the

control, B. subtilis, and to the AGP groups. The mortality rate of the B. subtilis group was

significantly lower than the AGP group. The concentrations of serum immunoglobulin

(Ig) G (IgG), IgA, and IgM in the B. subtilis and AGP groups were higher than the

control group, and the B. subtilis groups had the highest content of serum lysozyme

and relative weight of thymus. Dietary B. subtilis increased the relative length of ileum

and the relative weight of jejunum compared with the AGP group. The villus height (V),

crypt depth (C), V/C, and intestinal wall thickness of the jejunum in the B. subtilis and

AGP groups were increased relative to the control group. Dietary B. subtilis increased

the messenger RNA (mRNA) expression of ZO-1, Occludin, and Claudin-1, the same

as AGP. The contents of lactic acid, succinic acid, and butyric acid in the ileum and

cecum were increased by dietary B. subtilis. Dietary B. subtilis significantly increased

the lactobacillus and bifidobacteria in the ileum and cecum and decreased the coliforms

and Clostridium perfringens in the cecum. The improved performance and decreased

mortality rate observed in the feeding trial could be accrued to the positive effects of B.

subtilis on the immune response capacity, gut health, and gut microflora balance, and the

combination of two strains showed additional benefits on the intestinal morphology and

tight junction protein expressions. Therefore, it can be concluded that dietary B. subtilis

A and B could be used as alternatives to synthetic antibiotics in the promotion of gut

health and productivity index in broiler production.
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INTRODUCTION

Antibiotics have been widely used as a growth promoter
and also to enhance the immunocompetence of birds against
infectious diseases (1). Currently, the global trend in animal
production is toward a reduction or ban on the use of feed
antibiotics for growth [antibiotic growth promoter (AGP)] and
an increase in the application of non-antibiotic approaches
that can provide similar benefits. This is accrued to the fact
that the widespread use of antibiotics over 50 years has led
to the emergence of resistant bacteria and drug residues in
animal products (2–4). In the context of growing consumer
preference for antibiotic-free meat products, researchers in
livestock production and poultry sectors have focused on
finding alternatives to replace synthetic antibiotics used in most
ongoing therapeutic regimes. There is an interest to characterize
probiotics as a kind of viable alternatives that can promote
the growth and health status of poultry through multiple
ways/mechanisms(5–7).

Despite the large amount of microorganisms serving as
probiotics in poultry production, the form of supplemental
probiotics through the hostile environment such as low pH value
and high concentration of bile salt within the gastrointestinal
tract is a severe challenge for their survival (8). As a
result, spore-forming bacteria such as Bacillus subtilis (B.
subtilis) are gaining interest in animal health-related functional
additive research due to their high tolerance and survivability
under hostile environments in the gastrointestinal tract (9–
11). Obviously, B. subtilis when applied in feed does not
lose its viability due to its high stability and extended shelf
life, hence a comparative advantage (10). Supplemental B.
subtilis in poultry diets has many beneficial claims, including
immune-modulation, enhanced nutrient digestibility, along with
improvements in gut health, immunity, and growth performance
in animals (12–14). However, many properties of probiotic
bacteria vary as a function of strain (15). With respect to
B. subtilis, its probiotic effects are highly strain-specific, and
the underlying mechanisms of action remain largely elusive
(16). It has been reported that the effects of dietary B.
subtilis supplementation on growth performance and intestinal
physiology in broilers were markedly strain-dependent (17, 18),
hence the need for continuous studies on the various strains
of B. subtilis to understand their mechanisms of action in
these animals.

Bacillus subtilis A and B were selected as two potential
probiotic strains through a multi-parameter selection
process for their ability to remain viable in feed and
through the harsh conditions of the upper gastrointestinal
tract. However, far less is known about the effects of
these two strains on broilers and their potential roles
to be AGP substitutes. Therefore, this study aimed to
evaluate the individual or combined effect of two strains
of B. subtilis A and B on the growth performance, serum
immunity, gut microbiota, and intestinal barrier function of
broiler chickens.

MATERIALS AND METHODS

Experimental Design and Bird
Management
A total of 600 newly hatched male Arbor Acres (AA) broiler
chicks with an average body weight (BW) of 40.09 g were
obtained from a local hatchery and assigned into five dietary
treatments in a randomized complete block design with 10
replicates per treatment. Each replicate contained 12 chicks (half
male and half female) housed in two cages with male and female
apart. The 42-day trial spanned three phases including the starter
period (day 0–14), grower period (day 15–28), and finisher period
(day 29–42). Three basal diets (cold pellet form) were formulated
according to the nutrient requirements of AMINOChick R©2.0
and the Chinese Feeding Standard of Chicken (NY/T, 33-2018),
and their ingredient composition and nutrient levels are shown in
Table 1. The control group was fed basal diets. The AGP group
was fed basal diets supplemented with 15 mg/kg virginiamycin.
Three probiotics groups were fed basal diets supplemented with
500 mg/kg B. subtilis A (BSA) (2E9 CFU/g), 500 mg/kg B. subtilis
B (BSB) (2E9 CFU/g), or 500mg/kgmixture of BSA and BSB (1:1,
named as BSAB), respectively. Diet samples collected from all the
treatments and phases were sent to Evonik Operations GmbH
for the proximate and spore count analysis. The pre-products are
both generally recognized as safe (GRAS) under the Association
of American Feed Control Officials (AAFCO) definition 36.14
and contain a guaranteed minimum of 2× 109 CFU/g.

All the birds were raised in wire floor cages (cage
size, 110 × 100 × 55 cm) in a three-level battery under
environmentally controlled room conditions in the Nankou
CAAS experimental base (Beijing, China). All the management
was in accordance with the AA broiler management guide. A
continuous incandescent white light was provided for the first
3 days, and then a 23L:1D lighting regime was maintained
throughout the rest feeding trial. The room temperature was
maintained at 33◦C for the first week and then reduced by
3◦C per week until it reached 24◦C. Fresh feed and water on a
daily basis were available ad libitum through individual feeders
and drinkers in each cage. The chicks were vaccinated with
inactivated Newcastle disease vaccine on days 7 and 21 and
inactivated infectious bursal disease vaccine on days 14 and 28.
The vaccines were purchased from Shanghai Haili Biotechnology
Co., LTD (Shanghai, China). During the trial, the mortality
of birds was recorded daily, and the feed consumption of the
corresponding replicate was adjusted with their body weight
accordingly. The feed intake (FI), BW, and mortality of each
replicate were recorded every 2 weeks. The average daily feed
intake (ADFI), average daily gain (ADG), and feed conversion
ratio (FCR) were calculated based on FI and BW.

Data and Sample Collection
On days 28 and 42, one chick weighing close to the average
weight of the replicate was selected for sample collection after
12 h fasting. About 5ml of blood was collected from the wing
vein using a vacutainer tube, kept in a slanting position for

Frontiers in Nutrition | www.frontiersin.org 2 November 2021 | Volume 8 | Article 786878199

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


Qiu et al. Bacillus subtilis and Broiler Chicken

TABLE 1 | Ingredient and calculated nutrient compositions of basal diet.

Items Day 1–14 Day 15–28 Day 29–42

Ingredients, %

Corn 58.20 58.70 61.00

Soybean meal 34.85 33.02 30.85

Soybean oil 2.54 4.48 4.72

CaHPO4 2.27 2.00 1.82

Limestone 0.82 0.72 0.70

Salt 0.35 0.35 0.35

DL-Methionine 0.34 0.26 0.2

L-Lysine·HCl 0.31 0.15 0.04

Vitamin premixa 0.02 0.02 0.02

Mineral premixb 0.20 0.20 0.20

Choline chloride (50%) 0.10 0.10 0.10

Total 100.00 100.00 100.00

Nutrient levelsc

AME (MJ/kg) 12.35 12.97 13.18

Crude protein, % 22.00 21.00 20.00

Calcium, % 1.00 1.00 0.90

Available phosphorus, % 0.50 0.45 0.40

Lysine, % 1.29 1.15 1.09

Methionine, % 0.55 0.52 0.48

Methionine + cystine, % 0.94 0.84 0.84

Threonine, % 0.82 0.77 0.69

Tryptophan, % 0.24 0.18 0.22

aVitamin premix provided the following per kg of diets: VA, 12.500 IU; VD3, 2.500 IU; VK3,

2.65mg; VB1, 2mg; VB2, 6mg; VB12, 0.025mg; VE, 30 IU; biotin 0.0325mg; folic acid,

1.25mg; pantothenic acid, 12mg; nicotinic acid, 50 mg.
bMineral premix provided the following per kg of diets: Cu 8mg, Zn 75mg, Fe 80mg, Mn

100mg, Se 0.15mg, I 0.35 mg.
cNutritient levels were calculated values.

AME, apparent metabolizable energy.

30min, and then centrifuged at 3,000 rpm/min for 15min at 4◦C.
The obtained serum samples were stored in 2ml plastic vials at
−20◦C, pending for ELISA analysis.

Subsequently, the selected birds were euthanized and then
dissected under aseptic conditions. Immune organs including the
spleen, thymus, and bursa of Fabricius of the birds were weighed
and their relative weight was calculated as the ratio of organ
weight (g) to BW (kg). The whole duodenum, jejunum, ileum,
and ceca were moved free of the mesentery and immediately
placed on ice for sampling. About 4 g of digesta sample from
the ileum and cecum were collected and immediately snap-
frozen in liquid nitrogen followed by storage in −80◦C until the
short-chain fatty acids (SCFA) and microbiota analysis. Then,
the relative index of the intestinal length (length/BW × 100%,
cm/g) and weight (weight/BW × 100%, g/g) of the duodenum,
jejunum, ileum, and cecum were calculated, respectively. About
3 cm of tissues from the duodenum (medial portion), jejunum
(medial portion posterior to the bile ducts and anterior to
Meckel’s diverticulum), and ileum (medial portion posterior to
Meckel’s diverticulum and anterior to the ileocecal junction)
were cut off gently in duplicate, one fixed in 10% formalin for

histomorphology, the other immediately snap-frozen in liquid
nitrogen and stored in−80◦C until mRNA extraction.

Histology and Histomorphology Analysis of
the Intestine
The fixed intestinal samples were dehydrated, embedded in
paraffin wax, cut into serial 5µm sections, and stained by
hematoxylin and eosin. Histological sections were examined
by a microscope coupled with a Microcomp integrated digital
imaging analysis system (Nikon Eclipse 80i, Nikon Co., Tokyo,
Japan). Three orientated sections cutting vertically from the villus
enterocytes to the muscularis mucosa were selected from each
sample and the measurements were carried out as follows (19).
The vertical distance from the villus tip to villus–crypt junction
level was taken as the intestinal villus height (VH), and the
vertical distance from the villus-crypt junction to the lower limit
of the crypt as the crypt depth (CD). Ten loci per section were
selected for the measurement of the VH, CD, and intestinal wall
thickness (IWT). The ratio of VH/CD was calculated as V/C.

RNA Extraction and Quantitative Real
Time-PCR
The total DNA of the microbe from the intestinal digesta and
the total RNA from the intestinal tissues were extracted using
TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) according to
the instructions of the manufacturer. Samples of DNA and RNA
were determined for integrity by 1% agarose gel electrophoresis
and for concentration and purity using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific, DE, USA).
Then the RNA samples were treated with DNase I (Cwbio
IT Group, Beijing, China) and converted into complementary
DNA (cDNA) using a reverse transcription kit (Vazyme
Biotech, Nanjing, China). An iCycler iQ5 multicolor RT-PCR
detection system (Bio-Rad Laboratories, Hercules, CA, USA)
and a RealMasterMix-SYBR Green kit [ChamQ SYBR Color
qPCR Master Mix (2×), Vazyme, Nanjing] were used for the
determination of gene expression according to the instructions
of the manufacturer. The primers used in this study are listed
in Table 2. The thermal cycling conditions of qRT-PCR were as
follows: 95◦C for 5min; 40 cycles of 95◦C for 10 s, 60◦C for 30 s.
The results of the absolute qRT-PCR of the microbe DNA were
expressed as copies/g. The relative gene expression of the tissue
samples was calculated using the 2−11Ct method.

Chemical Analysis
The serum lysozyme activity was measured using Micrococcus
lysodeikticus cells as a substrate. The serum immunoglobulin
(Ig) A (IgA), IgG, and IgM were analyzed by colorimetric
method using commercial kits (H108, H106, H109, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to
the instructions of the manufacturer. The concentrations of lactic
acid, succinic acid, and SCFA (formic acid, acetic acid, propionic
acid, butyric acid, iso-butyric acid, valeric acid, isovaleric acid) in
the ileal and cecal digesta were measured as previously described
(20) using the Dionex ICS-3000 Ion Chromatography System
(ThermoFisher Scientific Inc., Waltham, MA, USA).
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TABLE 2 | Primers used for quantitative reverse transcription PCR.

Gene Primer Sequences (5′-3′) AT (◦C) Product size (bp)

Bacteria

Lactobacillus F: AGCAGTAGGGAATCTTCCA 62 336

R: CACCGCTACACATGGAG

Bifidobacteria F: TCGCGTC(C/T)GGTGTGAAAG 61 299

R: CCACATCCAGC(A/G)TCCAC

Coliforms F: GTTAATACCTTTGCTCATTGA 62 341

R: ACCAGGGTATCTTAATCCTGTT

Clostridium perfringens F:TGCACTATTTTGGAGATATAGATAC 60 287

R:CTGCTGTGTTTATTTTATACTGTTC

Tight junction genes

ZO-1 F: CTTCAGGTGTTTCTCTTCCTCCTC 59 131

R: CTGTGGTTTCATGGCTGGATC

ZO-2 F: CGGCAGCTATCAGACCACTC 58 87

R: CACAGACCAGCAAGCCTACAG

Occludin F: ACGGCAGCACCTACCTCAA 59 123

R: GGGCGAAGAAGCAGATGAG

Claudin-1 F:CATACTCCTGGGTCTGGTTGGT 59 100

R:GACAGCCATCCGCATCTTCT

Claudin-5 F: CATCACTTCTCCTTCGTCAGC 59 111

R: GCACAAAGATCTCCCAGGTC

β-actin F:GAGAAATTGTGCGTGACATCA 60 152

R: CCTGAACCTCTCATTGCCA

AT, annealing temperature.

Statistical Analysis
The data of the B. subtilis group were generated from the data
of the three groups, BSA, BAB, and BSAB, where six replicates
in each treatment were averagely divided as two replicates of
the B. subtilis group. All the data were subjected to a one-way
ANOVA procedure for a completely randomized design using
the General Linear Mode (GLM) procedures of SAS 9.2 (SAS
Inst. Inc., Cary, NC, USA). The differences among the treatments
were separated by Duncan’s multiple range tests. P ≤ 0.05 was
considered significant.

RESULTS

Growth Performance
The growth performance of broiler chickens is shown in Table 3.
On days 14 and 28, the BW of the birds fed with AGP was
significantly higher (P ≤ 0.05) than those fed with the control
and B. subtilis diets. At the end of the trial, the birds in the AGP
group showed higher (P ≤ 0.05) BW than the B. subtilis groups
whose BW was higher (P ≤ 0.05) than the control group. During
the trial, the BW of the broiler chickens was similar among the
three B. subtilis treatments on days 14, 28, and 42. During the
starter phase (day 1–14), the broiler chickens in the AGP group
showed increased (P ≤ 0.05) ADG, ADFI, and mortality rate
and decreased FCR relative to the B. subtilis group which is not
different from the control group, and all of these indexes were
similar among the three B. subtilis groups. During the grower
phase (day 15–28), the ADG and ADFI of the AGP and B. subtilis
groups were significantly higher (P ≤ 0.05) than the control

group. Among the B. subtilis groups, the BSB group showed
higher (P ≤ 0.05) FCR than the BSAB group, and both of them
did not vary with that of the BSA group. In the finisher phase (day
29–42), the ADG of the broiler chickens in the AGP group was
higher (P ≤ 0.05) than those in the B. subtilis and control groups.
The FCR of the AGP groupwas decreased (P≤ 0.05) as compared
with the control and B. subtilis groups. No differences in ADG,
ADFI, FCR, and mortality rate were observed among the three B.
subtilis groups. During the whole trial period, day 1–42, the ADG
of the broiler chickens showed a significant increase (P ≤ 0.05)
in a stepwise manner from the control, B. subtilis, to the AGP
groups. The birds in the B. subtilis group had higher (P ≤ 0.05)
ADFI than the control group. The FCR of the AGP group was
improved (P≤ 0.05) relative to the control and B. subtilis groups.
The mortality rate of the B. subtilis group was significantly (P ≤

0.05) decreased as compared with the AGP group. There was no
variation in growth performance indices among the broilers fed
with diets supplemented with the three B. subtilis groups during
the entire feeding phase.

The Relative Weight of Immune Organ and
Serum Immunity
As shown in Figure 1, at day 28, all the three B. subtilis groups
had higher (P ≤ 0.05) relative weight of thymus compared with
the control and AGP groups. On day 42, the relative weights
of the immune organs including the thymus, spleen, and bursa
of fabricius were not influenced by the dietary treatments. The
effects of the dietary treatments on the concentration of IgA, IgG,
IgM, and lysozyme in the serum are shown in Table 4. On day
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TABLE 3 | Effects of dietary Bacillus subtilis on growth performance of broiler chickens.

Items1 ADD BS SEM p-value

Ctrl AGP BS BSA BSB BSAB ADD BS

BW, g

Day 0 40.09 40.09 40.09 40.09 40.09 40.09 0.00 1.00 1.00

Day 14 484.5b 510.5a 478.9b 475.8 477.9 482.8 6.20 <0.01 0.79

Day 28 1,379.3b 1,458.5a 1,416.4b 1,404.6 1,398.5 1,446.0 17.52 0.01 0.19

Day 42 2,403.6c 2,564.4a 2,474.6b 2,440.6 2,454.5 2,528.6 29.23 <0.01 0.16

Day 1–14

ADG, g 31.74b 33.60a 31.34b 31.12 31.27 31.62 0.44 <0.01 0.79

ADFI, g 35.40ab 36.13a 34.99b 34.75 34.9 35.33 0.50 0.15 0.74

FCR, g/g 1.12a 1.07b 1.12a 1.12 1.12 1.12 0.01 <0.01 1.00

Mortality, % 0.00b 1.67a 0.00b 0.00 0.00 0.00 0.50 0.01 1.00

Day 15–28

ADG, g 63.92b 67.72a 66.97a 66.34 65.76 68.8 1.07 0.03 0.16

ADFI, g 96.75b 101.88a 102.99a 102.64 103.38 102.94 1.52 <0.01 0.96

FCR, g/g 1.52 1.51 1.54 1.55xy 1.57x 1.50y 0.02 0.32 0.06

Mortality, % 0.00 0.83 0.55 0.83 0.00 0.83 0.65 0.64 0.61

Day 29–42

ADG, g 73.16b 78.99a 75.59b 74 75.43 77.33 1.45 0.02 0.36

ADFI, g 144.88 147.63 148.22 146.25 146.19 152.21 2.21 0.45 0.17

FCR, g/g 1.98a 1.87b 1.96a 1.98 1.94 1.97 0.03 0.01 0.59

Mortality, % 0.00 1.91 0.91 0.00 1.82 0.91 0.89 0.32 0.35

Day 1–42

ADG, g 56.27c 60.10a 57.97b 57.16 57.49 59.25 0.70 <0.01 0.16

ADFI, g 92.34b 95.21ab 95.40a 94.55 94.82 96.83 1.17 0.08 0.47

FCR, g/g 1.64a 1.56b 1.64a 1.65 1.65 1.63 0.01 <0.01 0.50

Mortality, % 0.00b 4.17a 1.39b 0.83 1.67 1.67 1.15 0.04 0.80

a,b,c,x,yMean within a row in ADD or BS with no common superscripts differ significantly (P < 0.05).
1Data were the mean of 10 replicates with 12 birds each.

BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion ratio (feed intake/weight gain, g:g); ADD, additives; Ctrl, the control group; AGP,

antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A; BSB, B. subtilis B; BSAB, the mixture of BSA and BSB (1:1).

FIGURE 1 | Effects of dietary Bacillus subtilis on the immune organ index of broiler chickens (n = 10, g/kg). ADD, additives; Ctrl, the control group; AGP, antibiotic

growth promoter; BS, B. subtilis; BSA, B. subtilis A; BSB, B. subtilis B; BSAB, the mixture of BSA and BSB (1:1). *Means significant different (P < 0.05).
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TABLE 4 | Effects of dietary B. subtilis on serum immunity of broiler chickens.

Items1 ADD BS SEM p-value

Ctrl AGP BS BSA BSB BSAB ADD BS

Day 28

IgG, g/L 4.15b 4.26a 4.23a 4.26 4.21 4.23 0.03 0.07 0.59

IgA, g/L 2.14b 2.27a 2.22a 2.22 2.20 2.25 0.03 <0.01 0.54

IgM, g/L 1.60b 1.65ab 1.66a 1.65 1.66 1.68 0.02 0.02 0.64

Lysozyme, mg/L 4.65b 4.33b 5.34a 5.07 5.36 5.59 0.29 <0.01 0.31

Day 42

IgG, g/L 4.14 4.16 4.21 4.18 4.21 4.24 0.04 0.20 0.50

IgA, g/L 2.19b 2.29a 2.26a 2.24 2.25 2.30 0.03 0.03 0.33

IgM, g/L 1.64 1.65 1.66 1.65 1.67 1.67 0.02 0.54 0.67

Lysozyme, mg/L 3.97b 3.85b 4.75a 4.71xy 4.48y 5.07x 0.21 <0.01 0.10

a,b,x,yMean within a row in ADD or BS with no common superscripts differ significantly (P < 0.05).
1Data are the mean of 10 replicates.

ADD, additives; Ctrl, the control group; AGP, antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A; BSB, B. subtilis B; BSAB, the mixture of BSA and BSB (1:1).

TABLE 5 | Effects of dietary B. subtilis on the intestinal index in broiler chickens.

Items1 ADD BS SEM p-value

Ctrl AGP BS BSA BSB BSAB ADD BS

Relative length, cm/kg BW

Day 28

Duodenum 9.89ab 9.54b 10.22a 10.21 10.17 10.28 0.27 0.09 0.94

Jejunum 56.07 54.10 56.24 56.94 55.84 55.95 1.35 0.37 0.83

Ileum 55.32a 51.71b 56.02a 56.09 54.95 57.02 1.23 0.01 0.47

Cecum 4.11b 4.41ab 4.66a 4.68 4.75 4.54 0.17 0.03 0.64

Day 42

Duodenum 5.96 5.99 6.01 6.07 5.87 6.09 0.19 0.97 0.65

Jejunum 33.61 31.60 32.40 32.33 31.23 33.63 1.08 0.42 0.31

Ileum 32.78a 29.81b 33.47a 32.78 33.04 34.59 1.04 0.01 0.41

Cecum 8.34 8.16 8.58 8.72 8.33 8.68 0.25 0.30 0.46

Relative weight, g/kg BW

Day 28

Duodenum 10.11 10.16 10.75 10.89 10.72 10.64 0.47 0.35 0.92

Jejunum 16.11ab 15.08b 16.94a 16.91 16.70 17.21 0.52 <0.01 0.78

Ileum 13.74 13.38 14.24 14.18 13.99 14.56 0.61 0.44 0.76

Cecum 3.40 3.54 3.73 3.71 3.58 3.90 0.16 0.18 0.29

Day 42

Duodenum 7.32 7.58 7.60 7.57 7.77 7.45 0.35 0.78 0.80

Jejunum 12.05 11.72 12.17 12.29 11.90 12.33 0.47 0.70 0.77

Ileum 11.00 10.49 10.33 10.64 10.13 10.21 0.44 0.43 0.69

Cecum 4.64 4.54 4.40 4.58 4.21 4.40 0.34 0.81 0.66

a,bMeans within a row in ADD with no common superscripts differ significantly (P < 0.05).
1Data were the mean of 10 replicates.

BW, body weight; ADD, additives; Ctrl, the control group; AGP, antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A, named as Gutcare; BSB, B. subtilis B, named as Gutplus;

BSAB, the mixture of BSA and BSB (1:1).

28, the level of serum IgG and IgA was higher (P ≤ 0.05) in the
AGP and B. subtilis groups as compared with the control group,
while no differences were observed among the B. subtilis groups.
On day 42, the concentration of serum IgA in the B. subtilis and
AGP groups was higher (P ≤ 0.05) compared with the control

group. TheB. subtilis group showed a higher (P≤ 0.05) content of
serum lysozyme than the control and AGP groups. The contents
of serum IgA, IgG, and IgM did not differ among the three B.
subtilis groups at day 42, but the concentration of serum lysozyme
was higher (P ≤ 0.05) in the BSAB group than in the BSB group.
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TABLE 6 | Effects of dietary B. subtilis on the intestinal morphology of broiler chickens.

Items1 ADD BS SEM p-Value

Ctrl AGP BS BSA BSB BSAB ADD BS

Duodenum

Day 28

Villus height, µm 1,357.91b 1,473.48ab 1,532.00a 1,494.21 1,553.94 1,547.86 28.05 0.05 0.74

Crypt depth, µm 361.03a 315.18b 340.75ab 320.88y 380.00x 321.38y 6.64 0.09 <0.01

V/C 3.76b 4.72a 4.57a 4.68 4.16 4.86 0.12 0.01 0.18

Intestinal wall thickness, µm 1,931.55b 2,016.86ab 2,097.42a 2,066.56 2,106.48 2,119.21 0.09 0.06 0.82

Day 42

Villus height, µm 1,630.94 1,784.70 1,716.55 1,766.66 1,646.54 1,736.44 33.62 0.36 0.46

Crypt depth, µm 390.30 400.70 375.31 390.05 373.63 362.25 7.29 0.37 0.43

V/C 4.22 4.53 4.63 4.58 4.47 4.82 0.12 0.42 0.60

Intestinal wall thickness, µm 2,362.98b 2,596.56a 2,469.63ab 2,532.55 2,384.14 2,492.20 36.78 0.13 0.36

Jejunum

Day 28

Villus height, µm 962.50b 1,113.40a 1,177.42a 1,115.36 1,193.50 1,223.39 23.41 <0.01 0.27

Crypt depth, µm 260.60 283.20 286.15 275.89 289.53 293.03 6.29 0.29 0.62

V/C 3.76b 3.98ab 4.14a 4.05 4.18 4.19 0.07 0.13 0.78

Intestinal wall thickness, µm 1,388.21b 1,640.52a 1,717.33a 1,627.51 1,752.99 1,771.50 73.82 <0.01 0.27

Day 42

Villus height, µm 1,343.50 1,535.00 1,557.92 1,507.43y 1,408.04y 1,758.29x 46.73 0.20 0.02

Crypt depth, µm 295.61b 346.66a 373.53a 351.54y 401.03x 368.03xy 8.64 <0.01 0.10

V/C 4.54 4.44 4.21 4.34x 3.51y 4.77x 0.12 0.50 <0.01

Intestinal wall thickness, µm 1,922.39b 2,302.98a 2,308.46a 2,207.90y 2,201.85y 2,515.64x 59.15 0.03 0.07

Ileum

Day 28

Villus height, µm 700.84 742.28 708.80 687.63 702.75 736.01 16.12 0.68 0.65

Crypt depth, µm 219.64 248.53 226.55 230.84 231.79 217.04 6.03 0.27 0.59

V/C 3.23 3.07 3.15 2.98y 3.04xy 3.43x 0.07 0.78 0.07

Intestinal wall thickness, µm 1,162.04 1,272.2 1,123.51 1,032.69 1,157.81 1,180.04 18.98 0.21 0.27

Day 42

Villus height, µm 834.34 1,069.24 1,036.99 1,114.95x 771.98y 1,224.05x 48.07 0.21 0.02

Crypt depth, µm 222.26 259.4 251.98 243.56 249.53 262.86 8.04 0.28 0.72

V/C 3.81 4.17 4.11 4.46x 3.10y 4.77x 0.15 0.72 0.01

Intestinal wall thickness, µm 1,396.92 1,720.41 1,621.81 1,618.35xy 1,388.10y 1,858.98x 59.32 0.20 0.07

a,b,x,yMean within a row in ADD or BS with no common superscripts differ significantly (P < 0.05).
1Data are the mean of 10 replicates.

ADD, additives; Ctrl, the control group; AGP, antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A; BSB, B. subtilis B; BSAB, the mixture of BSA and BSB (1:1); V/C, the ratio

of Villus height to Crypt depth.

Intestinal Development
The relative length and weight of the duodenum, jejunum, ileum,
and cecum are presented inTable 5. On day 28, the relative length
of the duodenum and ileum of the B. subtilis group was longer (P
≤ 0.05) than those of the AGP group, while similar to the control
group. The B. subtilis group showed increased (P ≤ 0.05) relative
length of the cecum as compared with the control group. On day
42, the relative length of the ileum was significantly longer (P
≤ 0.05) in the B. subtilis and control groups than in the AGP
group. As for the relative weight of the duodenum, jejunum,
ileum, and cecum at days 28 and 42, only the relative weight of
the jejunum in the B. subtilis group was greater (P ≤ 0.05) than

the AGP group at day 28. The relative length and weight of the
duodenum, jejunum, ileum, and cecum at days 28 and 42 did not
differ between the three B. subtilis groups.

The results of the intestinal morphology are shown in Table 6.
With respect to the duodenum, at day 28, the VH, V/C, and
IWT were higher (P ≤ 0.05) in the B. subtilis group than in
the control group. The CD of the AGP group increased (P ≤

0.05) relative to the control group, while both of them were
similar to the B. subtilis group. The CD of the BSB group was
significantly deeper (P ≤ 0.05) than the BSA and BSAB groups.
On day 42, the IWT of the AGP group was thicker (P ≤ 0.05)
than the control group, while both of them were not different
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from the B. subtilis group. The VH, CD, V/C, and IWT did not
differ between the three B. subtilis groups. As for jejunum, at
day 28, the B. subtilis group showed increased (P ≤ 0.05) VH,
V/C, and IWT relative to the control group, while it was similar
with the AGP group. No differences in intestinal morphology
were found between the three B. subtilis groups. On day 42, the
CD and IWT of the B. subtilis and AGP groups were increased
(P ≤ 0.05) relative to the control group. The VH and IWT
of the BSAB group were higher (P ≤ 0.05) than the BSA and
BSB groups. The CD of the BSB group was deeper (P ≤ 0.05)
than the control group, but not different from the BSAB group.
The V/C of the BSAB and control groups was bigger (P ≤

0.05) than the BSB group. Regarding the ileum, no differences
between the control, AGP, and B. subtilis groups were found
for VH, CD, V/C, and IWT at days 28 and 42. The V/C of
the BSAB group was greater (P ≤ 0.05) than the BSA group
on day 28, and both of them were not significantly different
from the BSB group. On day 42, the BSA and BSAB groups
showed bigger (P ≤ 0.05) VH and V/C than the BSB group.
The IWT of the BSAB group was thicker (P ≤ 0.05) than the
BSB group.

The mRNA expressions of the genes encoding intestinal tight
junction proteins in the jejunum including ZO1, ZO2, Occludin,
Claudin 1, and Claudin 5 are shown in Figure 2. There were no
differences between the three B. subtilis groups for these gene
expressions. The B. subtilis and AGP groups showed higher (P ≤

0.05) mRNA expression of ZO-1, Occludin, Claudin-1 than the
control group.

Composition of Organic Acid and
Microbiota in Digesta
As shown in Table 7, the concentration of lactic acid and succinic
acid in the ileal digesta of the B. subtilis group was higher (P ≤

0.05) than the control and AGP groups. The B. subtilis group was
found to have higher (P ≤ 0.05) content of propionic acid and
butyric acid in the ileal digesta than the AGP group, while it is
not different from the control group. The content of formic acid,
acetic acid, and total SCFA did not differ between the control,
AGP, and B. subtilis groups. Except that the BSB group showed
higher (P ≤ 0.05) content of total SCFA than the BSA group,
the concentration of other organic acids in the ileal digesta was
similar between the three B. subtilis groups. With regard to the
cecum, the concentration of lactic acid, succinic acid, formic
acid, butyric acid, and isovaleric acid in the digesta of the B.
subtilis group was higher (P ≤ 0.05) than the control and AGP
groups. The B. subtilis group showed higher (P ≤ 0.05) content
of isobutyric acid in the digesta than the AGP group, but similar
with the control group. There are no differences in organic acids
content in the digesta among the three B. subtilis groups.

The effects of experimental treatments on intestinal
microflora including Lactobacillus, Bifidobacteria, Coliforms, and
Clostridium perfringens are presented in Table 8. For the ileum
microflora, the amount of Lactobacillus in the B. subtilis group
was higher (P ≤ 0.05) than the control and AGP groups, and the
amount of Bifidobacteria in the B. subtilis group was higher (P ≤

0.05) than the AGP group, and similar with the control group.

No differences existed between the three B. subtilis groups about
the content of microflora. For the cecum microflora, the amount
of Lactobacillus and Bifidobacteria in the B. subtilis group was
higher (P ≤ 0.05) than the AGP group, but no difference was
found in the control group. The amounts of coliforms and
Clostridium perfringens in the AGP and B. subtilis group were
increased (P ≤ 0.05) than the control group. The number of
coliforms in the BSAB group was higher (P ≤ 0.05) than the BSA
group, and did not differ from the BSB group.

DISCUSSION

Over the past decades, therapeutic regimes in animal production
globally entail about 70% use of synthetic antibiotics, probably
due to their ability to improve gut health, hence health status
and production index. However, the wide use of antibiotics as
growth promoters in food animals has raised a lot of public health
concerns (21). Along with the increasing consumer awareness
of antimicrobial resistance and food safety, the use of AGP in
animal agriculture was successively banned or restricted by the
European Union, South Korea, the United States, and China.
Such a scenario may reduce the livestock productivity index and
the health status of animals due to impaired gut health, but
natural alternatives such as supplemental B. subtilis in diets could
ameliorate these effects (14). The probiotic effects of B. subtilis
for different animals are highly strain-specific because of the
different characteristics of the gastrointestinal environment (16).
Therefore, it becomes imperative to discover which strains of B.
subtilis are effective for broiler production concerning growth
performance and health response.

Virginiamycin, a well-established AGP, has been widely used
in the poultry industry and its growth-promoting effects have
already been demonstrated in various studies (22, 23). In the
present study, virginiamycin was taken as a positive control to
evaluate the effects of two strains of B. subtilis A and B, and their
combination (1:1) on the growth performance, serum immunity,
and intestinal health of broiler chickens. The significant growth-
promoting effects of virginiamycin in broiler chickens were
validated again in this study. Numerous reports showed that
broiler chickens direct-fed with B. subtilis showed enhanced
growth performance than those fed a basal diet and comparably
with the AGP group (14, 17, 18, 24, 25). However, in this study,
although dietary B. subtilis significantly increased the ADG of
broiler chickens, the improvement on both ADG and FCR was
not comparable to AGP. The group fed the combination of BSA
and BSB showed similar improvement on the ADG of broiler
chickens relative to the AGP group. It may be due to the different
strains and doses of B. subtilis used (18, 26). Remarkably, it is
worthy to note that dietary B. subtilis in our study significantly
decreased the mortality rate of broiler chickens relative to
the AGP group. It is consistent with previous reports that
the strain of B. subtilis reduced the pathology and improved
the performance of broilers with necrotic enteritis induced by
Clostridium perfringens challenge (27–29), and BSB alleviated
diarrhea severity and systemic inflammation and improved gut
health and growth performance of weaned pigs infected with
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FIGURE 2 | Effects of dietary B. subtilis on intestinal tight junction protein genes expressions in the jejunum of broiler chickens (n = 10). ADD, additives; Ctrl, the

control group; AGP, antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A; BSB, B. subtilis B; BSAB, the mixture of BSA and BSB (1:1). *Means significant

difference between the groups (P < 0.05).

TABLE 7 | Effects of dietary B. subtilis on short-chain fatty acid content in the ileum and cecum digesta of broiler chickens.

Digesta1, mg/kg ADD BS SEM p-value

Ctrl AGP BS BSA BSB BSAB ADD BS

Ileum

Lactic acid 4,700b 4,514b 5,773a 5,528 5,933 5,858 435 0.02 0.81

Succinic acid 26.59b 29.89b 40.58a 38.09 41.20 42.46 4.42 0.01 0.81

Total SCFA 319.3 310.4 332.7 263.6y 407.5x 326.8xy 43.9 0.83 0.12

Formic acid 21.79 25.41 24.72 21.47 26.89 25.79 3.14 0.64 0.55

Acetic acid 286.9 269.6 311.1 322.2 321.7 289.3 46.1 0.69 0.88

Propionic acid 6.45ab 5.58b 7.62a 6.96 7.05 8.86 0.85 0.11 0.17

Butyric acid 4.15ab 3.41b 4.71a 4.46 4.41 5.26 0.39 0.02 0.17

Cecum

Lactic acid 3.88b 3.75b 5.21a 5.13 4.88 5.63 0.48 0.01 0.59

Succinic acid 65.58b 79.10b 107.66a 95.30 113.96 113.71 11.14 <0.01 0.52

Total SCFA 6,218 6,437 6,779 6,668 6,667 7,001 416 0.45 0.80

Formic acid 29.94b 32.01b 43.96a 39.31 44.64 47.93 4.04 <0.01 0.41

Acetic acid 3,725 3,892 3,952 3,887 3,893 4,075 326 0.83 0.90

Propionic acid 1,597 1,659 1,732 1,723 1,682 1,790 145 0.69 0.82

Butyric acid 617.1b 603.3b 742.8a 721.4 741.0 765.9 40.2 <0.01 0.71

Isobutyric acid 87.14ab 79.30b 99.02a 96.69 95.83 104.53 7.67 0.07 0.62

Valeric acid 94.0 104.9 108.8 106.7 112.1 107.7 10.3 0.44 0.94

Isovaleric acid 67.69b 66.21b 97.16a 93.80 98.23 99.45 7.14 <0.01 0.73

a,b,x,yMean within a row in ADD or BS with no common superscripts differ significantly (P < 0.05).
1Data were the mean of 10 replicates.

ADD, additives; Ctrl, the control group; AGP, antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A, named as Gutcare; BSB, B. subtilis B, named as Gutplus; BSAB, the mixture

of BSA and BSB (1:1).

enterotoxigenic Escherichia coli F18 (30). Therefore, it can be
deduced that B. subtilisA and B probably decreasedmortality and
enhanced performance via enhanced gut health.

The immunoglobulin levels (IgG, IgA, and IgM) and lysozyme
activity in the serum are important indicators to evaluate the
non-specific immunity status of the animal (31, 32). Probiotics
have been demonstrated to be beneficial immunomodulators
of mammals at both phenotypic and molecular levels (33, 34).

In the present study, dietary B. subtilis A and B significantly
increased the contents of immunoglobulins IgG, IgA, and IgM in
the serum to be comparable to AGP, and increased the lysozyme
activity relatively higher than AGP. Also, for immune organ
development, dietary B. subtilis A and B increased the weight of
the thymus. The positive effects of these two strains of B. subtilis
on immunity indices are consistent with previous reports that
B. subtilis A and B significantly reduced the enteritis index of
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TABLE 8 | Effects of dietary B. subtilis on ileum and cecum microbial populations of broiler chickens.

Items1, copies/g ADD BS SEM p-value

Ctrl AGP BS BSA BSB BSAB ADD BS

Ileum

Lactobacillus (×109) 2.44b 2.03b 3.22a 3.08 3.10 3.49 0.30 <0.01 0.63

Bifidobacteria (×106) 0.39ab 0.29b 0.45a 0.42 0.47 0.47 0.06 0.04 0.79

Coliforms (×107) 2.86 2.19 2.55 2.63 2.35 2.68 0.29 0.27 0.67

Clostridium perfringens (×105) 4.12 3.58 3.76 3.66 3.86 3.76 0.38 0.58 0.94

Cecum

Lactobacillus (×109) 4.03ab 3.25b 4.78a 4.56 4.50 5.27 0.46 0.02 0.34

Bifidobacteria (×106) 3.78ab 2.56b 4.68a 4.26 4.41 5.37 0.54 <0.01 0.13

Coliforms (×107) 5.29a 2.86b 3.80b 4.40x 3.95xy 3.04y 0.46 <0.01 0.82

Clostridium perfringens (×105) 7.51a 5.14b 5.47b 5.48 5.73 5.19 0.60 <0.01 0.49

a,b,x,yMean within a row in ADD or BS with no common superscripts differ significantly (P < 0.05).
1Data were the mean of 10 replicates.

ADD, additives; Ctrl, the control group; AGP, antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A; BSB, B. subtilis B; BSAB, the mixture of BSA and BSB (1:1).

broiler chickens and the pathogenic bacteria-induced systemic
inflammation of weaned pigs (30, 35). Other strains of B. subtilis
were also reported to have auxo-actions on the immunity of
broiler chickens, such as B. subtilis 1781, 747, DSM 29784, CPB
011, CPB 029, HP 1.6, and D 014 (14, 17, 36, 37). Therefore, the
results of this study reveal that dietary B. subtilis could enhance
the immunity of broiler chickens.

Intestinal barrier integrity is a prerequisite for the homeostasis
of mucosal function to maximize the absorptive capacity and
defense against chemical and microbial challenges (38). Gut
commensals, referred to as probiotics, were discovered to
reinforce intestinal health by impacting the intestinal barrier
function (39, 40). Supplemental probiotics in diets can positively
alter the intestinal micro-environment and promote early
intestinal development (41, 42). In the present study, the dietary
addition of B. subtilis significantly increased the relative weight
and length of the small intestine relative to AGP, and the effects of
dietary B. subtilis and AGP on intestinal morphology and barrier
integrity were similar, both better than that of the control group.
The results are consistent with the previous reports that birds fed
BSA showed a high-efficient intestine with shallower crypt depth
and higher villus height to crypt depth ratio, and pigs fed with
BSB had enhanced gut health (11, 30, 35). Besides, the effects
of the improvement on the epithelial barrier integrity and gut
health were also reported with C. butyricum, E. faecalis, and other
strains of B. subtilis (14, 17, 36, 37, 43). Therefore, we deduced
that dietary B. subtilisA and B improved the intestinal barrier and
enhanced the gut health of broiler chickens for better nutrient
digestibility and utilization.

Gut microbes play vital roles in many aspects of animal health
including immune, metabolic, and developmental traits (44, 45).
Microbial fermentation results in the generation of SCFA, such
as acetate, propionate, and butyrate, which can indirectly affect
various physiological processes and may contribute to enhancing
health or create a diseased state in the animal (46–48). SCFA
can stimulate specific membrane-bound receptors to regulate
aspects of intestinal motility, hormone secretion, maintenance
of the epithelial barrier, and immune cell function (49). In

the present study, dietary B. subtilis significantly increased the
contents of lactic acids, succinic acid, and butyric acid in the
ileum and cecum, and the contents of formic acid, isobutyric
acid, and isovaleric acid in the cecum relative to the control and
AGP groups. Butyrate is the main energy source for intestinal
epithelial cells, propionate transferred to the liver regulates
gluconeogenesis and satiety signaling, and other fatty acids
produced also have been implicated directly in animal health
outcomes (44). Therefore, it indicated that dietary B. subtilis A
and B improved gut health of broiler chickens probably through
increasing intestinal fatty acids production.

Probiotics and prebiotics are microbiota-management tools
for improving host health (50). Probiotics have been used
to prevent a wide range of diseases for decades, and studies
have suggested positive effects of certain probiotics on gut
microbiota balance (51). In the current study, dietary B.
subtilis significantly increased the amount of Lactobacillus and
Bifidobacteria in ileum and cecum and decreased the amount
of coliforms and Clostridium perfringens in the cecum. Lactic
acid bacteria and Bifidobacteria are well-known probiotics and
are widely introduced into the food chain (52). Birds infected
with pathogenic strains of E. coli show low performance because
of high diarrhea and mortality rates (53). Acute necrotic
enteritis caused by Clostridium perfringens infections results in
severe losses in broiler production (37). The increased Lactic
acid bacteria and Bifidobacteria and the reduced Coliforms
and Clostridium perfringens induced by the dietary B. subtilis
in the current study imply an improved intestinal micro-
ecological balance. Therefore, these results showed that dietary
B. subtilis A and B increased intestinal fatty acids production
and gut health, probably through improving the balance of the
intestinal microflora.

CONCLUSION

Supplementation of BSA and BSB in broiler diets decreased
mortality and enhanced growth performance. These positive
effects could be accrued to efficient immune response capacity,
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intestinal microbial flora balance, the abundance of Lactobacillus
and Bifidobacteria, and decreased coliforms and Clostridium
perfringens, enhanced production of intestinal SCFA, and
enhanced gut health. Also, the combination of two strains,
BSA and BSB, synergistically enhanced intestinal morphology
and integrity functions. Conspicuously, the results of the
present study have provided strong evidence that supports
supplementation of BSA and BSB in diets of broiler chickens as
alternatives to synthetic antibiotics in the promotion of gut health
and productivity index.
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The restriction and banning of antibiotics in farm animal feed has led to a search for

promising substitutes for antibiotics to promote growth and maintain health for livestock

and poultry. Ginsenoside Rg1, which is one of the most effective bioactive components in

ginseng, has been reported to have great potential to improve the anti-inflammatory and

anti-oxidative status of animals. In this study, 360 Chinese indigenous broiler chickens

with close initial body weight were divided into 5 groups. Each group contained 6

replicates and each replicate had 12 birds. The experimental groups were: the control

group, fed with the basal diet; the antibiotic group, fed basal diet + 300 mg/kg 15%

chlortetracycline; and three Rg1 supplementation groups, fed with basal diet + 100,

200, and 300 mg/kg ginsenoside Rg1, respectively. The growth performance, immune

function, and intestinal health of birds were examined at early (day 1–28) and late

(day 29–51) stages. Our results showed that dietary supplementation of 300 mg/kg

ginsenoside Rg1 significantly improved the growth performance for broilers, particularly

at the late stage, including an increase in final body weight and decrease of feed

conversion ratio (P < 0.05). Additionally, the integrity of intestinal morphology (Villus

height, Crypt depth, and Villus height/Crypt depth) and tight junction (ZO-1 andOccludin),

and the secretion of sIgA in the intestine were enhanced by the supplementation of Rg1 in

chicken diet (P < 0.05). The immune organ index showed that the weight of the thymus,

spleen, and bursa was significantly increased at the early stage in ginsenoside Rg1

supplementation groups (P < 0.05). Our findings might demonstrate that ginsenoside

Rg1 could serve as a promising antibiotic alternative to improve the growth performance

and gut health for broiler chickens mainly through its amelioration of inflammatory and

oxidative activities.
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INTRODUCTION

Chickens in the early stage of growth have a higher incidence
to be infected with disease due to their weak physiological
state, underdeveloped organs, and poor immune function. Due
to their excellent therapeutic effects and growth promotion
properties, antibiotics have been widely used in animal formula
to improve the growth performance and health of livestock
and poultry (1, 2). However, the abuse of antibiotics has
resulted in the crisis of public biosafety, including food safety,
caused by antibiotic residues in animal products and the
outbreak of antibiotic-resistant microbes (3). Therefore, seeking
sustainable and biosafe alternatives to substitute antibiotics
in animal feed has gained enormous interest. Plant extracts,
bioreactive enzymes, and probiotics were found to have the
potential to prompt the efficiency of animal production, balance
the gut microbiota, and maintain body homeostasis and
health (4–6).

Ginseng is a widely known and valuable plant used for
different pharmacological activities worldwide and belongs to
genus Panax, which has 13 known species and is widely
distributed in many countries including in China, Korea,
Japan, Russia, and North America (7, 8). Ginsenosides, also
known as saponins, are the main components that exert the
pharmacological action of ginseng. Rg1 is the most abundant
steroid saponin, which shows the superior biomedical functions
of anti-inflammation and anti-oxidation with few side effects
compared with other identified ginsenosides (9).

In actual production, growers often only pick, store, and
sell the roots of ginseng when it is mature, but discard the
stems, leaves, and flowers that are enriched with Rg1 and still
have large pharmaceutical availability. Additionally, the total
content of ginsenosides Rg1 in ginseng stems and leaves is
actually higher than those in ginseng roots, and the price
of ginseng stems and leaves is relatively lower. Thus, the
development of ginseng stem and leaf extract has great economic
advantages in livestock and poultry production (10). Sandner
et al. found that dietary supplementation of 90 mg/kg ginseng

FIGURE 1 | Chemical structure of Rg1 (C42H72O14) and its potential metabolic pathway.

extract, which contained 80% of ginsenosides, significantly
decreased the feed conversion ratio of broilers under heat
stress (11). Additionally, 90µg/ml ginsenoside Rg1 was able to
protect chicken lymphocytes against hydrogen peroxide induced
cell damage through modulating gene expression of Toll-like
receptors (12). The oral administration of 1 mg/kg body weight
ginsenoside Rg1 for broiler chickens showed to attenuate the
immune response and oxidation stress from disease infection
(13). It was reported that the ginsenoside Rg1 was metabolized
into ginsenoside F1 or Rh1 and further hydrolyzed into
protopanaxtriol by microbes in the intestine [Figure 1; (7, 8)].

Although many pieces of evidence have proved that
ginsenoside Rg1 was able to ameliorate and protect from
aging-related brain damage, attenuate the oxidative stress in liver
steatosis, and reduce the plasmatic triglyceride and cholesterol
level to lower the risk of obesity in model animals (14–16), little
is known about the dietary effects of ginsenoside Rg1 for farm
animals. Therefore, in this study, we investigated the effects of
ginsenoside Rg1 supplemented in broiler chicken diets on the
growth performance, carcass traits, serum immunoglobulin,
immune organ index, intestinal barrier function, and
intestinal morphology.

MATERIALS AND METHODS

Reagents, Animals, and Experimental
Design
A commercial ginsenoside Rg1 (Purity 90%) product
was purchased from Nanjing Chunqiu biological
engineering company.

Three hundred sixty 1-day-old Chinese local yellow-feathered
male chickens with uniform body weight and in good health
condition were obtained from Jitai animal husbandry company
(Zhuzhou, Hunan). The marketing age of this Chinese local
chicken breed is 56 days and the final body weight is expected
to be 2.2 kg with the feed conversion ratio approximately at 2.3.
A single-factor test design was performed to allocate all chickens
into 5 treatment groups according to the same average body
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FIGURE 2 | Effects of ginsenoside Rg1 on immune organ index at day 29 (A) and day 52 (B) in broiler chickens (n = 6). CON, birds fed a basal diet; GS100, birds fed

a basal diet supplemented with 100 mg/kg ginsenoside Rg1; GS200, birds fed a basal diet supplemented with 200 mg/kg ginsenoside Rg1; GS300, birds fed a basal

diet supplemented with 300 mg/kg ginsenoside Rg1; ATB, a basal diet supplemented with 300 mg/kg chlortetracycline. Data were shown as means ± standard

deviations. Mean value without the common letter on the data bar in each figure indicated that the difference was significant (P < 0.05).

weight principle. Each treatment group consisted of 6 replicates
with 12 chicks per replicate (12 birds/0.96m2). The control group
(CON) was fed with basal diet; the antibiotic group (ATB) was fed
with basal diet + 300 mg/kg 15% antibiotic (chlortetracycline);
and three Rg1 groups were fed with the basal diet supplemented
with 100 (GS100), 200 (GS200), and 300 (GS300) mg/kg
ginsenoside Rg1, respectively. Chickens were housed with a
23:1 h light/dark cycle, the temperature was kept between 23–
27◦C, and the humidity was maintained around 50∼65%. Each
group of birds was kept in a separate rearing isolator. Each
isolator contained a wire mesh floor and was equipped with
two nipple drinkers and one feeder. Both diets and water were
supplied ad libitum. All experimental birds were husbanded
for 51 days.

Sample Collection
The body weight was recorded at day 28 and day 51,
respectively, to evaluate average daily gain (ADG). Feed
consumption was recorded once weekly to calculate average
daily food intake (ADFI) and the feed-to-gain ratio (F/G) was
calculated accordingly.

Blood samples of six birds per treatment (1 bird per pen)
at days 28 and 51 were taken from the wing vein and
centrifuged at 3,000 r/min for 15min at 4◦C to obtain the
serums. Tissue samples including the jejunum and rectum
were dissected and collected. The cecum chyme samples were
collected and transferred into sterile precooled tubes, and
then stored at −80◦C. All procedures were approved by
the Institutional Animal Care and Use Committee of Hunan
Agricultural University.

Formulation of Basal Diets
The basal diet is prepared according to nutrient requirements
of poultry revised by NRC (National Research Council, US),
1994 and Chicken Feeding Standard (NY/T33-2004), and its
composition and nutrition levels are shown in Table 1.

TABLE 1 | Composition and nutrient levels of basal diets.

Items 1–28 day 29–56 day

Diet composition, %

Corn 65.80 66.30

Wheat bran 0.60 1.00

Soybean meal 25.90 26.90

Fish meal 2.00 0

Soybean oil 1.70 1.80

Premixa 4.00 4.00

Total 100.00 100.00

Nutrient levelsb

ME MJ/kg 12.88 12.32

CP, % 18.66 17.19

Lys, % 0.99 0.88

Met, % 0.27 0.26

Ca, % 0.90 0.90

TP, % 0.42 0.36

aPremixes provided per kg of feed: Vitamin A12000 IU, Vitamin D322500 IU, Vitamin

E20.0mg, Vitamin K33.0mg, Vitamin B13.0mg, Vitamin B28.0mg, Vitamin B6 7.0mg,

Vitamin B120.03mg, Pantothenic acid 20.0mg, Niacin 50.0mg, biotin 0.1mg, folic acid

1.5mg, Fe 96mg, Cu 25mg, I 0.9mg, Zn 98mg, Mn 105.4mg, and Se 0.04 mg.
bNutrient levels are calculated values.

Growth Performance, Carcass Traits, and
Immune Organ Index
The average weight, average daily gain (ADG), average daily feed
intake (ADFI), and feed /gain (F/G) were calculated for each
repetition at day 29 and day 52, respectively, and the number of
deaths was recorded. On days 29 and 52, one healthy bird was
randomly selected from each group per replicate, weighed, and
slaughtered. The slaughter rate, full evisceration rate, abdominal
fat rate, pectoral muscle rate, and leg muscle rate were measured
and calculated following the equations below.
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Carcass yield= (carcass weight/live weight)× 100%.
Full evisceration rate = (full net rifling weight/live weight)
× 100%.
Abdominal fat yield = (abdominal fat weight/full net body
weight)× 100%.
Breast yield = (breast muscle weight/full net body weight)
× 100%
Leg yield= (legs muscle weight /full net body weight)× 100%.

The thymus gland, spleen, and bursa were dissected from the
birds with the surrounding fat removed and weighed to calculate
the immune organ index.

Organ index= organ weight (g)/live body weight (kg).

Meat Quality
The pH value of the thigh muscle was measured using a
pH meter (Mettler Toledo, Zurich, Switzerland) after 24 h of
4◦C storage. Other meat quality indexes were was determined
within 45min after euthanasia. The luminance (L∗), redness
(a∗), and yellowness (b∗) of the thigh muscle were measured
using a colorimeter (Minolta, Tokyo, Japan). The shear force was
measured using a digital tenderness meter (C-LM3B, Tenovo,
Beijing, China). The drip loss was measured using a pressure
gravimetric method. The initial weight of the muscle sample
was first determined. Then, the sample was placed between 18
layers of filter paper in a compressor and pressed with a pressure
of 2,000 psi for 1min (17). This meat sample was reweighed
immediately (final weight), and the drip loss (%) was calculated
as follows:

Drip loss (%) = (initial weight-final weight)/initial weight
× 100%.

Immune Factors in Intestine and Serum
Immunoglobulins A (IgA), immunoglobulins G (IgG),
immunoglobulins M (IgM), tumor necrosis factor-a (TNF-
a), interleukin (IL)-1β, IL-2, IL-6, IL-10 complement C3 and
C4 concentrations in serum were measured by commercial
ELISA kits (Beijing Sino-UK Institute of Biological Technology,
Beijing, China) using the method of Grilli et al. (18). Secretory
immunoglobulin A (sIgA) concentration in jejunal mucosa and
rectal mucosa was measured using a commercially available
chicken ELISA kit (R&D Systems, Minneapolis, MN) according
to Ma et al. (19). Total protein concentration in jejunal mucosa
was measured using the method described by Smith et al. (20).
Values in jejunal mucosa were expressed as units/g protein.

Intestinal Mucosal Morphology and Tight
Junction Analysis
Paraffin blocks of chicken jejunum were prepared and cut into
histological sections for H&E staining. The intestinal epithelial
structures were obtained by randomly selecting six places of the
intestinal sections with the samemagnifications and the intestinal
villus height and crypt depth, and their ratio was measured
by using ImageJ software (National Institutes of Health,
US). Expression of zonula occludins-1 (ZO-1), claudin-1, and
occludin genes in jejunal mucosa was determined by real-time
qPCR. Total RNA was extracted from jejunal mucosal samples

TABLE 2 | Primer sequences used for real-time quantitative PCR.

Genes Primer sequence (5′-3′)

β-Actin F: GAGAAATTGTGCGTGACATCA

R: CCTGAACCTCTCATTGCCA

ZO-1 F: GCGCCTCCCTATGAGGAGCA

R: CAAATCGGGGTTGTGCCGGA

Occludin F: CCGTAACCCCGAGTTGGAT

R: ATTGAGGCGGTCGTTGATG

Claudin-1 F: GCAGATCCAGTGCAAGGTGTA

R: CACTTCATGCCCGTCACAG

using Trizol reagent (Invitrogen, Carlsbad, CA). The quality and
quantity of RNA were determined using a spectrophotometer
(NanoDrop ND-1000; Thermo Fisher Scientific, Wilmington,
DE). The integrity of RNA was determined by agarose gel
electrophoresis. First-strand cDNA was synthesized using a
reverse transcription kit (Invitrogen). Oligo 6.0 (Molecular
Biology Insights, Cascade, CO) was used to design primers,
which are listed in Table 2. RT-qPCR was performed with a
volume of 10 µL containing 1 µL cDNA template, 5 µL SYBR
Green Mix, 0.2 µL ROX Reference Dye (50 times), and 0.2
µL each of forward and reverse primers. The thermal cycling
conditions were as follows: pre-denaturation (10 s at 95◦C); 40
cycles of amplification (5 s at 95◦C and 20 s at 60◦C); and melting
curve construction (60–99◦C with a heating rate of 0.1◦C/second
and fluorescence measurements). Relative gene expression was
expressed as a ratio of the target gene to the control genes using
the 2−11Ct method.

Cecal Microbial Composition 16S
Sequencing
Total microbial DNA was extracted from cecal digesta
using the Stool DNA Extraction Kit (Omega Biotek,
Norcross, GA) according to the manufacturer’s instructions.
The V3–V4 hypervariable regions of the bacterial
16S rRNA gene were amplified using primers F338
(50-ACTCCTACGGGAGGCAGCAG-30) and R806 (50-
GGACTACHVGGG TWTCTAAT-30), which were provided by
Personalbio Company (Shanghai, China). The PCR procedures
were included the predenaturation at 95◦C for 3min, 27 cycles
of denaturation at 95◦C for 30 s, annealing at 55◦C for 30 s,
elongation at 72◦C for 30 s, and final extension at 72◦C for
10min. Amplicons were extracted from 2% agarose gels, and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA) and quantified using QuantiFluor-
ST (Promega Corporation, Madison, WI). Purified amplicons
were pooled in equimolar concentrations and paired-end
sequenced (2∗300) on an Illumina MiSeq platform (Illumina,
San Diego, CA) according to the standard protocols. Raw
FASTQ files were demultiplexed, and quality-filtered using
QIIME (Version 1.17; GitHub, San Francisco, CA). Operational
taxonomic units were clustered with 97% similarity cutoff using
UPARSE and chimeric sequences were identified and removed
using UCHIME. The taxonomy of each 16S rRNA gene sequence
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TABLE 3 | Effects of ginsenoside Rg1 on growth performance of broiler chickens (n = 6).

Items Group1 p-value*

CON ATB GS100 GS200 GS300 T L Q

Initial weight (g) 40.12 ± 0.50 40.17 ± 0.51 40.17 ± 0.51 40.01 ± 0.50 40.83 ± 1.54 0.164 0.285 0.264

Final weight (g) 2046.29 ± 0.76b 2101.1 ± 0.88ab 2065.5 ± 0.77b 2073.4 ± 0.61b 2183.3 ± 0.04a 0.034 0.169 0.370

Early period (day 1–28)

ADFI (g) 51.03 ± 1.24 51.35 ± 1.49 51.42 ± 0.73 52.01 ± 0.37 52.71 ± 0.64 0.331 0.384 0.899

ADG (g) 28.05 ± 0.89 27.84 ± 0.40 27.83 ± 0.52 28.24 ± 0.51 28.38 ± 0.51 0.561 0.410 0.404

F/G 1.85 ± 0.04 1.83 ± 0.06 1.85 ± 0.03 1.84 ± 0.03 1.83 ± 0.03 0.864 0.251 0.776

Late period (day 29–51)

ADFI (g) 129.39 ± 0.28c 132.34 ± 0.13a 129.67 ± 2.63bc 129.99 ± 1.53abc 132.14 ± 0.48ab 0.049 0.191 0.185

ADG (g) 53.11 ± 1.95b 56.07 ± 1.67b 54.84 ± 2.47b 55.06 ± 1.18b 59.23 ± 4.18a 0.006 0.002 0.148

F/G 2.41 ± 0.07a 2.36 ± 0.08a 2.39 ± 0.13a 2.32 ± 0.07a 2.19 ± 0.11b 0.002 0.001 0.051

Full period (day 1–51)

ADFI (g) 89.22 ± 1.31 89.85 ± 0.99 90.66 ± 2.21 89.59 ± 0.77 90.98 ± 0.74 0.327 0.138 0.982

ADG (g) 39.68 ± 1.10b 40.10 ± 0.84b 40.07 ± 0.35b 40.49 ± 1.05b 42.83 ± 1.18a <0.001 <0.001 0.009

F/G 2.26 ± 0.03a 2.24 ± 0.05a 2.23 ± 0.07a 2.21 ± 0.05a 2.12 ± 0.06b 0.001 <0.001 0.069

ADG, average daily gain; ADFI, average daily feed intake; F/G, feed/gain ratio.

*Mean T, treatment; L, linear; Q, quadratic; orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of GS Rg1 treatment. To test the linear and

quadratic responses to increases in the Ginsenoside Rg1 level in the diet.
a−cMean values with unlike letters between different groups were significantly different (P < 0.05).
1CON, basal diet; ATB, basal diet adding 300 mg/kg 15% antibiotic (chlortetracycline); GS100, GS200, and GS300 group, basal diet adding 100, 200, and 300 mg/kg GS Rg1,

respectively.

was analyzed by RDP Classifier (http://rdp.cme.msu.edu/)
against the Silva (SSU128) 16S rRNA database using a confidence
threshold of 80%.

Statistical Analysis
All data were analyzed with one-way ANOVA followed by
Tukey’s multiple comparison using SPSS 26.0 software (SPSS
Inc., Chicago, IL, USA). The collected data were tested by
means of one-way ANOVA. The inverse sine transformation
was performed for the relative abundance of cecal microbiota
to make the data normal distributed. Polynomial contrasts were
used to test the linear and quadratic responses to the increase
of the Ginsenoside Rg1 supplementation level in the diet. Data
presented were shown asmeans± SD and values were considered
significant at P < 0.05. Graphs were generated using GraphPad
Prism 6.0 software.

RESULTS

Effects of Dietary Rg1 Supplementation on
Chicken Growth Performance, Carcass
Traits, and Immune Organ Index
The effects of ginsenoside Rg1 supplemented in chicken diets
on the growth performance are displayed in Table 3. The results
showed that Rg1 supplementation had a significant influence (P
< 0.05) on the chicken final body weight, ADG, and F/G at full
period, and the GS300 supplementation group showed the best
increasing effects on the final body weight, ADG, and F/G at
full period compared with the CON group or even ATB group.
Although the effects of Rg1 supplementation on the growth

performance were not significant during the early stage (day 1–
28), the GS300 supplementation group showed the subsequent
beneficial effects on the ADFI, ADG, and F/G ratio during the
late period (day 29–51) (P < 0.05).

The proportions of broiler carcass, full evisceration, breast,
thigh, and abdominal fat were measured at day 52 and the results
were listed in Table 4. The supplementation of 200 and 300
mg/kg ginsenoside Rg1 in chicken diet significantly increased
breast and thigh yield compared with the CON group (P <

0.05). However, the significance of Rg1 on carcass yield and
full evisceration percent were not apparent, probably due to the
insignificant effects of Rg1 treatments on the weight gain of
visceral organs or the skeleton weight.

The rapid artificial selection on the body weight has been
reported to reduce themeat quality of broiler chickens (21). Thus,
in order to look at the effects of Rg1 on the meat quality of broiler
chickens when it significantly increased the muscle yield, we
tested the muscle quality of chicken breast, particularly including
the drip loss, shear force, meat pH, andmeat colors (Table 5). The
results showed that the Rg1 supplementation in chicken diet was
able to increase the breast meat quality, which decreased the drip
loss percent and shearing force of breast muscle compared to the
CON group.

The effects of ginsenoside Rg1 on the immune organ index of
broiler chickens were shown in Figure 2. On day 29, the thymus
index of GS300, G200, and GS100 were significantly higher than
that of the CON and ATB groups (P < 0.05), and showed a
dose-effect. The bursa index of the G200 and GS100 groups were
significantly higher than those of the CON group (P < 0.01). On
day 52, compared with the control group, there was no significant
difference in the thymus index and the bursa index of each test
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TABLE 4 | Effects of ginsenoside Rg1 on carcass traits of broiler chickens (n = 6).

Items % Group p-value

CON ATB GS100 GS200 GS300 T L Q

Carcass yield 88.19 ± 0.95 88.51 ± 0.57 88.42 ± 0.80 88.72 ± 0.72 88.74 ± 0.66 0.811 0.279 0.999

Full evisceration 71.35 ± 0.92 72.43 ± 1.10 72.46 ± 1.21 72.80 ± 0.13 72.92 ± 0.41 0.189 0.015 0.495

Breast yield 14.55 ± 0.99b 14.36 ± 0.85b 15.63 ± 0.95ab 15.99 ± 0.93a 14.66 ± 0.41ab 0.070 0.343 0.024

Breast percent* 10.91 ± 1.06 11.15 ± 0.91 10.95 ± 0.88 11.32 ± 1.04 10.95 ± 1.40 0.957 0.779 0.773

Thigh yield 21.20 ± 0.21bc 20.87 ± 0.60c 21.94 ± 0.73ab 22.42 ± 0.31a 22.01 ± 0.73a 0.003 0.153 0.267

Thigh percent* 17.41 ± 0.24 17.13 ± 0.65 17.73 ± 0.91 17.82 ± 1.05 17.78 ± 0.89 0.505 0.359 0.704

Abdominal fat yield 2.95 ± 0.51 2.57 ± 0.32 2.42 ± 0.59 2.37 ± 0.53 2.91 ± 0.84 0.508 0.891 0.123

Abdominal fat percent* 2.47 ± 0.53 2.52 ± 0.80 2.38 ± 0.78 2.52 ± 0.60 3.03 ± 0.81 0.543 0.225 0.210

*Data were calculated by the tissue weight/live body weight of broiler chickens.
a−cMean values with unlike letters between different groups were significantly different (P < 0.05).

TABLE 5 | Effects of ginsenoside Rg1 on breast meat quality of broiler chickens (n = 6).

Items Group p-value

CON ATB GS100 GS200 GS300 T L Q

Drip loss % 31.86 ± 3.95a 25.73 ± 1.95b 25.51 ± 1.78b 28.89 ± 4.15ab 27.46 ± 2.84b 0.013 0.05 0.088

Shearing force /kgf 1.96 ± 0.10a 1.96 ± 0.08a 1.73 ± 0.14b 2.11 ± 0.04a 1.72 ± 0.13b <0.001 0.048 0.961

pH (24 h) 4.67 ± 0.26 4.70 ± 0.05 4.67 ± 0.22 4.7 ± 0.14 4.74 ± 0.09 0.949 0.518 0.726

Meat Color L 52.65 ± 2.87 52.43 ± 1.41 51.23 ± 1.50 50.89 ± 1.68 49.96 ± 1.09 0.140 0.041 0.982

a 0.74 ± 0.35 1.21 ± 0.37 1.58 ± 0.60 1.19 ± 1.32 1.68 ± 0.48 0.163 0.055 0.511

b 6.50 ± 1.09 6.26 ± 0.51 6.22 ± 1.04 5.72 ± 1.10 4.84 ± 1.07 0.205 0.050 0.350

a,bMean values with unlike letters between different groups were significantly different (P < 0.05).

group. However, the Spleen index of the birds in the GS300 group
was significantly lower than that of the CON group (P < 0.01).

Effects of Dietary Rg1 Supplementation on
Intestinal Morphology, Immunity, and
Microbial Homeostasis
As shown in Figure 3, at day 29 and 52, the jejunal villus
height of the birds in GS300 group was significantly higher
than the CON group and ATB group. However, the crypt
depth of all Rg1 supplementation groups was significantly lower
than the CON group (P < 0.05), but not significant when
compared with the ATB group. Finally, all Rg1 supplementation
groups showed higher VH/CD than the CON group, and the
GS300 group showed the best effects on increasing VH/CD
than all other Rg1 supplementation groups, and even the
ATB group.

Except for the histological observations, the integrity of
intestinal epithelium is usually determined by the expression of
key tight junction genes. Thus, we further measured the relative
gene expression of ZO-1, Occludin, and Claudin-1 in chicken
jejunum and the results were listed in Figure 4. The jejunum tight
junction protein ZO-1 mRNA expression of GS300 group was
significantly higher than that in the CON group at days 29 and
52, while Occludin mRNA expression in the jejunum of GS100,
GS200, and GS300 group showed higher than CON group and

GS300 group exhibited the greatest effect on elevating Occludin
gene expression than GS100 and GS200 group at day 52.

The immune factors that are secreted by the intestinal
epithelial cells are important components constructing the
intestinal chemical barrier. sIgA is the most abundant antibody
which broadly distributes in the intestinal mucosa and plays a
critical role in maintaining the intestinal immune homeostasis by
interacting with pathogens and commensal microflora (22). As
shown in Figure 5, the jejunal sIgA content of the GS300 group
was significantly higher than that of the CON group and even
the ATB group at days 29 and 52 (P < 0.01). The rectal sIgA
content at days 29 and 52 increased linearly with the dose of
Rg1 supplemented in the diet increased. Additionally, the sIgA
contents in GS300 group was significantly higher than that of the
CON group and the ATB group (P < 0.01) at day 29 and 52.

Besides mechanical and chemical barriers, the intestinal
microbiological barrier is a huge commensal microorganism
cluster that colonizes in the mucosal layer of the intestinal
epithelium and communicates with the chemical environment
and mechanical activities (23). As shown in Figure 6, the alpha
diversity of cecum microbiota at days 29 and 52 displayed no
significant differences between different treatment groups (P
> 0.05).

Additionally, the taxonomic composition analysis (Figure 7)
showed that Firmicutes, Bacteroidetes, and Proteobacteria were
the dominant bacteria in chicken cecum both at early and late
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FIGURE 3 | Effects of ginsenoside Rg1 on jejunal morphological structure at day 29 and day 52 in broiler chickens (n = 6). CON, birds fed a basal diet; GS100, birds

fed a basal diet supplemented with 100 mg/kg ginsenoside Rg1; GS200, birds fed a basal diet supplemented with 200 mg/kg ginsenoside Rg1; GS300, birds fed a

basal diet supplemented with 300 mg/kg ginsenoside Rg1; ATB, a basal diet supplemented with 300 mg/kg chlortetracycline. Data were shown as means ± standard

deviations. Mean value without the common letter on the data bar in each figure indicated that the difference was significant (P < 0.05).

FIGURE 4 | Effects of ginsenoside Rg1 on mRNA levels of key tight junction genes at day 29 (A) and day 52 (B) in broiler chickens (n = 6). CON, birds fed a basal

diet; GS100, birds fed a basal diet supplemented with 100 mg/kg ginsenoside Rg1; GS200, birds fed a basal diet supplemented with 200 mg/kg ginsenoside Rg1;

GS300, birds fed a basal diet supplemented with 300 mg/kg ginsenoside Rg1; ATB, a basal diet supplemented with 300 mg/kg chlortetracycline. Data were shown

as means ± standard deviations. Mean value without the common letter on the data bar in each figure indicated that the difference was significant (P < 0.05).

stages. But, the ratio of Firmicutes to Bacteroidetes notably
decreased due to the decline of Firmicutes and increase of
Bacteroidetes from day 29 to day 52 (Supplementary Tables 1,

2). Unsurprisingly, the changes of microbial composition
between different treatment groups were not apparent either
at the early stage or late stage, which might indicate that
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FIGURE 5 | Effects of Ginsenoside Rg1 on the content of secreted Immunoglobulin A in jejunum (A) and rectum (B) in broiler chickens (n = 6). CON, birds fed a basal

diet; GS100, birds fed a basal diet supplemented with 100 mg/kg ginsenoside Rg1; GS200, birds fed a basal diet supplemented with 200 mg/kg ginsenoside Rg1;

GS300, birds fed a basal diet supplemented with 300 mg/kg ginsenoside Rg1; ATB, a basal diet supplemented with 300 mg/kg chlortetracycline. Data were shown

as means ± standard deviations. Mean value without the common letter on the data bar in each figure indicated that the difference was significant (P < 0.05).

FIGURE 6 | Effects of Ginsenoside Rg1 on the alpha diversity of intestinal microbiota at day 29 (A) and day 52 (B) in broiler chickens (n = 5). CON, birds fed a basal

diet; GS100, birds fed a basal diet supplemented with 100 mg/kg ginsenoside Rg1; GS200, birds fed a basal diet supplemented with 200 mg/kg ginsenoside Rg1;

GS300, birds fed a basal diet supplemented with 300 mg/kg ginsenoside Rg1; ATB, a basal diet supplemented with 300 mg/kg chlortetracycline.

dietary Rg1 supplementation had little effect on the intestinal
microbiota composition.

The effects of ginsenoside Rg1 on serum immunoglobulins of
broiler chickens are shown in Figure 8. The increased amount

of Rg1 supplemented in the diet resulted in the linear increase
of IgG, IgM, and IgA in the chicken serum. Especially, on days
29 and day 52, the birds in the GS300 group had the highest
IgG, IgM, and IgA contents in the serum compared with other
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FIGURE 7 | Effects of Ginsenoside Rg1 on the relative phylum abundance of intestinal microbiota at day 29 (A) and day 52 (B) in broiler chickens (n = 5). CON, birds

fed a basal diet; GS100, birds fed a basal diet supplemented with 100 mg/kg ginsenoside Rg1; GS200, birds fed a basal diet supplemented with 200 mg/kg

ginsenoside Rg1; GS300, birds fed a basal diet supplemented with 300 mg/kg ginsenoside Rg1; ATB, a basal diet supplemented with 300 mg/kg chlortetracycline.

FIGURE 8 | Effects of ginsenoside Rg1 on serum immunoglobulins at day 29 (A) and day 52 (B) in broiler chickens (n = 6). CON, birds fed a basal diet; GS100, birds

fed a basal diet supplemented with 100 mg/kg ginsenoside Rg1; GS200, birds fed a basal diet supplemented with 200 mg/kg ginsenoside Rg1; GS300, birds fed a

basal diet supplemented with 300 mg/kg ginsenoside Rg1; ATB, a basal diet supplemented with 300 mg/kg chlortetracycline. Data were shown as means ± standard

deviations. Mean value without the common letter on the data bar in each figure indicated that the difference was significant (P < 0.05).

treatment groups or the CON group (P < 0.01). The IgM and
IgA content of all Rg1 supplementation groups were significantly
higher than those in the CON and ATB groups (P < 0.01). On
day 52, the contents of IgG and IgA in the GS300 and GS200
group were significantly higher than those in the control and
antibiotic groups (P < 0.01), the IgM content of the GS300 group
was significantly higher than that in the CON and ATB groups (P
< 0.01), and he IgM content of the GS200 group was significantly
higher than that of the ATB group (P < 0.01).

The effects of ginsenoside Rg1 supplementation on serum
complement C3 and C4 in broiler chickens are shown in
Figure 9. On days 29 and 52, the levels of serum complement C3
andC4 in the GS100, GS200, andGS300 groups were significantly
higher than those of the CON group, or even ATB group (P
< 0.01).

The contents of serum cytokines are critical to indicating
the inflammation status of animals. Thus, we tested the
serum cytokine contents to investigate whether ginsenoside Rg1

supplementation might improve the anti-inflammatory activities
for broiler chicken. The results are displayed in Figure 10. At 29
days, the IL-1β, IL-2, and IL-10 contents of the GS300 group were
significantly higher than the CON group (P < 0.01), while the
IL-6 and TNF-α contents of the GS300 group were significantly
lower than CON group (P < 0.01). In addition, the IL-1β and
IL-2 contents of the GS200 group were significantly higher than
the CON group (P < 0.01), but the TNF-α contents of the GS200
group were significantly lower than the CON group (P < 0.01).
At 52 days of age, the IL-1β contents of GS200 and GS100 groups
were significantly higher than the CON group (P < 0.01), and IL-
2 contents of GS300 and GS200 groups were significantly higher
than the ATB group (P < 0.01). What is more, the IL-6 content of
the GS300 group was significantly lower than the ATB group (P<

0.01); but the IL-10 content of the GS300 group was significantly
higher than the ATB group (P< 0.01). Finally, the TNF-α content
of the GS300 group was significantly lower than the CON group
(P < 0.01).
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FIGURE 9 | Effects of ginsenoside Rg1 on serum complement C3 and C4 at day 29 (A) and day 52 (B) in broiler chickens (n = 6). CON, birds fed a basal diet;

GS100, birds fed a basal diet supplemented with 100 mg/kg ginsenoside Rg1; GS200, birds fed a basal diet supplemented with 200 mg/kg ginsenoside Rg1;

GS300, birds fed a basal diet supplemented with 300 mg/kg ginsenoside Rg1; ATB, a basal diet supplemented with 300 mg/kg chlortetracycline. Data were shown

as means ± standard deviations. Mean value without the common letter on the data bar in each figure indicated that the difference was significant (P < 0.05).

FIGURE 10 | Effects of ginsenoside Rg1 on serum cytokines at day 29 (A) and day 52 (B) in broiler chickens (n = 6). CON, birds fed a basal diet; GS100, birds fed a

basal diet supplemented with 100 mg/kg ginsenoside Rg1; GS200, birds fed a basal diet supplemented with 200 mg/kg ginsenoside Rg1; GS300, birds fed a basal

diet supplemented with 300 mg/kg ginsenoside Rg1; ATB, a basal diet supplemented with 300 mg/kg chlortetracycline. Data were shown as means ± standard

deviations. Mean value without the common letter on the data bar in each figure indicated that the difference was significant (P < 0.05).

DISCUSSION

Ginseng, as a valuable medical herbs of the past, has been
now widely cultivated and grown in many countries due to its
abundance of ginsenosides, which were proved to have excellent
anti-inflammatory, anti-apoptotic, and anti-oxidative effects in
animals (8). One of the most prominent functions of ginsenoside
Rg1 is to improve cardiovascular activities including activating
the vascular endothelial angiogenesis (24) and protecting the
oxidative attack on cardiomyocytes in humans and rats (25, 26).

In our study, the addition of ginsenoside Rg1 in the diet
has no significant effect on the growth performance of broiler
chickens in the early period (1–28 day), while it showed
improving effects on the ADFI, ADFG, and F/G in the late period
(29–51 day), which was consistent with the previous findings
that dietary supplementation of ginseng extract significantly

decreased the F/G and alleviated the heat stress for broilers
(11). Additionally, the final yield and meat quality of breast
and thigh were significantly improved with the supplementation
of ginsenoside Rg1. The supplementation of red ginseng marc
also showed to increase the water holding capacity and shearing
force for broiler chickens (27). He et al. (28) also found that
subcutaneous injection of Rg1 caused weight gain inmice. In DSS
(dextran sodium sulfate)-induced mouse colitis, ginsenoside Rg1
treatment significantly ameliorated the weight loss by mitigating
the inflammatory burdens (29). It has also been demonstrated
that ginsenosides Rg1 enabled to improve feed intake and
production performance by increasing the antioxidant capacity
of the body and alleviating oxidative stress (30, 31). Due to the
rapid growth rate, especially the fast meat production during the
late period of broiler chickens, the oxidative and inflammatory
stress caused by this intensive metabolism could be a major
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reason that results in muscular dysplasia (32), visceral organ
inflammation (33), and bone abnormality (34), which further
leads to the low growth performance for broiler chickens (21).
Thus, it is possible that the supplementation of Rg1 in broiler
chicken diet at the grow-out period was able to improve the
growth performance and feed conversion ratio due to its potential
effects on anti-inflammation and anti-oxidation in animals.
Although the role of Rg1 to mitigate chicken oxidative status
was not investigated in our research, further studies should be
worthwhile to test the anti-oxidative function of Rg1 on broilers.

One possible reason for Rg1-induced weight gain for broilers
could be its positive effects on the intestinal morphology
and integrity, thus increasing the absorption of nutrients
and functional molecules and avoiding the invasion of
enteric pathogens. The villi height (VH) and crypt depth
(CD) are important indicators to reflect the intestinal
morphology and represent the ability of nutrient absorption
and epithelium renewal (35). In this study, dietary ginsenoside
Rg1 supplementation could significantly increase the VH
and VH/CD, and decreased the CD in the chicken jejunum.
Our results might indicate that the enlarged absorptive area
of chicken intestine caused by Rg1 supplementation perhaps
boosted the nutrient uptake and further resulted in the
bodyweight accumulation. Previous reports showed that dietary
supplementation of probiotics or prebiotics increased intestinal
morphology significantly by reshaping the intestinal microflora
for broilers (36, 37). However, our microbial results did not
present any changes when supplemented with the ginsenoside
Rg1 in chicken diets. The integrity of epithelial cellular junctions
determines the permeability of the intestine, thus the expression
of the responsible junction proteins may indicate the ability of
the intestine to filter the exogenous pathogens. The 300 mg/kg
Rg1 supplementation in chicken diet showed significantly higher
mRNA expression of tight junction proteins such as Occluding
and ZO-1 at day 52 compared to the CON group or even the ATB
group. The intestine is not only the major place to metabolize
and absorb the nutrients, but also the initial barrier to prevent
the pathogens or toxins into the blood (38). Hence, an impaired
epithelial mechanical barrier consequently causes the failure
of animal growth performance (39). The ginsenoside Rg1 may
play an important role in shaping the healthy epithelial barrier
by inducing the gene expression of tight junction proteins and
resist the invasion of external enteropathogens and endogenous
inflammation or stress.

Except for the mechanical barrier, the intestinal mucosal
barrier also consists of chemical barriers and microbial barriers,
which play important roles to interact with the host immune
system and defend exotic pathogens (40–42). Secretory IgA
(sIgA) is an antibody secreted by B lymphocytes in the
lamina propria in the gastrointestinal tract and presents on
the mucosal surface to form an immunoprotective layer that
prevents pathogens from adhering to the cell surface and
invading the circulation (43). Similar to Ma et al. (19) who
found that ginsenosides could enhance the immunomodulatory
effects of broilers and increase the content of sIgA. In our
results, the dietary ginsenoside Rg1 supplementation could also
significantly increase sIgA contents in jejunum and rectum

both at an early stage and late stage. Similarly, the tight
junction protein ZO-1 was also highly expressed at the early
stage. However, we only observed the significant weight gain
at the late stage. The possible reason was that the intensive
metabolism and rapid growth burden of broiler chickens at late
stage produced large oxidative and inflammatory attacks, which
may cause the impairment of intestinal health for birds that
closed to grow out. The supplementation of Rg1 was able to
balance the intestinal homeostasis through synthesizing tight
junction proteins and sIgA, which primarily played their roles
to ameliorate the oxidative and inflammatory stress occurred at
the late stage. However, we did not observe any compositional
change of chicken cecal microbiota when the ginsenoside Rg1
was supplemented in the diet in our research, although the
microbial metabolites of ginsenoside Rg1 was found to interact
with the bacterial community through changing the redox
metabolic events in mice (44).

Interestingly, we found that the supplementation of Rg1 in
the chicken diet was particularly able to increase the weight of
critical immune organs, such as the thymus, spleen, and bursa
of Fabricius at an early stage. Therefore, the Rg1 might play a
role in facilitating the maturation of immune organs and this
result stimulated us to investigate whether Rg1 supplementation
could improve the immune status of the birds through generating
and secreting more complement components, immunoglobulins,
or cytokines in the serum. Strikingly, dietary ginsenoside Rg1
apparently elevated the anti-inflammatory cytokines including
IL-10, and IL-2, and declined pro-inflammatory cytokines such
as IL-6, IL-1β, and TNF-α in chicken serum. It has been reported
that ginsenoside Rg1 could target the liver and decrease the
production of IL-1β by suppressing the hepatic inflammation
induced by nucleotide-binding oligomerization domain (NOD)-
like receptor family pyrin domain-containing 3 (NLRP3) (45).
In addition, the serum IL-6, IL-1β, and TNF-α in rats suffering
from alcoholic hepatitis was dropped back almost to the normal
level via inhibiting the activation of the NF-κB pathway when
treated with ginsenoside Rg1 (46). Complement components
and immunoglobulins are two important immune factors in the
serum and constitute the non-specific and specific immunity,
respectively. Consistent with the previous findings that Rg1 could
induce the serum IgG and stimulate the synthesis of IgA in B cells
in mice (47, 48), our results showed that the supplementation of
300 mg/kg ginsenoside Rg1 in broiler diet was able to increase
the C3, C4, IgA, IgM, and IgG content in the serum, suggesting
that Rg1 might strengthen the ability of the immune defenses for
broiler chickens.

CONCLUSIONS

In summary, the dietary supplementation of 300 mg/kg
ginsenoside Rg1 was found to have great beneficial potential on
growth performance for broilers, particularly at the late stage,
including the increase of final body weight and decrease of
feed conversion ratio. This positive effect could be associated
with the function of ginsenoside Rg1 in increasing the ability
to absorb nutrients and resist pathogens through improving

Frontiers in Nutrition | www.frontiersin.org 11 November 2021 | Volume 8 | Article 705279221

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


Song et al. Ginsenoside Rg1 on Chicken Health

the morphology of the intestine, integrity of tight junctions,
and secretion of sIgA. Additionally, Rg1 supplementation
significantly boosted the capacity of serum immunity by
enhancing the anti-inflammatory and anti-oxidative abilities of
the body, such as the suppression of pro-inflammatory cytokine
secretion and activation of anti-inflammatory cytokines,
complement system, and immunoglobulin production.
Therefore, according to our study, the application of ginsenoside
Rg1 in the diet could be a potential alternative with which to
substitute antibiotics to improve the growth performance and
body health of broiler chickens.
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The purpose of this experiment was to study the effects of Plotytarya strohilacea Sieb. et

Zuce tannin on broilers growth performance, antioxidant function, intestinal development,

intestinal morphology and the cecal microbial composition. In this experiment, a total of

360 1-day-old Arbor Acres male broilers were randomly divided into 4 treatment groups,

with 6 replicates in each group and 15 broilers in each replicate. The control group

(Control) was fed the basal diet, and the broilers were fed a basal diet supplemented

with 0 (Control), 100 (PT1), 400 (PT2), and 800 (PT3) mg/kg Plotytarya strohilacea Sieb.

et Zuce tannins for 42 days, respectively. The results showed that the average daily feed

intake (ADFI) of the PT1 group was significantly lower than that of the control group, and

there was a significant quadratic relationship between the ADFI and the concentration

of tannin (P < 0.05). Compared with the control group, the F/G of broilers during the

22–42 days phase in the PT1 group showed a decreasing trend (P = 0.063). The serum

catalase (CAT) activity in the PT1 group was significantly higher than those of the other

three groups, and the effect was significantly quadratically related to the dosage (P <

0.05). The glutathione peroxidase (GSH-Px) activity in the PT1, PT2 and control groups

were significantly higher than that of the PT3 group, and the effect was significantly

quadratically related to the addition amount (P < 0.05). The serum total antioxidant

capacity (T-AOC) activity in the PT1 group was significantly higher than that in the control

group, and the effect was significantly quadratically related to the addition amount (P <

0.05). Compared to the control group, the villus height of jejunum in the PT1, PT2 and

PT3 groups were significantly higher, and there was a significant quadratic relationship

between the villus height of jejunum and the addition amount (P < 0.05). In addition,

adding tannins to diets significantly increased Parabacteroides in the dominant genus

(P < 0.05). In conclusion, dietary supplementation with Plotytarya strohilacea Sieb.

et Zuce tannin improved the growth performance, antioxidant function, and intestinal

morphology along with an increased abundance of Parabacteroides in the cecum, and

the recommended dosage of tannin in broiler diets was 100 mg/kg.

Keywords: Plotytarya strohilacea Sieb. et Zuce tannin, growth performance, intestinal morphology, cecal

microbial, broilers
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INTRODUCTION

With the rapid development of livestock and poultry, long-term
and low-dose preventive drugs or excessive use and abuse of
antibiotics and other factors result in the presence of antibiotic
residues in livestock and poultry products, the resistance of
pathogens to antibiotics, the imbalance of normal microbial flora,
the decline of animal immunity, and related effects (1–3). With
the increasing food safety awareness of the population and the
implementation of the policy of antibiotic prohibition in various
countries worldwide to control the use of antibiotics, the cost of
poultry production will increase (4). The search for antibiotic
alternatives with natural, inexpensive, non-toxic and residual
characteristics has become a study focal point in the poultry
industry (5).

Platycarya strobilacea Sieb. Et Zucc, a walnut plant, is widely
distributed in northwest China, east China, central China, south
China and other places. Platycarya strobilacea Sieb. Et Zucc is
widely used in traditional medicine in China with a long history.
It can dispel wind, dispel phlegm, relieve dryness and kill insects
(6, 7). Allspice fruit extract is derived from the fruit sequence
of Platycarya strobilacea Sieb. Et Zucc and is a natural product
that includes plant polyphenols, flavonoids, ellagic acid, vitamins,
tannins and other bioactive substances (8, 9). The tannins are
ellagic tannins, and the main ingredient is oak ellagin equine,
which can be obtained by the hydrolysis of ester ellagic tannins
formed by two hexahydroxybiphenyl diacyl groups and glucose.
Tannins have special biological and pharmacological activities,
and previous studies have mainly focused on the inhibition of
cell toxicity, harmful intestinal bacteria, and oxidation and the
prevention of cancer and anti-aging effects (10, 11). Tannins
have also been used as a compound Chinese medicine in the
treatment of acute chronic rhinitis and sinusitis (12). Faraha
et al. (13) have studied that grape seed extracts which contain
tannins significantly decreased serum total cholesterol, low-
density lipoprotein cholesterol and meat malondialdehyde level,
and increased the antibody titer against Newcastle disease virus
vaccine of broilers. However, few studies have compared and
analyzed the effects of Platycarya strobilacea Sieb. Et Zucc
tannins on the growth performance, intestinal development and
intestinal microbial community of poultry based on microbial
sequencing technology.

In this study, Platycarya strobilacea Sieb. Et Zucc tannins were
used as an antibiotic substitution to determine their effects on
the growth performance of broilers. Additionally, 16S rDNA
sequencing was used to compare the effects of tannins on the
intestinal microbial community of these broilers, in combination
with intestinal development and intestinal morphology, to better
understand the impact of tannins on the growth performance
of broilers.

METHODS

Experimental Design and Animal
Management
In this experiment, a total of 360 1-day-old Arbor Acres male
broilers were randomly divided into 4 treatment groups, with 6

replicates in each group and 15 broilers in each replicate. The
broilers were fed a basal diet supplemented with 0 (Control), 100
(PT1), 400 (PT2), and 800 (PT3) mg/kg Platycarya strobilacea
Sieb. Et Zucc tannins, respectively. The tannins with a content
of ≥ 65% tannins were provided by the Research Group on
the Chemical Utilization of Plant Tannins, Institute of Chemical
Industry of Forest Products, CAF. The testing period was from
1 to 42 days of age. Two feeding phase diets were utilized:
a starter diet from 1 to 21 days and a grower diet from 22
to 42 days (Table 1). The diets were formulated to meet the
nutrient requirements recommended by the National Research
Council (14). Birds had ad libitum access to feed and water
and were reared with 23 h of light per day. Animal use and
care were approved by the Academic Committee of Southwest
Forestry University. Every effort was made to reduce animal
stress. Daily, health status was observed and dead chickens and
feed consumption were recorded.

Growth Performance
The feed intake and body weight of birds were recorded on days
21 and 42. The average daily feed intake (ADFI), average daily
gain (ADG), and feed:gain ratio (F/G) were calculated for days
1–21, days 22–42 and days 1–42.

Sample Collection
On day 42, 6 birds per treatment group with similar weight
per group were selected from 6 replicates and euthanized by
severing the jugular vein after blood sampling collection from the
wing vein with vacuum blood collection tubes. Approximately
2ml of blood in coagulation-promoting tubes was collected
and centrifuged at 4,000 × g for 10min to obtain serum and
was then stored at −80◦C until analysis. The lengths of the
duodenum and cecum (both sides) were measured, and the
corrected lengths of the duodenum and cecum were calculated
according to the formula: Duodenal/Cecum length (cm/kg)
= Duodenal/Cecum length (cm)/live weight (kg). Then, cecal
chyme was collected, immersed in liquid nitrogen, and stored at
−80◦C for DNA extraction and 16S rDNA amplicon sequencing
analysis by Novogene Corporation (Beijing, China). Then, the
weights of the duodenum and cecum (both sides) were measured
(contents removed), and the duodenum and cecum indices
were calculated according to the formula: Duodenal/Cecum
index (%) = [Duodenal/Cecum weight (g)/live weight (kg)] ∗

100. Approximately 2 cm of intestinal tissue from the jejunum
was excised, emptied of chyme, and then fixed with 4%
paraformaldehyde solution.

Serum Antioxidant Indices
Serum was used to test blood antioxidant indices. According
to the kit instructions, the total superoxide dismutase (T-
SOD), catalase (CAT), glutathione peroxidase (GSH-Px), total
antioxidant capacity (T-AOC) and malondialdehyde (MDA)
activities in the serum and liver were detected by colorimetry.
All commercial antioxidant indicator kits were purchased from
Nanjing Jiancheng Bioengineering Institute.
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TABLE 1 | Composition and nutrient levels of basal diets (air-dry basis).

Ingredients Content (%) Nutrient level Content (%)

1–21 days 22–42 days 1–21 days 22–42 days

Corn 56.68 59.22 ME (MJ/kg)c 12.30 13.05

Soybean oil 2.00 3.50 CP 21.00 19.00

Soybean meal (43%) 36.80 33.24 D-Lys 1.20 1.00

Lysine hydrochloride (98%) 0.30 0.20 D-Met+Cys 0.85 0.80

DL -Met 0.30 0.27 D-Thr 0.65 0.60

CaCO3 1.10 1.05 D-Trp 0.23 0.20

CaHPO4 2.20 1.90 Ca 1.00 0.90

NaCl 0.30 0.30 Total P 0.68 0.55

Choline chloride (70%) 0.09 0.09 NPP 0.45 0.35

Vitamin premix a 0.03 0.03

Mineral premix b 0.20 0.20

Total 100 100

aThe vitamin premix provided for each kilogram of diet: Vitamin A, 8000 IU; Vitamin B1, 2mg; Vitamin B2, 9.60mg; Niacin, 35mg; Vitamin B6, 3.5mg; Biotin, 0.18mg; Folic Acid,

0.55mg; Vitamin B12, 0.01mg; Vitamin D3, 1000 IU; Vitamin E, 20 IU; Vitamin K3, 0.5mg; Calcium Pantothenate, 10 mg.
bThe mineral element premix provided for each kilogram of diet: Fe 80mg; Zn 80mg; Mn 100mg; I 0.7mg; Cu 8mg; Se 0.3 mg.
cME was calculated value, while the others were measured values.

NPP, non-phytate phosphorus.

TABLE 2 | Effects of Plotytarya strohilacea Sieb. et Zuce tannin on broilers growth performance.

Days of age Items Groups SEM P-value

Control PT1 PT2 PT3 ANOVA Linear Quadratic

1–21 days ADG (g) 50.30 48.73 49.86 50.72 0.383 0.282 0.82 0.062

ADFI (g) 66.50a 61.43b 64.16ab 63.91ab 0.574 0.015 0.078 0.015

F/G 1.32 1.26 1.29 1.26 0.006 0.221 0.662 0.852

22–42 days ADG (g) 119.69 118.20 116.04 118.23 1.085 0.711 0.41 0.787

ADFI (g) 195.92 188.14 190.87 195.35 1.820 0.373 0.511 0.107

F/G 1.64 1.59 1.64 1.65 0.009 0.063 0.89 0.042

1–42 days ADG (g) 85.38 83.46 82.95 83.72 0.645 0.576 0.212 0.656

ADFI (g) 130.55 124.78 127.51 128.91 1.067 0.260 0.404 0.089

F/G 1.53 1.50 1.54 1.54 0.006 0.102 0.898 0.048

In the same row, values with no letter or the same letter superscripts mean no significant difference (P > 0.05), while with different small letter superscripts mean significant difference

(P < 0.05). The same as below.

ADG, average daily gain; ADFI, average daily feed intake; F/G, feed:gain ratio.

Intestinal Morphology
Intestinal segments (2 cm) in the middle of jejunum and
ileum were taken and stained with hematoxylin and eosin
(H&E). Consecutive sections of jejunum and ileum (5 m) were
prepared for histomorphological observation. The well-oriented
villi and the associated crypt of each sample were selected for
morphological analysis using Leica Microsystems. The villus
height and crypt depth were measured. Then the ratio of villus
height to crypt depth (V/C) was then calculated.

DNA Extraction and Sequencing Library
Construction of Cecal Chyme
A total of 500 ± 50mg of cecal chyme was randomly
weighed from each replicate using a DNA Kit (DP328, Tiangen
Biotechnology Co., Ltd.) to extract the total genomic DNA,
and the integrity and concentration of RNA were detected by

a NanoDrop ND 2000 (Thermo, America). According to the
target fragment, PCR amplification of the V4 region of 16S
rDNA and 1.5% agarose gel electrophoresis were performed
to extract 400–450 bp PCR products, which were purified
using a GeneJET Gel Extraction Kit (Thermo, America). The
library was constructed with an Ion Plus Fragment Library
Kit (Thermo Fisher Scientific, Waltham, MA, USA). After
Qubit quantification and library testing, the constructed library
was sequenced using the IonS5TMXL sequencing platform at
Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).

Quality Filtering and Sequence Data
Analysis
Based on the IonS5TM XL sequencing platform, the raw tag
quality was filtered by FLASH (V1.2.7), and effective tags

Frontiers in Veterinary Science | www.frontiersin.org 3 January 2022 | Volume 8 | Article 806105226

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Tong et al. Plotytarya strohilacea Sieb. et Zuce Tannin

TABLE 3 | Effects of Plotytarya strohilacea Sieb. et Zuce tannin on serum antioxidant activity of broilers at 42 days of age.

Items Groups SEM P-value

Control PT1 PT2 PT3 ANOVA Linear Quadratic

CAT (U/ml) 11.55b 26.07a 13.94b 9.77b 1.613 0.001 0.357 0.001

T-SOD (U/ml) 105.99 113.14 112.01 105.64 2.019 0.432 0.576 0.136

GSH-Px (U/ml) 967.57a 1105.87a 1091.11a 645.51b 60.793 0.028 0.442 0.005

T-AOC (U/ml) 0.30b 0.63a 0.45ab 0.44ab 0.038 0.011 0.018 0.018

MDA (nmol/ml) 1.91 2.10 1.81 1.82 0.178 0.932 0.912 0.618

CAT, catalase; T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase; T-AOC, total antioxidant capacity; MDA, malondialdehyde; Means with different superscript letters

within a row are significantly different (P < 0.05).

TABLE 4 | Effects of Plotytarya strohilacea Sieb. et Zuce tannin on correction length and index of broilers intestines at 42 days of age.

Items Groups SEM P-value

Control PT1 PT2 PT3 ANOVA Linear Quadratic

Duodenal lengtha (cm/kg) 9.62 9.97 10.14 9.34 0.192 0.468 0.876 0.212

Cecum lengtha (cm/kg) 6.34 6.83 6.71 6.25 0.103 0.133 0.508 0.028

Duodenal indexb (%) 0.39 0.39 0.41 0.37 0.013 0.709 0.848 0.453

Cecum indexb (%) 0.27 0.30 0.24 0.27 0.008 0.097 0.873 0.188

aDuodenal/cecum length (cm/kg), Duodenal/cecum length (cm)/live weight (kg).
bDuodenal/cecum index (%), [Duodenal/cecum weight (g)/live weight (kg)] * 100.

were obtained. All effective tags were clustered into operational
taxonomic units (OTUs) with 97% identity, and then the OTU
sequences and Silva132 database were used for species annotation
analysis. The dominant species (relative abundance > 2%)
at the family and genus levels were analyzed according to
species annotation results. For alpha diversity measurements,
the alpha diversity indices were calculated based on the
OTUs using the Shannon, Simpson and Chao1 indices. LEfSe
analysis was employed to identify the biological differences
between treatments.

Statistical Analysis
All data are presented as means with pooled SEM values.
Statistical analyses were carried out with SPSS 22.0 for Windows
(SPSS Inc., Chicago, IL, United States). One-way ANOVA
followed by the LSD multiple comparison test was used to
evaluate the differences among the treatment groups. P ≤ 0.05
was considered statistically significant. Probabilities of P > 0.05
but P < 0.10 were defined as tendencies.

RESULTS

Growth Performance
Table 2 shows the effects of Plotytarya strohilacea Sieb. et Zuce
tannin on the broilers’ growth performance. The ADFI of broilers
during the days 1–21 phase in the PT1 group was significantly
lower than that in the control group, and there was a significant
quadratic correlation between ADFI and the amount of tannin
(P < 0.05). Compared with the control group, the F/G of
broilers during the days 22–42 phase in the PT1 group showed
a decreasing trend (P = 0.063).

Antioxidant Activity
Table 3 shows the effects of Plotytarya strohilacea Sieb. et Zuce
tannin on antioxidant activity of broilers at 42 days of age. The
serum CAT activity of broilers in the PT1 group was significantly
higher than that of control, PT2 and PT3 groups, and there was
a significant quadratic correlation between CAT activity and the
amount of tannin (P < 0.05). The GSH-Px activity of broilers in
the PT1, PT2 and control groups were significantly higher than
that in the PT3 group. The activity of GSH-Px was significantly
correlated with the addition amount of tannin (P < 0.05). The
serum total antioxidant capacity (T-AOC) of broilers in the PT1
group was significantly higher than that in the control group.
There were significant linear and quadratic correlations between
T-AOC capacity and the amount of tannin (P < 0.05).

Length and Weight of Intestines
Table 4 shows the effects of Plotytarya strohilacea Sieb. et Zuce
tannin on the correction length and index of broilers intestines at
42 days of age. There were no significant differences (P > 0.05)
among any of the treatments for the corrected length and weight
of broiler intestines at 42 days of age.

Intestinal Morphology
Table 5 shows the effects of Plotytarya strohilacea Sieb. et Zuce
tannin on intestinal morphology of the broilers at 42 days of age.
The villus heights of the jejunum in the PT1, PT2 and PT3 groups
were significantly higher than that in the control group, and
there were significant linear and quadratic correlations between
the villus height of the jejunum and the amount of tannin (P
< 0.05). The V/C of the ileum in the control and PT1 groups
were significantly higher than that in the PT2 group. There was
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TABLE 5 | Effects of Plotytarya strohilacea Sieb. et Zuce tannin on intestinal morphology of the broilers at 42 days of age.

Items Groups SEM P-value

Control PT1 PT2 PT3 ANOVA Linear Quadratic

Jejunum

Villus height/µm 1,254.58c 1,424.64b 1,780.80a 1,399.42b 48.191 0.001 0.002 0.001

Crypt depth/µm 185.74 199.41 205.16 214.53 9.160 0.725 0.288 0.728

V/C 6.75 7.14 8.68 6.52 5.261 0.356 0.338 0.373

Ileum

Villus height/µm 1,149.86 1,279.52 1,203.08 1,343.76 45.470 0.436 0.203 0.672

Crypt depth/µm 137.22 156.84 221.34 208.19 16.763 0.212 0.078 0.567

V/C 8.38a 8.16a 5.44b 6.45ab 2.713 0.022 0.014 0.765

V/C, the ratio of villus height to crypt depth. Means with different superscript letters within a row are significantly different (P < 0.05).

TABLE 6 | Alpha diversity of cecal microbiota.

Items Control PT1 SEM P-value

Observed_species 716.00 660.33 60.116 0.979

Shannon 6.73 5.98 0.251 0.211

Simpson 0.97 0.93 0.018 0.073

Chao1 832.96 799.16 104.491 0.780

TABLE 7 | The dominant flora at the Family level.

Item Control PT1 SEM P-value

Ruminococcaceae 39.74 30.70 4.591 0.079

Lachnospiraceae 14.15 10.93 1.637 0.081

Rikenellaceae 10.34 8.82 1.397 0.352

Tannerellaceae 5.15 10.91 2.174 0.048

Bacteroidaceae 4.89 3.93 1.540 0.519

Enterobacteriaceae 2.54 2.40 1.833 0.958

TABLE 8 | The dominant flora at the genus level.

Item Control PT1 SEM P-value

Alistipes 10.34 8.82 1.397 0.311

Parabacteroides 5.15b 10.91a 2.174 0.039

Faecalibacterium 4.82 4.55 1.591 0.954

Bacteroides 4.89 3.93 1.539 0.625

Means with different superscript letters within a row are significantly different (P < 0.05).

a significant linear correlation between V/C and the amount of
tannin (P < 0.05).

Cecal Microbiota Composition
Table 6 shows the alpha diversity of the cecal microbiota
of the broilers at 42 days of age. There was no significant
difference (P > 0.05) in the alpha diversity (including observed
species, Shannon, Simpson, and Chao1 indices) of the cecal
microbiota between the control and PT1 groups. Tables 7, 8
show the dominant flora with a relative abundance >2% at

the family and genus levels. Table 7 shows that the dominant
bacterial groups at the family level were Ruminococcaceae,
Lachnospiraceae, Rikenelaceae, Tannerellaceae, Bacteroidaceae
and Enterobacteriaceae. The average relative abundances were
35.22, 12.54, 9.58, 8.03, 4.41, and 2.47%, respectively. Among
them, Tannerellaceae in the PT1 group was significantly higher
than that in the control group (P= 0.048). Table 8 shows that the
dominant bacteria at the genus level were Alistipes, Parabacteria,
Akkermansia and Bacteroides. The average relative abundances
were 9.58, 8.03, 4.68, and 4.41%, respectively. Parabacteria in the
PT1 group was significantly higher than that in the control group
(P = 0.039). In this experiment, linear discriminant analysis
(LDA) was used to reduce dimensionality and to evaluate the
impact of significantly different species. The LDA threshold was
set to be >4. Table 8 shows that the dominant bacterium in the
PT100 group was Parabacteroides, and its relative abundance
was significantly higher than that in the control group (P =

0.039). LEfSe analysis (Figure 1) further identified the species
with significant differences between the groups.

DISCUSSION

Growth performance is the most direct index to reflect the
growth of broilers. Improving animal growth performance is the
key to increasing economic benefits. The application and research
of plant tannins in the production of monogastric animals are
relatively limited. In the early stage, raw feedmaterials (sorghum)
might be supplemented with a high dose or high content of plant
tannins in the diet, resulting in negative effects such as decreases
in feed intake, protein digestibility and production performance
of monogastric animals. Therefore, this supplementation is
regarded as an antinutritional factor (15, 16). However, several
studies in recent years have shown that adding an appropriate
amount of plant tannins to the diet can promote the growth
performance, antioxidant function and immune performance
of monogastric animals (17, 18). Starčević et al. (19) showed
that adding an appropriate amount of plant tannins to the diet
can improve the growth performance of broilers. Our results
showed that the addition of an appropriate amount of Plotytarya
strohilacea Sieb. et Zuce tannins in the diet tended to reduce the
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FIGURE 1 | Differential intestinal flora between groups (LefSe).

F/G, but it affected the ADFI of broilers from 1 to 21 days of age.
This is not completely consistent with previous research results
(19). It may be the bitter and astringent taste of tannin, which
affects the palatability and reduces the feed intake of broilers
in the early stage (20). However, combined with the results of
ADG and F/G in the early stage, it was found that it had no
negative impact on broilers. This indicates that the tannins may
not inhibit digestive enzymes at multiple sites in the digestive
tract and do not affect the digestion, absorption and utilization of
nutrients in broilers. In our study, adding an appropriate amount
of tannins to the diet had a certain beneficial effect on the growth
performance of broilers.

Tannins can effectively remove oxygen free radicals in animals
and can improve the activity of antioxidant enzymes in animals to
reduce oxidative stress (21). CAT is one of the main antioxidant
enzymes in animals. It can scavenge oxygen free radicals (ROS
and NO) and protect the body from oxidative stress (22). GSH-
Px can catalyze the decomposition of hydrogen peroxide in vivo.
It is also one of the main antioxidant enzymes in the body and

is conducive to the functional and structural integrity of the
cell membrane. T-AOC is a comprehensive index reflecting the
antioxidant system of the body. In our study, we found that
tannins could significantly improve the serum CAT and T-AOC
activities of broilers in a dose-dependent manner. In addition, the
addition of vanillin tannin also showed a quadratic correlation
with GSH-Px activity. GSH-Px activity was the highest when 100
mg/kg tannin was added, which is similar to previous studies
(23). For example, studies have found that the addition of plant
tannins is conducive to the enhancement of the antioxidant
function of broilers to protect the excessive oxidation of lipids
(23). López-Andrés et al. (24) found that adding tannins to the
diet can improve the antioxidant function of serum. Hua et
al. (25) showed that the addition of tannins can significantly
improve the serum T-AOC of rabbit under heat stress and reduce
the effect of heat stress on the body. Faraha et al. (13) added
plant tannins to a broiler diet to reduce the content of MDA in
muscle. Ye et al. (26) found that adding tannins to the diet tended
to improve CAT activity in vole livers. In summary, under the
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test conditions, tannin has strong antioxidant capacity, and the
antioxidant effect is the best when 100 mg/kg tannin is added.

The intestinal tract is the main organ for digestion and
absorption of broilers. The length and weight of each intestinal
segment reflect the growth and development degree of each
intestinal segment, and the development degree can reflect the
functions of digestion and absorption. In this experiment, the
corrected length of intestinal weight and the intestinal index
were used to evaluate intestinal growth and development. It
has been found that adding an appropriate amount of tannins
can protect and promote intestinal health by reducing oxidative
stress, promoting the proliferation of beneficial bacteria and
inhibiting the proliferation of harmful bacteria (27, 28). In our
study, the results showed that the dietary addition of Plotytarya
strohilacea Sieb. et Zuce tannins did not significantly affect the
intestinal correction length or index of broilers, which was
inconsistent with the results of previous studies (27, 28). This
discrepancy may be caused by the different extraction sources of
added tannins and the concentrations of the active components,
and the specific mechanism needs to be further studied.

Intestinal villus height, crypt depth and V/C are important
indices to measure intestinal digestion and absorption capacity.
Liu et al. (29) found that adding chestnut tannins to the diet
can significantly improve the villus height of the jejunum of
broilers under heat stress, but the crypt depth showed no
significant change. Brus et al. (28) found that the addition
of low concentrations of tannins (0.05 and 0.1%) to the diet
can stimulate the proliferation of intestinal epithelial cells and
promote the intestinal development of broilers. The results of
our experiment were similar with the results of study of Brus
et al. (28). The addition of an appropriate amount of tannin
to the diet could significantly increase the villus height of the
jejunum of 42-day-old broilers, and there was a significant
linear correlation between the villus height of the jejunum and
tannin concentration. In addition, there was a significant linear
correlation between the V/C of the ileum and the concentration
of tannin. In agreement with the growth performance of this
experiment, the ADFI of broilers decreased, but the ADG did
not decrease. It is speculated that tannins can increase the area
of nutrients absorbed by broilers’ small intestine to reduce the
negative impact of tannin’s bitter taste. This may be because low-
dose tannins can promote the proliferation of intestinal epithelial
cells and protect DNA integrity in the process of cell proliferation
(28) to promote the healthy development of the intestine and
benefit production performance.

In this experiment, third-generation high-throughput
sequencing technology was used. Third-generation full-length
amplicon sequencing mainly amplified the full-length 16S
sequence to construct the SMRT bell library. The community
structure differences of different samples and groups were then

obtained through analysis. According to the results of growth
performance and antioxidant function, the differences in cecal
microflora between the control and PT1 groups were further
studied. It was found that the addition of 100 mg/kg tannins
in the diet could significantly increase the relative abundance
of Parabacteroides, which were also the dominant bacteria in
broilers. Wang et al. (30) showed that Parabacteroides have
anti-inflammatory, immune regulatory and metabolism effects,
which are conducive to the health of the body. Kverka et al. (31)
showed that Parabacteroides can significantly reduce the severity
of intestinal inflammation in acute and chronic colitis model
mice. Koh et al. (32) found that Parabacteroides can increase
the expression of intestinal tight junction proteins, maintain the
integrity of the intestinal barrier and be conducive to intestinal
health. According to the results of growth performance,
antioxidant and intestinal morphology, it is speculated that
tannins can improve antioxidant function and promote the
growth performance of broilers by increasing the abundance
of Parabacteroides, maintaining the integrity of the intestinal
barrier and improving blood biochemical indices.

CONCLUSION

The addition of an appropriate amount of tannin in the diet can
improve the serum antioxidant function, intestinal morphology,
and growth performance, which may be related to the increase
of the abundance of intestinal Parabacteroides by tannin. Taking
into account growth performance, oxidation resistance and
intestinal morphology, the recommended dosage of tannin in
broiler is 100 mg/kg.
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Plant tannins are widely found in plants and can be divided into hydrolyzed tannins and

condensed tannins. In recent years, researchers have becomemore and more interested

in using tannin-rich plants and plant extracts in ruminant diets to improve the quality of

animal products. Some research results show that plant tannins can effectively improve

the quality of meat and milk, and enhance the oxidative stability of the product. In this

paper, the classification and extraction sources of plant tannins are reviewed, as well

as the biological functions of plant tannins in animals. The antioxidant function of plant

tannins is discussed, and the influence of their structure on antioxidation is analyzed.

The effects of plant tannins against pathogenic bacteria and the mechanism of action

are discussed, and the relationship between antibacterial action and antioxidant action

is analyzed. The inhibitory effect of plant tannins on many kinds of pathogenic viruses and

their action pathways are discussed, as are the antiparasitic properties of plant tannins.

The anti-inflammatory action of tannins and its mechanism are analyzed. The function of

plant tannins in antidiarrheal action and its influencing factors are discussed. In addition,

the effects of plant tannins as feed additives on animals and the influencing factors are

reviewed in this paper to provide a reference for further research.

Keywords: plant tannins, classification, biological function, application, extraction source

INTRODUCTION

Plant tannins are polyphenols that are widely found in terrestrial plants and in some marine
plants (phloroglucinol). Plant tannins have been used as additives in animal production for many
years (1). They may affect metabolism or the gut microbiota (2, 3), with the aim of improving
performance or meat quality (4). Patra and Saxena (5) showed that plant tannins can improve
feed efficiency and animal health. Aboagye et al. (6) found that plant tannins have a strong affinity
for protein, and the appropriate addition of plant tannins to ruminant has nutritional value. In
contrast, it is believed that the addition of a high concentration of plant tannins to the diets
of single-stomached animals will cause adverse effects such as reduced nutrient availability and
performance of animals (7, 8). Schiavone et al. (9) also demonstrated that adding 0.20% plant
tannins to the broiler diet can increase feed intake and average daily gain, while 0.25% tannins has
a negative impact on broiler performance. It can be concluded that plant tannins have enormous
potential as feed additives (10–12). However, plant tannins are complex substances whose beneficial
and harmful properties depend on their chemical structure, the concentration and other factors.
Therefore, this paper reviewed the classification, extraction sources and biological functions
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of plant tannins, as well as the factors influencing the additive
effect, providing a reference for further research.

CLASSIFICATION AND SOURCES OF
PLANT TANNINS

Classification of Plant Tannins
The chemical structures of plant tannins are diverse, and
systematic classification of tannins based on specific structural
characteristics and chemical properties can provide a convenient
framework for related research. Plant tannins can be broadly
divided into hydrolyzed tannins and condensed tannins.
Hydrolyzed tannins consist of polyphenol nuclei with molecular
weights ranging from 500 to 3,000 Daltons (Da) (13). Condensed
tannins are oligomeric or polymeric flavonoids composed of
flavane-3-ols, including catechin, epicatechin, gallocatechin, and
epigallocatechin. Their molecular weights vary from 1,000
to 20,000 Da, they depolymerize only with strong oxidation
and acid, and they are not easily degraded by anaerobic
enzymes (14).

Plant tannins can be broadly divided into two categories,
which are relatively general. There are ellagic tannins and polyol
residues that cannot be completely hydrolyzed in hydrolyzed
tannins (15), but they are divided into hydrolyzed tannins.
Hydrolyzed tannins were first described as containing the C-
glycoside catechin in addition to the characteristic structure of
monomer ellagins in 1985 (16). At first, it was unscientific to
classify these plant tannins into hydrolyzed tannins because C-C-
coupled catechin structures contained some glycosides, and only
some structures could be hydrolyzed (17). Therefore, tannins
were further classified into four major categories according to
their chemical structure: gallotannins refer to the combination
of galloyl groups or their derivatives with polyols, catechins
or triterpenoids; ellagitannins refer to at least two gallic C-
Cs conjugated to each other and catechins conjugated without
glycoside; compound tannins refer to glucogenated catechins
in addition to gallic tannins or ellagic tannins and condensed
tannins mean that C-4 of catechin is linked to C-8 or C-6
of another catechin unit to form oligomer procyanidins and
polymeric procyanidins (18).

Extraction Sources of Plant Tannin
Plant tannins are widely distributed in the plant kingdom,
especially in herbages, shrubs, cereals and medicinal materials
(19). They are also found in many fruits, such as bananas,
blackberries, apples and grapes (20–23). Complex tannins and
condensed tannins are the most common and easy to extract
from legumes, trees and shrubs; Gallic tannins are commonly
found in gallnuts, lacquer leaves and cotinus leaves, while
ellagic tannins are commonly found in oaks, blackberries and
pomegranates. Plant tannins are more abundant in vulnerable
parts of plants, such as new leaves and flowers (24). Because
the chemical structure and content of plant tannins vary
greatly among different plant species, growth stages and growth
conditions (such as temperature, light, and nutrients), the
biological functions of different extraction sources vary (25, 26).

BIOLOGICAL FUNCTIONS AND
INFLUENCING FACTORS OF PLANT
TANNINS

Antioxidant Activity
The antioxidant properties of tannins are widely utilized in the
food and medical fields. In recent years, many studies have
been conducted to identify the relevant antioxidant activity of
tannins. Owing to its antioxidant capacity, such as preventing
cardiovascular disease, cancer or osteoporosis, tannins have
attracted much attention (27, 28). In a study by Phung et al.,
the extracts of Japanese chestnut exhibited the most remarkable
DPPH-scavenging capacity. The results suggested that as a
potential natural preservative agent, tannins provided promising
antioxidant capacities (29). A study determined the effects of the
forage conservation method and condensed tannins (CT) from
conserved forage on rumen fermentation and showed that CT
from purple prairie clover (PPC) decreased protein degradation
in vitro but had minimal effects on overall rumen fermentation
(30). CT from the leaves of F. altissima was also indicated to
express superior antioxidant capacity (31).

At present, plant tannins have been proven to have antioxidant
properties in different animals. A study in mutton showed
that the color stability of the longissimus dorsi muscle (LM)
was extended by tannin supplementation, with lower changes
in the hue angle in the treatment groups than in the control
groups (32). In Rex rabbits, adding tannic acid to the diet
significantly increased the activity of serum total superoxide
dismutase (T-SOD) and decreased the malondialdehyde (MDA)
content (33). Similar results were also demonstrated in broiler
chickens. Grape seed extracts (GSEs), which contain tannins,
significantly decreased serum total cholesterol, low-density
lipoprotein cholesterol and meat malondialdehyde levels. GSEs
also increased the antibody titer against the Newcastle disease
virus vaccine (34).

To date, the mechanism of tannin antioxidant activity may
remain unclear about the exact underlying mechanism involved.
Some researchers have argued that the higher the relative
molecular weight is, the stronger the antioxidant activity of
tannins (35). The ability to scavenge free radicals depends on
the number and polymerization degree of hydroxyl groups. The
more hydroxyl groups in plant tannins, the more easily they
can be oxidized; thus, tannins have higher antioxidant activity
(36, 37). Gallic tannins are easily degraded in the gastrointestinal
tract, while condensed tannins are difficult to degrade and absorb
in the gastrointestinal tract. Therefore, it is difficult to explain the
antioxidant performance of plant tannins in animals as a whole.
The quebracho tannins were not digested and absorbed in the
gastrointestinal tract but increased the antioxidant capacity of
sheep liver and plasma, indicating that condensed tannins may
indirectly affect the antioxidant function of animals (38). Some
researchers also believe that condensed tannins form a protective
film in the stomach by complexing with other molecules to
protect the gastrointestinal tract and its contents from oxidation
(39). Literature reviewed so far tends to demonstrate that the
antioxidant function of plant tannins are mainly linked to
their chemical structure rather than the extraction source (plant
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spp.). In addition, the specific antioxidant mechanism of plant
tannins in animal tissues has not completely clarified, and further
research is needed.

Antibacterial Activity
As natural polyphenolic compounds, tannins display
antibacterial effects. Research has investigated the effects of
different levels of tannins on growth performance, intestinal
microorganisms and morphology in piglets. A study found
that tannins at 0.13, 2.25, and 0.45% significantly improved the
feed conversion rate, reduced the concentrations of ammonia,
isobutyric, and isovaleric acid in the cecum, decreased the
depth of ileal crypts and reduced intestinal bacterial proteolysis
(40). Studies showed that compared to the control, 250 or 500
mg/kg sweet chestnut tannin had no obvious effects on body
weight and feed conversion in 41-day-old chickens. However, in
28-day-old chickens, 1,000 mg/kg tannins reduced the numbers
of E. coli and other harmful bacteria in the small intestine. It
has also been observed that tannins change the microorganism
population quantity in the small intestine and colon in chickens
(41). An experiment based on broilers investigated the effect
of different concentrations of phenolic compounds from grape
pomace (GP). The work showed that grape pomace might
delay meat lipid oxidation, which was linked to an increase
in the meat polyunsaturated fatty acid (PUFA) concentration
(42). A hydrolyzable tannin extracted from chestnut was
tested for efficacy in regulating the proliferation of Clostridium
perfringens in the gut. The results showed that even at low
concentrations (1.5–3.0 g/kg), chestnut tannins had a remarkable
effect on controlling necrotic enteritis (NE). Compared to the
control group, proliferation of Clostridium perfringens and gut
damage were reduced by tannins in the treatment groups (11).
Experimental studies on pigs demonstrated the effects of two
compounds containing tannins. The gastrointestinal absorption
of mycotoxins was reduced by grape pomace, which would be
considered an alternative to commercial products. Gold grape
seed extract (GSE) caused an ecological shift in the microbiome,
significantly increasing the numbers of Lachnospiraceae,
Clostridales, Lactobacillus, and Ruminococcaceae. This might
be due to the bacterial populations or the structures of the
compounds in the colon (43, 44). Based on the above results,
tannins represent a potential alternative strategy to antibiotics
in animal production. However, suppression of intracellular
bacteria is also important (45) and needs to be further studied in
plant tannins. Further investigation is necessary to determine the
effects of tannins on bacterial conditions in vitro (46).

A bacteriostatic model was used to study the mechanism
of tannins. Condensed tannins (CT) from purple prairie
clover (Dalea purpurea Vent; PPC) were screened for anti-
Escherichia coli O157:H7 activity against E. coli O157:H7 strain
3,081. After 24 h, optical density was measured to assess
the growth of the bacteria at 600 nm. CT increased the lag
time and reduced the growth rate of E. coli O157:H7. At
the same time, CT decreased the proportions of unsaturated
fatty acids in the total fatty acids and disrupted the outer
membrane structure. The results showed that the possible
mechanism was associated with fatty acid composition and

the outer membrane of the cell (47). Synthesizing each index
showed that tannins exert bacteria by inhibiting extracellular
microbial enzymes and oxidative phosphorylation, which
directly affects microbial metabolism, depriving microorganisms
of substrates needed for growth and increasing membrane
permeability (48).

It has been reported that the amount of hydroxyl groups
in tannins and the release of hydrogen peroxide are important
indicators to evaluate the antibacterial properties, which
are positively correlated with antioxidant properties. For
instance, trihydroxy b-cycloflavonol (gallic catechin) has stronger
effects on Streptococcus, Clostridium, and Staphylococcus than
dihydroxy b-cyclocatechin (43, 49). Because tannins come
from a wide range of sources and have diverse antibacterial
effects, screening and identifying tannins that are effective
and specific to target microorganisms will be the work of
ongoing research.

Antiviral Activity
Some papers have reported that tannins have the ability to
prevent viral infection such as HIV, bovine adeno-associated
virus (BAAV) and norovirus. An herb screening model based
on saliva-based binding/blocking assays using the NoV P
protein was developed, and tannic acid was identified as a
strong inhibitor in the binding of NoV to HBGA receptors.
The data suggested that tannic acid (TA) is a promising
antiviral agent against NoVs (50). Another study on TA
and BAAV found that treatment with TA reduced BAAV
transcytosis and increased lung transduction. The sorting and
activity of the BAAV-expressed cystic fibrosis transmembrane
regulator membrane protein were not impaired by TA (51).
The inhibitory activity of tannins on HIV-1 was tested, and
the results indicated that tannins inhibited syncytia formation,
lytic effects, viral p24 antigen production and the activity of
the HIV-1 reverse transcriptase (RT) enzyme (52). Another
study on HIV-I integrase activity showed that some herb
extracts display strong inhibition of integrase activity. The
effect was most likely due to tannins in herb extracts (53).
According to data from these studies, tannins are an effective
compound against HIV-1 with high potential for further studies
(54). In addition to the above viruses, tannins also inhibited
other types of viruses, such as enterovirus. Research in mice
demonstrated that chebulagic acid, as a hydrolyzable tannin,
reduced the viral cytopathic effect on rhabdomyosarcoma cells.
By inhibiting viral replication, chebulagic acid may reduce
the mortality induced by a lethal dose of enterovirus 71
and relieve clinical symptoms (55). The beneficial effect was
also reflected in the inhibition of hepatitis virus. In vitro,
the results showed that (2)-epigallocatechin-3-gallate (EGCG)
from green tea acted directly on hepatitis C virus (HCV)
and prevented the virus from entering the cell surface (56).
The same results were obtained in Huh7.5 cells, in which
tannic acid, a polymer of gallic acid and glucose molecules,
blocked cell-to-cell spread in infectious HCV cell cultures
but did not inhibit HCV replication after infection (57).
Hepatitis B virus (HBV) infection remains a major global
health problem. In this study, hydrolyzable tannins such as
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punicalagin, punicalin, and geraniin reduced the production
of HBeAg and the accumulation of cccDNA in HepDES19
and HepG2.117 cells. These hydrolyzable tannins may serve
as new agents or strategies to block HBV infection (58).
A study investigated the antiviral effects of tannins on 12
different viruses (enveloped and non-enveloped viruses). Extracts
from persimmon showed strong antiviral effects against various
viruses. Other tannins derived from green tea, acacia and
gallnuts were effective against some viruses. Tannins interact
with virion proteins, and restricted virus adsorption to the
cells may be the possible mechanism of the inhibitory effect of
tannins (59).

In summary, the antiviral function of tannins is realized
through inhibiting the invasion of cells and nuclei by viruses,
the activity of virus reverse transcriptase, and the transmission to
other cells and promoting viral protein denaturation. However,
due to their different sources and chemical structures, tannins
have different antiviral properties.

Antiparasitic Activity
Parasitic infections represent a major pathological threat
to livestock and poultry production. Tannins represent a
valuable option as an alternative to drugs for the control
of parasites. In vitro bioassays evaluated the effects of
condensed tannins (CTs) obtained from Lotus pedunculatus
(LP), Lotus corniculatus (LC), Dorycnium pentaphyllum (DP),
Dorycnium rectum (DR), and Rumex obtusifolius (RO) on egg
hatching, larval development and the viability of Teladorsagia
circumcincta (Stadelmann, 1894) (Ostertagia circumcincta) and
the L3 larvae of Trichostrongylus colubriformis (Giles, 1892).
These studies showed that CTs were able to inhibit egg
hatching, slow larval development, kill undeveloped larvae and
disrupt the life cycle of nematodes (60–62). Some experiments
evaluated the anthelmintic effects of extracts from tropical
tanniniferous plants (TTPs), such as Acacia pennatula, Lysiloma
latisiliquum, Piscidia piscipula and Leucaena leucocephala, on
Haemonchus contortus. These results suggested that tannins
may be used as anthelmintics for gastrointestinal nematodes
by interfering with the process of L (3) exsheathment
(63, 64).

In addition, condensed tannins showed activity against free-
living larvae and parasitic adults, confirming the potential role
of tannins in the control of parasites at different growth phases
(65, 66). In summary, the direct mechanisms involve restricting
larval development to reduce the establishment of infected third-
stage larvae in the host and decreasing spawning to inhibit the
motion performance of the parasite, and the indirect mechanisms
involve improving human immune function and resistance to
infection. However, many factors influence the impact of tannins,
such as plant sources of different varieties, the growth stage of
parasites and the different host species.

Anti-inflammatory Activity
Recently, some studies found that plant tannins have anti-
inflammatory effects by inhibiting NO and prostaglandin-E2
(PGE2) (67). Most tannin extracted from different plants
display anti-inflammatory functions. An in vitro assay

using obese Zucker rats applied grape seed procyanidin
extract to demonstrate that it can reduce obesity-induced
inflammation by mediating the expression of cytokines (68).
In addition, the tannin fraction of the extract from black
raspberry seeds has anti-inflammatory activity to reduce
nitric oxide (NO) induced by lipopolysaccharide (LPS) in
RAW 264.7 cells (69). The anti-inflammatory function has
also been demonstrated in croton oil-induced ear edema
mice. In this study, hydrolyzable tannins from Myricaria
bracteata showed a significant anti-inflammatory effect on
mice (70). Tannins can form a gastroprotective barrier
to improve gastritis symptoms based on their antioxidant
activity (39).

Therefore, it is speculated that the anti-inflammatory
properties of tannins from different sources may be caused
by regulating cytokine expression, reducing the production
of inflammatory substances and enhancing complexation with
other molecules. However, the mechanism remains to be
explored because animal experiments are still lacking.

Antidiarrheal Activity
Plant tannins have shown antidiarrheal potential in animal
models. A study performed by Bonelli et al. (71) shown
that administration of tannins in calves with diarrhea may
shorten the duration of the diarrheic episode (DDE). This
research shows that some plant tannins have anti-diarrhea
effects. In a mouse model of diarrhea induced by castor
oil, Galla Chinensis oral solution (GOS) showed significant
antidiarrheal activity, suggesting that GOS can be used to
complement other therapies because it is an effective and stable
antidiarrheal drug (72). In piglets, an experimental model for
post-weaning diarrhea with enterotoxigenic Escherichia coli F4
(ETEC F4) was established, and then the effect of chestnut-tannin
(1%) in preventing diarrhea was assessed. Tannins reduced
the diarrhea rate and the duration of diarrhea (73). A study
examined the effects of a hydrolyzable tannin extracted from
Chinese gallnut (penta-m-digalloyl-glucose, PDG) on mouse
diarrhea. The results showed that intraluminal injection of PDG
reduced cholera toxin-induced intestinal fluid secretion (74).
Overall, tannins are effective antidiarrhea compounds, and they
may provide a new therapeutic intervention for diarrhea in
animal production.

CONCLUSION AND FUTURE
PERSPECTIVES

As a natural polyphenolic substance, plant tannins have been
found to have a variety of biological functions. The potential
utility of plant tannins as feed additives is enormous in
animal production. However, the addition of high tannins
in animal diet needs to be very cautious.it may adversely
affect the growth and development of animals and induce
metabolic disorders, which may depend on the type and
chemical structure of tannins, intake, dietary composition
and animal species. In addition, different extraction sources
and concentrations of plant tannins, as well as different
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animal species and physiological statuses, will influence the
additive effect. At present, studies on the structure and
nutritional characteristics of plant tannins are not sufficient.
Most of the research has focused on complex plant tannins,
while there have been few studies on the effects of single
plant tannins. Meanwhile, cross-disciplinary studies are also
insufficient, resulting in some conclusions still being limited to
speculation. The mechanism of action is not yet clear. More
studies should focus on the main active components, structural
characteristics and mechanisms of plant tannins from different
sources to ensure the accurate application of plant tannins in
animal production. Further research is needed in the future.
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In modern intensive breeding system, broilers are exposed to various challenges, such

as diet changes and pathological environment, which may cause the increase in the

incidence rate and even death. It is necessary to take measures to prevent diseases and

maintain optimal health and productivity of broilers. With the forbidden use of antibiotics

in animal feed, polysaccharides from plants have attracted much attention owing to

their lower toxicity, lower drug resistance, fewer side effects, and broad-spectrum

antibacterial activity. It had been demonstrated that polysaccharides derived from plant

exerted various functions, such as growth promotion, anti-inflammation, maintaining

the integrity of intestinal mucosa, and regulation of intestinal microbiota. Therefore, the

current review aimed to provide an overview of the recent advances in the impacts of

plant-derived polysaccharides on anti-inflammation, gut health, and intestinal microbiota

community of broilers in order to provide a reference for further study on maintaining the

integrity of intestinal structure and function, and the related mechanism involved in the

polysaccharide administration intervention.

Keywords: polysaccharide, intestinal morphology, immunity, gut microbiota, broilers

INTRODUCTION

In modern breeding system, broilers are often exposed to various external factors, such as diseases,
nutritional, and environmental challenges, which lead to impaired growth, poor health, and even
high mortality percentages owing to their imperfect intestinal function development and immature
immunity (1). In addition, the pathogenic bacteria existing in the breeding environment can
cause diseases influencing the health of broilers, which in turn results in high mortality rates
and huge economic losses in the poultry industry (2). In the past, antibiotics were widely used
as performance-enhancing feed additives in poultry production to promote productivity and
prevent diseases (3). However, the extensive use of antibiotics not only caused the problems of
antibiotic resistance but also induced the accumulation of antibiotic residues in animal products,
and developed new strains of drug-resistant pathogenic bacteria (4). Therefore, the addition of
antibiotics in animal feed was forbidden in most countries of the world. It has become imperative
to find safe and effective alternatives to antibiotics that can improve chicken health by improving
the gut health and maintaining the optimum growth of broilers.
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Polysaccharides are large molecular weight polymers and
bioactive macromolecules with complex molecular structures,
which are usually composed of more than 10 monosaccharides
linked by glycosidic linkages in linear or branched chains (5,
6). In general, polysaccharides are composed of complex sets
of monosaccharides, such as mannose, galactose, glucose, and
arabinose. Besides, it is known that the structural features of
polysaccharides, the glycosidic bond of the main chain andmolar
mass, are related to their biological properties (7). Moreover, the
bioactivities of polysaccharides could be enhanced by moderate
structural modification (8, 9). Plants are an important source of
natural polysaccharides. With regard to their different sources,
plant polysaccharides are classified into dietary fiber (inulin,
gums, pectin), algae, and traditional herbs (10). Numerous
studies have been conducted to investigate the effects of bioactive
ingredients derived from plant, such as polysaccharide, which
was used as growth promoter feed additives to enhance the
overall performance parameters as well as health conditions of
broilers owing to their safety properties, including lower drug
resistances and relatively fewer side effects (11, 12). It has been
documented that polysaccharides extracted from plants exhibited
promising effects on anti-inflammation, modulation of gut
health, and intestinal microbiota of broilers (13–16). Therefore,
in the current review, we attempted to summarize the various
bioactive effects of plant polysaccharides on growth performance,
immune status, gut health, and microbiota of broilers.

PERFORMANCE PRODUCTIVITY

In previous studies, it has been demonstrated that
polysaccharides had the potential to enhance the growth
performance of broilers (17, 18) (Figure 1). It was reported
that higher-dose polysaccharides supplemented in diets were
beneficial to promote growth performance, while the effects of
lower-dose polysaccharides were of no significance (19). Wu
(17) suggested that a diet supplemented with 500, 1,000, and
2,000 mg/kg of Astragalus membranaceus polysaccharide (APS)
effectively enhanced the body weight gain of broilers after a
6-week feeding trial. In contrast, Chen et al. (20) demonstrated
that 200 mg/kg of APS polysaccharide supplementation did not
affect the growth performance of broilers. The results mentioned
above indicated that the effects of polysaccharides used as
prebiotics and growth-promoter ingredients on the growth
performance of broilers were in dose-dependent manners. The
growth-promoting effects of polysaccharides may be due to its
stimulating effects on the activities of digestive enzymes (17, 18),
the promotion of nutrient digestibility (21), and the absorption
of amino acids (22).

In previous studies, it has been demonstrated that broilers
in the status of immune suppression showed depressed
growth performance (9, 23), as evidenced by lower weight
gain and higher ratio of feed intake to weight gain, but
dietary polysaccharide supplementation could be of benefit
in reversing the negative effects on growth performance of
broilers by inducing immune stimulation. Dietary Achyranthes
bidentata polysaccharide supplementation increased body weight

and average daily weight gain of broilers challenged with
Escherichia coli K88 (14). It was also reported that Salmonella
serotype Enteritidis-infected broilers exhibited impaired growth
performance, but this was relieved by diets supplemented with
polysaccharides isolated from alfalfa (24). Additionally, the
biological activities of polysaccharides are closely related to
their molecular weight and specific spatial structures (25). It
has been demonstrated that, compared with untreated APS,
administration of sulfated APS or γ-irradiated APS in diets was
more effective in improving growth performance of broilers
under the immunosuppression status (8, 9, 16). The results
mentioned above indicated that polysaccharides or structurally
modified polysaccharides were able to alleviate the negative
effects on growth performance induced by bacterial infection.

Different from the beneficial effects of polysaccharides derived
from traditional herbs and alfalfa on growth performance of
broilers in normal or immunosuppression status, studies about
diets supplemented with polysaccharides from dietary fiber
(inulin, gum, and pectin) had no effects or even negative effects
on growth performance of broilers. Ortiz et al. (26) suggested
that the inclusion of inulin in diets exerted no growth-promoting
effect at graded concentrations from 5 to 20 g/kg. Similarly, it was
reported that incorporating inulin into a diet at 1, 2, and 4% dose
did not improve the Overall growth performance of broilers (27).
However, the inclusion of gum and pectin in diets had negative
effects on growth performance of broilers, as evidenced by the
depressed weight gain, lower feed intake, and higher ratio of
daily weight gain to feed intake (28, 29), which maybe directly
linked with the increased intestinal viscosity owing to the intake
of indigestible polysaccharide such as pectin and gum (30).

IMMNUNE ORGAN AND SERUM
IMMUNOGLOBULIN

The development of immune tissues is the basis of immune
functionality, and the development and maturation of
lymphocytes is often used as an indicator of immunity (Figure 1).
Larger organ weight and index implies stronger humoral and
cellular immune capacity (31). It was reported in a previous
study that APS and γ-irradiated APS supplementation increased
the relative weight of the thymus and spleen of broilers, as well as
promoted the proliferation of T lymphocytes (9). Similarly, Chen
et al. (20) suggested thatAPS had significant immune-stimulating
effects on splenocyte proliferation. Besides, γ-irradiated APS, not
APS, enhanced the proliferation of B lymphocytes, indicating
that γ-irradiated APS was more effective than APS in immune
modulation (9). The reason for the higher activity of γ-irradiated
APS was that irradiation leads to the cleavage of glycosidic bonds
by electromagnetic waves of gamma rays and resulted in low
molecular weight polysaccharide products, which affected their
biological activities (9, 32, 33). Enteromorpha polysaccharide
administration increased the relative weight of the bursa of
Fabricius in broilers (34) and improved the morphology of the
bursa of Fabricius, including infiltration of inflammatory cells,
destruction of the cell structure, and cell necrosis (35). It has
been demonstrated that Camellia oleifera cake polysaccharides
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FIGURE 1 | Dietary polysaccharides supplementation improved growth performance, increased nutrients digestibility and amino acids absorption, elevated the

content of serum immunoglobulin and immune-ogran index of broilers. IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M; ADG, average daily

weight gain; BWG, body weight gain; ADFI, average daily feed intake.

increased the weight or index of the spleen and thymus of
broilers (19). Polysaccharides were also benefited to improve
the T-lymphocyte percentage and enhance the development of
immune organs, evidenced by the increased lymph follicle area
in the bursa of Fabricius and white pulp area expansion, which
suggested that polysaccharide treatment elicited lymphocyte
formation in the bursa of Fabricius (36). Further study by
transcriptome analysis revealed that dietary Enteromorpha
polysaccharides regulated 20 differentially expressed genes of
the bursa of Fabricius, which were mainly enriched in negative
regulation of the Toll-like receptor signaling pathway and
mainly enriched in phagosome, mitophagy-animal, Salmonella
infection, and autophagy signaling pathways (34). Moreover, it
was identified that algae-derived polysaccharides ameliorated
the impairment of the bursa of Fabricius in heat-stressed broilers
via modulation of the NF-κB signaling pathway (35). Guo et
al. (37) demonstrated that dietary marine algal polysaccharide
administration alleviated damage and apoptosis of the bursa
of Fabricius in broilers induced by aflatoxin B1, which might
be associated with p38MAPK-Nrf2/HO-1 and mitochondrial
apoptotic signaling pathways.

Polysaccharides derived from plants could activate
macrophages by recognizing and binding to specific receptors
on the surfaces of macrophages, which is beneficial in improving
immune function and exerting an immunomodulatory effect
(38). Serum immunoglobulin (Ig), such as IgA, IgG, and IgM,
play important roles in the immune system in poultry (39) and
are related to the state of the immune function (Figure 1). It was
reported that Lycium barbarum polysaccharide supplementation

contributed to enhancing the concentrations of IgA, IgG, and
IgM in the serum (18). Wu et al. (40) reported that inulin
addition resulted in more IL-6 and tended to increase the
concentration of IgA and IgM. Wu (17) and Long et al. (41)
suggested that Astragalus membranaceus polysaccharides or
Acanthopanax senticosus polysaccharide supplementation
promoted the humoral immunity of broilers as evidenced by
the increased concentration of IgA and IgG in the serum. The
information mentioned above confirmed that polysaccharides
could be beneficial in improving the humoral immunity
of broilers.

INFLAMMATION REGULATION

Polysaccharides, a kind of natural macromolecular polymers,
have attracted extensive attractions due to their diverse and
important biological activities in immunomodulatory effects
and anti-inflammation (6, 9, 13). Polysaccharides could
be an immunopotentiator to promote the proliferation
of B lymphocytes and T lymphocytes, the increase in
serum antibody titer, and the reduction in the ratio of
blood heterophil to lymphocyte (9, 12) (Figure 2). CD3+,
CD4+, and CD8+ are vital T-lymphocyte markers and
can be used as an indicator of the T-cell response (13).
Astragalus polysaccharide increased CD3+ and CD8+ T-cell
populations, as well as the numbers of CD4+ lymphocytes
(13), indicating that APS administration benefited in
cellular immunity.
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FIGURE 2 | Effects of polysaccharides on intestinal morphology and intestinal mucosal immunity and barrier integrity of broilers. VH:CD, the ratio of villus height to

crypt depth; TJPs, tight junction proteins; ZO-1, zonula-1; T-cell, T lymphocyte; B-cell, B lymphocyte; IgA, immunological A; sIgA, secretory immunological A.

In addition, cytokines are important mediators of
immune responses. Intraepithelial lymphocytes, which are
immunocompetent cells that first encounter enteric pathogens
invading the mucosa and play an important role in gut mucosal
immunity, can program cytokine production (such as IL-2 and
IFN-γ) to protect the intestines from bacterial and viral invasion
(8). Li et al. (42) found that γ-irradiated APS enhanced the
numbers of intraepithelial lymphocytes, as well as increased
mRNA expressions of IL-2 and IFN-γ. Moreover, it was
demonstrated that dietary polysaccharide supplementation
could modulate immune functions through regulating the
production of cytokines and proinflammatory mediators. Zhang
et al. (43) suggested that Glycyrrhiza polysaccharide mitigated
the LPS-induced increase in IL-1β and IFN-γ in the liver. Liu et
al. (44) found that algae-derived polysaccharide supplementation
lowered the relative mRNA expression of TNF-α and IL-1β in the
duodenum of broilers that suffered from heat stress. In addition,
structural modification contributed to boost the activity of
the polysaccharides. Wang et al. (12, 45) suggested that, in
comparison with untreated APS, sulfated APS exhibited more
effective anti-inflammatory effect in vitro and in vivo, evidenced
by the downregulation of the increased expression of TNF-α and
IL-1β induced by the LPS challenge. Similarly, Li et al. (9) and
Ren et al. (32) demonstrated that γ-irradiated administration
improved the immunomodulating activity of APS, which
increased the intestinal intraepithelial lymphocytes and mRNA
expressions of IL-2 and IL-10 in the jejunum of broilers. From
the information mentioned above, it can be concluded that
polysaccharides can promote the proliferation of immune cells
and exert anti-inflammatory activity. Therefore, it is necessary to

look for and evaluate polysaccharides with immunostimulating
properties and further expand their application in the breeding
of broilers.

GUT HEALTH AND INTESTINAL
MUSCOSAL BARRIER

The intestine is responsible for nutrient digestion and absorption,
and the growth performance of broilers is associated with the
morphological and functional integrity of the digestive system
(46) (Figure 2). The values of villus height (VH) and the ratio
of villus height to crypt depth (VH:CD) of the small intestine
are useful indicators to estimate the absorption capacity of the
small intestine (47). After 35 days of feeding supplemented
with algae-derived polysaccharides from Enteromorpha, it was
found that the VH and villus surface area of the duodenum
and ileum were both increased (35). Previous studies also
demonstrated that broilers fed with diets containing 600 mg/kg
of Astragalus polysaccharides had higher VH and ratio of
VH:CD (1, 42), suggesting that polysaccharides contributed to
improve intestinal morphology associated with the prebiotic
function of polysaccharides. Polysaccharides could work as a
substrate on microflora population and bacterial metabolites,
and aids in stimulating the fermentation rate and increasing
the production of short-chain fatty acids, which benefits the
differentiation and proliferation of intestinal epithelial cells
(35, 48). Interestingly, APS supplementation on intestinal
morphology showed transgenerational effect. The paternal
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dietary APS supplementation in a dose of 10 g/kg could promote
transgenerational intestinal morphology of broiler chickens (49).

The paracellular permeability of the intestinal barrier is
regulated by a complex protein system called tight junctions
(50) (Figure 2). Tight junctions, the multiprotein complexes,
are composed of transmembrane proteins, peripheral membrane
proteins, and regulatory molecules including kinases, among
which the claudin family proteins are the most important of the
transmembrane proteins, whereas the ZO family proteins are the
peripheral membrane proteins and are crucial to tight junction
assembly (51). D-lactic acid and diamine oxidase are generally
used as sensitive biomarkers for intestinal permeability to reflect
the extent of damage in the intestine tract (52). Polysaccharide
supplementation decreased the content of D-lactic acid and
the activity of diamine oxidase in the serum, implying
that polysaccharides improved the intestinal permeability and
protected the intestinal barrier function (35). Accordingly,
accumulated evidences showed that polysaccharides improved
the intestinal integrity, maintained the integrity of intestinal
epithelium, and upregulated mRNA expressions or protein
abundances of tight junction proteins such as ZO-1, occludin,
and claudin-1 in the jejunum and ileum of broilers in normal
or stressed conditions (12, 24, 44). It was generally reported that
polysaccharides could not be absorbed through the intestinal
mucosa into the body, so the health benefits of polysaccharides
were rooted in their effects on the intestinal mucosal immune
system (49). Therefore, the reasons for maintaining the integrity
of intestinal mucosa by polysaccharides could be speculated
as follows: First, polysaccharides improved the proliferation
and maturation of intestinal epithelial cells to regulate the
intestinal immune functions by synthesizing and releasing
mucins, and enhancing the integrity of intestinal mucosa (42, 53).
Second, a diet supplemented with polysaccharides is beneficial
in promoting the development of IgA-producing cells in the
intestinal mucosa and increasing the production of secretory
immunoglobulin A, which is a major antibody isotype in the
intestinal mucosal immunity that can prevent pathogens and
toxins from invading the epithelial surface, and maintain the
homeostasis of the intestine (24, 42, 54). Additionally, the
protective effects of polysaccharides on the intestinal mucosa
barrier were partly associated with its anti-inflammatory effects
(12, 55).

GUT MICROBIAL

The intestines are populated by a complex and dynamic
microbial community, which contributes to the health
status of the host animals and is the first barrier against
pathogens (41, 56). The cecum is often the focus for
chicken gut microbial studies because almost microbial
populations are colonizations in this site and also due to
their role in carbohydrate fermentation, which is considered
to contribute significantly to general intestinal “health” (57).
Through 12 phyla of bacteria, represented analysis by high-
quality 16S rRNA gene sequences of chicken bacteria, the
predominant bacteria were Firmicutes (almost 70% of sequences)

and Bacteroidetes (12.3% of sequences) phyla, with cell
densities exceeding 1011 per g of digesta (58, 59). Within the
phylum Firmicutes, Clostridium, Ruminococcus, Lactobacillus,
Eubacterium, and Fecalibacterium are the domain bacteria
(60), while genera Bacteroides, Prevotella, Parabacteroides,
and Alistipes are the domain bacteria in phylum Bacteroidetes
(58). However, the composition of the intestinal microbiota
can be altered by dietary manipulations and pathological
environment (61).

It has been demonstrated that plant bioactive substances
can be fermented to produce metabolites by the gut microbiota
in the distal gastrointestine, and further change and reshape
the intestinal microbial community via fermentation (62)
(Figures 3, 4). Polysaccharides, serving as unique carbon
sources for intestinal bacteria, have a beneficial microbial
modulation effect, which demonstrated that broilers receiving
polysaccharides have a higher abundance of beneficial bacteria
and a lower abundance of harmful bacteria (36). Camellia
oleifera cake polysaccharide supplementation could promote
the growth of probiotics and had the potential to inhibit
the number of pathogenic bacteria (19). Numerous studies
proved that polysaccharide (such as Achyranthes bidentata
polysaccharides, Camellia oleifera cake polysaccharides, APS,
and Acanthopanax senticosus polysaccharides) treatment
increased the abundances of Proteobacteria, Bacteroides,
Lactobacillus, and Ruminococcaceae, and decreased the
abundances of Escherichia coli and Salmonella (14, 19, 36, 41).
It was reported that inulin supplementation decreased the
cecal concentrations of Escherichia coli, Salmonella, and
Campylobacter in broilers (63), and increased Bifidobacterium
(64). Similarly, Xia et al. (27) found that there was a decrease in
Firmicutes and Actinobacteria, and an increase in Bacteroidetes
and Proteobacteria in response to inulin inclusion. Wu et
al. (40) suggested that inulin supplementation decreased the
numbers of Escherichia coli and pH in the cecum of broilers.
The changes in these bacteria contributed to reduce intestinal
pH, improve the intestinal microbial balance via reducing
the population of pathogenic species, and thus improves the
health of the host (65). However, pectin and gum addition
significantly increased intestinal viscosity, which further
influenced microbial activity. It has been demonstrated that
pectin administration significantly increased the contribution
of anaerobic bacteria, affected the microbial composition
in the small intestine, particularly that of Enterococci,
Clostridia, and Escherichia coli, which may be responsible
for the lower antinutritive properties induced by pectin
supplementation (28).

Previous studies suggested that certain gut bacteria were
responsible for the breakdown of polysaccharides not
metabolized during transit through the small intestine into
short-chain fatty acids, mainly including acetate, propionate, and
butyrate, which contributed to promote epithelial proliferation
and affect the intestinal ecology of the host animals (62, 66).
The increased concentration of short-chain fatty acids in the
gastrointestine is associated with an increase in the population
of beneficial bacteria and a decrease in pathogenic bacteria
(67, 68). The phylum Firmicutes (genus Faecalibacterium,

Frontiers in Veterinary Science | www.frontiersin.org 5 January 2022 | Volume 8 | Article 791371243

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Zhang et al. Benefits of Polysaccharides for Broilers

FIGURE 3 | Effects of plant-derived polysaccharides on intestinal microbiota in ileum and cecum of broilers.

FIGURE 4 | Effects of polysaccharides on short-chain fatty acids in the intestine of broilers. SCFAs, short-chain fatty acids.

Shuttleworthia, and Ruminococcaceae) and Bacteroidetes
were known for their fermentative end products in the
form of different types of short-chain fatty acids, such as
acetate, butyrate, and lactate (69). Parabacteroides distasonis,
a beneficial bacterium in the bowel, could regulate host
metabolism and ameliorate metabolic dysfunction by producing

succinate (70). Similarly, Butyricimonas bacteria could improve
intestinal barrier functions by producing short-chain fatty
acids from the fermentation of polysaccharides such as alfalfa
polysaccharide (71). The information mentioned above indicated
that polysaccharides could influence gut microbial community
composition and contribute to produce short-chain fatty acids
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to provide energy for enterocytes and improve gut health (72).
Besides, short-chain fatty acids might inhibit Salmonella growth
and invasion (73) and reduce the abundance of Escherichia
coli, which might be associated with the increased acidity in
the cecum induced by the production of short-chain fatty
acids (74).

CONCLUSION AND FUTURE PROSPECTS

Plant-derived polysaccharides are vital ingredients with
multifunctions. The application of polysaccharides in poultry
breeding exhibited more advantages, such as low drug resistance,
low side effects, and broad-spectrum antibacterial effect.
Polysaccharides from plants are beneficial for growth promotion
and proliferation of intestinal epithelial cells, activating immune
system, regulating the abundance of intestinal microbiota,
and protecting the immune barrier of the intestinal mucosa
in broilers. However, there are still some questions about
polysaccharides applied in broiler diets to be clarified. First, plant
polysaccharides are a class of polymeric molecules composed
of long chains of monosaccharide units bound together by
glycosidic linkages. Therefore, some attention should be paid
to ascertain the exact effective ingredients of polysaccharides.
Second, the relationship of the structure and activity of
polysaccharides needs further study. Third, the evaluation
criteria for the efficiency of polysaccharides are insufficient.

Fourth, the regulation mechanism of polysaccharides on
intestinal microbiota is still completely unknown and the
combined strategies are needed to clarify it. In addition, the

combined application of plant polysaccharides with some
natural active substances to maintain gut health and the
optimal growth performance of broilers may be in the right
direction and can contribute to explore more biologically active
plant-derived polysaccharides.
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Serum Parameters, and the Gut
Microbiome in Laying Hens
Yanxin Guo, Shimeng Huang, Lihong Zhao, Jianyun Zhang, Cheng Ji and Qiugang Ma*

State Key Laboratory of Animal Nutrition, College of Animal Science and Technology, China Agricultural University, Beijing,

China

The effects of Masson pine (Pinus massoniana Lamb.) needle extract (PNE) on

gastrointestinal disorders and oxidative stress have been widely investigated using

experimental models; however, the functions and mechanisms of these effects in chicken

models remain unknown. We investigated the effects of Masson PNE supplementation

on performance, egg quality, serum parameters, and the gut microbiome in laying hens. A

total of 60 healthy 50-week-old Peking Pink laying hens with similar body conditions and

egg production were randomly divided into the control (CON) (0 mg/kg PNE), PNE100

(100 mg/kg PNE), PNE200 (200 mg/kg PNE), and PNE400 (400 mg/kg PNE) groups,

with fifteen replicates per treatment and one hen per replicate. Compared with the CON

group, egg mass, feed conversion ratios, and yolk weight were significantly increased (p

< 0.01) in the PNE100 group. Dietary supplementation of 100 mg/kg PNE increased the

serum total protein, albumin, and glucose concentrations (p < 0.01) and decreased the

alanine aminotransferase activity (p < 0.05) compared with those of the CONs. Hens in

the PNE100 group had reduced serum malondialdehyde levels (p < 0.05) and increased

catalase, superoxide dismutase, and glutathione peroxidase activities (p < 0.01)

compared with those of the CON group. Serum proinflammatory cytokine concentrations

of interleukin (IL)-1β, IL-6, and tumor necrosis factor-α were lower (p < 0.01) and the

IL-10 level was higher (p < 0.01) in the PNE100 group than in the CON group. Serum

immunoglobulin (Ig)A, IgG, and IgM concentrations were increased in the PNE100 group

(p < 0.01). The relative abundance of Bacteroidetes was increased, while the relative

abundances of Firmicutes and Proteobacteria were decreased in the PNE100 group. The

relative abundances of Vibrio, Shewanella, and Lactobacillus were decreased, while the

relative abundances of unclassified_o_Bacteroidales, Rikenellaceae_RC9_gut_group,

unclassified_f_Rikenellaceae, and Butyricicoccaceae were increased in the PNE100

group compared with those of the CON group. PNE supplementation at 100 mg/kg

improved the diversity and structure of the gut microbial composition, production

performance, egg quality, and serum parameters of laying hens. The laying hens in this

study had good production performance when supplemented with 100 mg/kg PNE.

Keywords: laying hens, antioxidant, immune response, gut microbiota, pine (Pinus massoniana Lamb.) needle
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INTRODUCTION

Poultry intestinal tracts possess complex microbial communities
consisting of dominant bacteria that play key roles in host
performance and gut health (1). Multiple factors, such as
age, production system, disease, and diet, influence the
gut microbiota of laying hens (2, 3). Additionally, diet is
a major factor influencing the gut microbial community
(4, 5). Hence, improving poultry gut health may improve
final production performance to market. Many strategies
(e.g., feeding modulations, acid preparations, probiotics, and
enzymes) are incorporated to protect the gut from external
infections and ensure that poultry have maximum potential
genetic productivity (6). Phytogenic feed additives are gaining
attention for their active components and compatible biological
characteristics, which have been reported to benefit animal
production and health (7). Masson pine (Pinus massoniana
Lamb.) is a highly economic tree species containing terpenoids,
phenolic compounds, flavonoids, and alkaloids (8), which
inhibit peroxidation (9), promote immunity (10), and confer
antibacterial properties (11). One study found that adding pine
needles improved quail performance and serum antioxidant
systems. Broilers-fed pine powder had reduced serum total
cholesterol (12) and improved meat quality. Pine needle powder
increased growth performance in broilers by improving the small
intestinal length and protein digestibility (13). Moreover, pine
needle extracts (PNEs) have antimicrobial and anti-inflammatory
activities against pathogens, stimulating growth of beneficial
gut bacteria, particularly Enterococcus spp. and Bifidobacterium
spp. (14, 15). However, no study has adequately demonstrated
the benefits of PNEs on poultry performance, especially for
laying hens.

We speculated that in late egg production, laying hens-
fed PNE would show improved production performance,
antioxidant abilities, and immune system and inflammatory
responses compared with those of control (CON) diet-fed birds
and that these effects would be associated with the benefits of
PNE for the gut. Thus, this study was conducted to determine
the appropriate amount of dietary PNE for laying hens according
to its effects on production performance, egg quality, serum
parameters, and the gut microbiota.

MATERIALS AND METHODS

The experimental protocols were approved by the institutional
Animal Care and Use Committee of China Agricultural
University (AW92111202-1-1, Beijing, China) and the methods
were carried out in accordance with the relevant guidelines
and regulations.

Hens and Management
Laying hens were allocated to the same tier of battery cages with
one hen per cage (cage size: 40 × 40 × 40 cm) and exposed
to light (16 h/day) with an intensity of 16 lx. The temperature
was maintained at 18–25◦C throughout the experiment. Food
and water were offered ad libitum in mash form and by nipple
drinkers, respectively. All the hens remained in good health

TABLE 1 | Ingredient and nutrient composition of gestation diets (%).

Ingredients Content

Corn 56.40

Soybean meal 25.00

Corn starch 8.00

Limestone 8.30

CaHPO4 1.50

NaCl 0.30

DL-Methionine 0.17

Minerals premixa 0.30

Vitamins premixb 0.03

Total 100.00

Nutrient levels

Metabolizable Energy (ME)/(MJ/kg)c 11.30

CP 15.20

Lys 0.82

Met 0.40

Met + Cys 0.64

Ca 3.56

Total P 0.54

Available P 0.35

a1 kg of vitamin premix contained the following: VA 8,000 IU VD3 3,600 IU; VE 21 IU; VK3

4.2mg; VB1 3mg; VB2 10.2mg; folic acid 0.9mg; calcium pantothenate 15mg; nicotinic

acid 45mg; VB6 5.4mg; VB12 0.024mg; and biotin 0.15 mg.
b1 kg of mineral premix contained the following: Cu 6.8mg; Fe 66mg; Zn 83mg; Mn

80mg; I 0.6mg; and Se 0.3 mg.
cME was a calculated value, while the others were measured values.

during the feeding period. No hens were culled nor any hens
receive medical intervention.

Experimental Design and Diets
A total of 60 50-week-old Peking Pink hens (Yukou Poultry
Corporation Ltd., Beijing, China) were randomly allocated to
one of four treatments. Previous studies fed poultry 150 mg/kg
PNE; thus, we used different concentrations (100, 200, and 400
mg/kg) of PNE to comprehensively investigate the appropriate
amount of dietary PNE for laying hens according to its effects
on performance, egg quality, serum parameters, and the gut
microbiota. Hens were fed a corn-soybean meal-based diet
(Table 1) supplemented with PNE at 0 (the CON group), 100,
200, or 400 mg/kg. Each treatment consisted of 15 replicates
with one bird in 15 adjacent cages per replicate. The basal diet
was formulated according to the nutrient requirements for laying
hens (NY/T 33-2004), published by the Chinese Ministry of
Agriculture (2004). The PNE product, containing 22.11 mg/kg
flavonoids and 10.50 mg/kg shikimic acid, was purchased from
Shaanxi Yunqi Biotechnology Corporation Ltd., Shaanxi, China.
The entire experiment lasted 9 weeks (from 50 to 58 weeks of
age) consisting of a 1-week adaptation period and an 8-week
experimental period.

Performance and Egg Quality Parameters
Daily egg counts, total egg weight, and weekly feed consumption
were recorded and calculated weekly as hen-day egg production,
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egg mass, average egg weight, average daily feed intake, and
feed conversion ratio (FCR). Thirty eggs per treatment were
collected for interior and exterior quality tests during the last
3 days of the end of week 58. Shell strength was measured
with an egg force reader (ESTG-01, Orka Technology Ltd.,
Bountiful, UT, USA). Shell thickness was measured using a shell
thickness tester (ESTG-01, Orka Technology Ltd.). Haugh unit,
yolk color, and egg weight weremeasured using amultifunctional
egg quality tester (EA-01, Orka Technology Ltd.). Shell color
was measured with a QCR color reflectometer (QCR SPA, TSS,
England, UK). The shells were weighed, the yolks were separated
with a separator, and the yolk and albumin percentages were
weighed and calculated.

Blood Sample Collection and Analysis
At the end of the experiment, blood samples were collected
from the wing veins of the laying hens on the same day of
sampling and centrifuged at 3,000 rpm for 15min at room
temperature to separate the serum. Subsequently, serum samples
were collected via pipette into 1.5-ml tubes and stored at−20◦C.
Serum biochemical indices, i.e., alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and alkaline phosphatase
(ALP) activities; glucose (GLU), total protein (TP), and albumin
(ALB) contents; lipid metabolism indices of total cholesterol
(TC), triglycerides (TGs), low-density lipoprotein cholesterol
(LDL-C) and high-density lipoprotein cholesterol (HDL-C)
contents; and oxidant/antioxidant indices of malondialdehyde
(MDA), total superoxide dismutase (T-SOD), glutathione
peroxidase (GSH-Px), and catalase (CAT) concentrations,
were determined using commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, China). The serum
cytokines, such as interleukin (IL)-1β, IL-6, IL-10, and tumor
necrosis factor-α (TNF-α), were measured using the Multiskan
MK3 Microplate Reader (Thermo Fisher Scientific, Wilmington,
MA, USA). The serum concentrations of the immune indices,
immunoglobulin (Ig)A, IgG, and IgM, were detected using the
Hitachi 7600 Automatic Biochemical Analyzer.

Gut Microbial Analysis
At the end of the experiment, six hens per treatment were
selected according to body weight and euthanized via sodium
pentobarbital injection to obtain their cecal contents. The
cecal contents were frozen in liquid nitrogen and stored
at −80◦C. Cecal microbial DNA was isolated using the
Hexadecyl trimethyl ammonium bromide (CTAB)/Sodium
dodecyl sulfate (SDS) method and quantified using the
Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific). The
V4 region of the 16S ribosomal RNA (16S rRNA) gene
was then amplified with 515F and 806R primers with the
sequences of 5

′

-GTGCCAGCMGCCGCGGTAA-3
′

and 5
′

-
GGACTACHVGGGTWTCTAAT-3

′

. DNA samples were
quantified and then the V4 hypervariable region of the 16S
rDNA was amplified. The final amplicon pool was evaluated
using the GeneJETTM Gel Extraction Kit (Thermo Fisher
Scientific). Single-end reads were generated with the Ion S5 TM
XL platform and filtered using the default parameters.

Statistical Analysis
Data analyses for performance, egg quality, and serum
biochemical indices were performed using the Statistical
Package for the Social Sciences (SPSS) version 19.0 for Windows
(SPSS Incorporation, Chicago, Illinois, USA). Data were then
analyzed using one-way ANOVA and means were compared
using Duncan’s multiple-range test. p < 0.05 was considered
as statistically significant. Data are expressed as the means and
pooled SEM.

Single-end reads were assigned to samples based on their
unique barcodes and truncated by cutting off the barcode
and primer sequence. Raw reads were quality filtered under
specific filtering conditions to obtain high-quality clean reads
using Cutadapt (version 1.9.1). The reads were compared with
the reference database using the UCHIME algorithm to detect
chimera sequences, which were then removed to obtain the clean
reads. Sequence analysis was performed using UPARSE software
(version 7.0.1001). Sequences with ≥ 97% similarity were
assigned to the same operational taxonomic units (OTUs). The
subsequent clean reads were clustered as OTUs using UPARSE
(version 7.0.1001) and annotated with the SILVA 16S rRNA gene
database using the MOTHUR program (version 1.30.1). Alpha
diversity (Shannon, Simpson, ACE, and Chao1 richness indices)
was calculated based on the OTU profiles from the MOTHUR
program. Bar plots and heat maps were generated with the
“vegan” package in R (version 2.15.3). Principal coordinate
analysis (PCoA) was performed based on the Bray–Curtis
distance using Quantitative Insights Into Microbial Ecology
(QIIME) (version 1.9.1). Analysis of similarities was performed
to compare the similarities of the bacterial communities among
groups using the “vegan” package in R (version 2.15.3). A linear
discriminant analysis (LDA) effect size (LEfSe) analysis was
performed to identify the differentially enriched bacterial taxa
in the different bacterial communities. Finally, the correlations
between key parameters and bacterial communities were assessed
via the Spearman’s correlation analysis using the “pheatmap”
package in R (version 2.15.3). Data are expressed as mean values.

RESULTS

Performance and Egg Quality Parameters
Table 2 lists the effects of dietary supplementation with PNE
on the production performance of the laying hens. In the
PNE100 group, the egg mass and FCR were significantly
improved compared with those of the CONs (p < 0.05).
The other performance indices differed among the groups,
but not significantly (p > 0.05). Table 3 illustrates the egg
quality parameters of hens supplemented with PNE. Dietary
supplementation of 100 and 200 mg/kg PNE yielded higher yolk
weights than those of the CON group (p < 0.05). No other egg
quality parameters (i.e., shell thickness, shell strength, and Haugh
units) differed among the groups at week 58 (p > 0.05).

Serum Biochemical and Lipid Metabolism
Indices
Figure 1 presents the effects of dietary PNE supplementation
on serum biochemical indices. The PNE100 group had higher
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TABLE 2 | Effect of dietary pine needle extract (PNE) supplementation on production performance of laying hens1 (n = 15).

Treatment CON PNE100 PNE200 PNE400 SEM P-value

FI, g 101.75ab 100.30a 102.40b 102.38b 0.55 0.03

EP, % 82.81 90.36 88.21 86.68 2.16 0.14

EW, g 58.10 58.49 57.40 58.93 0.73 0.75

EM, g 48.08b 52.75a 50.62ab 50.87ab 0.93 0.02

FCR, g/g 2.07a 1.93b 2.00ab 1.99ab 0.02 0.03

1FI, average daily feed intake; EP, egg production; EW, average egg weight; EM, daily egg mass; FCR, feed-to-egg ratio.
a,bWithin a row, means with no common superscript differ significantly (p < 0.05).

TABLE 3 | Effect of dietary PNE supplementation on egg quality parameters of laying hens1.

Treatment CON PNE100 PNE200 PNE400 SEM P-value

Shell weight, g 10.38ab 10.21a 10.00a 10.80b 0.18 0.02

Yolk weight, g 25.29a 26.69b 26.69b 25.99ab 0.03 0.02

Shell strength, N 33.04 33.34 32.83 34.77 1.50 0.82

Shell thickness, µm 430.00b 412.00ab 390.00a 426.00b 0.01 0.03

Yolk color 3.30 3.30 3.35 3.40 0.14 0.96

Haugh unit 77.47bc 79.09c 72.98a 75.53ab 1.12 0.01

a,bWithin a row, means with no common superscript differ significantly (p < 0.05).
1Means were calculated using 15 replicates (two eggs per replicate) per treatment.

serum TP, ALB, and GLU concentrations than the CON group
(p < 0.05). Compared with the CON group, ALT activity was
decreased in the PNE100 group (p < 0.01). No other lipid
metabolism indices (i.e., TC, TG, LDL-C, and HDL-C) differed
(Figure 2).

Serum Antioxidant, Cytokines, and
Immune Indices
Compared with the CON group, the MDA concentration
was decreased (p < 0.05) and T-SOD, GSH-Px, and CAT
activities were increased (p < 0.05) in the PNE100 group
(Figure 3). Serum IL-1β, IL-6, and TNF-α concentrations were
reduced (p <0.01), while the IL-10 concentration was increased
in the PNE100 group (p < 0.01; Figure 4). Dietary PNE
supplementation increased the IgA, IgG, and IgM concentrations
in the PNE100 group (p< 0.01) compared with those of the CON
group (Figure 5).

Gut Microbial Diversity and Composition
Bacterial alpha diversity in the cecal microbiota was estimated
using the Shannon, Simpson, ACE, and Chao1 indices of
diversity and richness (Figures 6A–D). Compared with the CON
group, the Shannon, ACE, and Chao1 indexes were increased
and the Simpson index was decreased in the PNE100 group, but
insignificantly (p> 0.05), suggesting that supplementation of 100
mg/kg PNE increased the overall bacterial richness of the cecal
microbiota. Using PCoA based on the Bray–Curtis distance,
discrimination levels were increased in the PNE100 group
compared with those of the CON group (p < 0.10; Figure 6E).
Taxonomic compositions of the microbiotas were analyzed

at the phylum and genus levels. Figure 6F shows the average
relative abundances (>1%) at the phylum level. Overall, the
microbiotas were dominated by Bacteroidetes and Firmicutes,
followed by Proteobacteria, Desulfobacterota, Actinobacteriota,
Spirochaetota, Campilobacterota, Deferribacterota, and
Euryarchaeota. Compared with the CON group, Proteobacteria
was decreased notably in the PNE100 group, as the relative
abundance of Bacteroidetes was increased and the relative
abundance of Firmicutes was decreased. At the genus level
(Figure 6G), the relative abundances of Vibrio, Lactobacillus,
and Shewanella were decreased and the relative abundances
of unclassified_o_Bacteroidale, unclassified_c_Bacteroidia
Rikenellaceae_RC9_gut_group, unclassified_f_Rikenellaceae,
norank_f_Eubacterium_coprostanoligenes_group, unclassified_
f_Lachnospiraceae, norank_f_norank_o_RF39, UCG-004,
Helicobacter, and unclassified_f_Ruminococcaceae were
increased in the PNE100 group compared with those of
the CON group. Compared with those of the CON group,
the relative abundances of Shewanella and Vibrio were
significantly decreased and unclassified_f_Rikenellaceae, norank_
f_Eubacterium_coprostanoligenes_group, norank_f_norank_
o_Clostridia_UCG-014, norank_f_norank_o_RF39, norank_f_
Ruminococcaceae, Barnesiella, NK4A214_group, unclassified_f_
Tannerellaceae, Butyricicoccus, and Eisenbergiella were increased
in the PNE100 group (Figure 6H).

Relationship Between the Differential
Bacterial Community and Main Parameters
We performed the Spearman’s correlation matrix to predict
the correlation between the differential gut microbial
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FIGURE 1 | Effect of pine needle extract (PNE) supplementation on serum biochemical indices ALT (A), AST (B), ALP (C), TP (D), ALB (E), and GLU (F) of laying

hens. ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; TP, total protein; ALB, albumin; GLU, glucose. Asterisks denote

significant differences (*p ≤ 0.05, **p ≤ 0.01), n = 6 per group, data are expressed as means ± SD.

communities in their genera and key parameters. Egg mass
and egg weight were positively correlated with the relative
abundances of UCG-009 and Barnesiella and negatively
correlated with the relative abundances of Vibrio and Shewanella
(Figure 7A). Feed intake was positively correlated with
Vibrio, Anaerobiospirillum, and norank_f_Ruminococcaceae

and negatively correlated with Paraprevotella, UCG-009,
and Angelakisella. The FCR was positively correlated with
Vibrio and Shewanella and negatively correlated with
the relative abundances of Paraprevotella, UCG-009, and
Barnesiella. The Haugh units were positively correlated
with norank_f_norank_o_RF39, unclassified_f_Rikenellaceae,
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FIGURE 2 | Effect of pine needle extract (PNE) supplementation on serum lipid metabolism indices TC (A), TG (B), HDL-C (C), and LDL-C (D) of laying hens. TC, total

cholesterol; TGs, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. n = 6 per group, data are expressed as means

± SD.

and Oscillibacter and negatively correlated with Shewanella
(Figure 7B). Yolk color was positively correlated with norank_
f_norank_o_RF39 and norank_f_norank_o_Clostridia_UCG-
014 and negatively correlated with the relative abundance
of Fusobacterium. Yolk weight was positively correlated
with norank_f_norank_o_Clostridia_UCG-014, norank_f_
Eubacterium_coprostanoligenes_group, and Family_XIII_
AD3011_group and negatively correlated with Shewanella.
Shell color was positively correlated with Vibrio and
Shewanella and negatively correlated with norank_f_norank_
o_Clostridia_UCG-014 and norank_f_norank_o_RF39. ALT
was positively correlated with Shewanella and negatively
correlated with norank_f_Eubacterium_coprostanoligenes_group,
Family_XIII_AD3011_group, unclassified_f_Tannerellaceae,
Angelakisella, unclassified_f_Rikenellaceae, NK4A214_
group, Oscillibacter, Eisenbergiella, Gallibacterium, and
Butyricicoccus (Figure 7C). AST was positively correlated
with Vibrio and Fusobacterium and negatively correlated

with Barnesiella. TP was positively correlated with norank_f_
norank_o_Clostridia_UCG-014, Gallibacterium, Paraprevotella,
UCG-009, and norank_f_norank_o_RF39 and negatively
correlated with Vibrio, Shewanella, and Fusobacterium.
ALB was positively correlated with norank_f_norank_o_
Clostridia_UCG-014, Gallibacterium, Paraprevotella, UCG-009,
norank_f_norank_o_RF39, unclassified_f_Tannerellaceae,
Angelakisella, and Family_XIII_AD3011_group and negatively
correlated with the relative abundances of Vibrio, Shewanella,
Fusobacterium, and Anaerobiospirillum. GLU was positively
correlated with Gallibacterium, norank_f_Eubacterium_
coprostanoligenes_group, Paraprevotella, Barnesiella, and
UCG-009 and negatively correlated with Anaerobiospirillum,
Shewanella, Vibrio, and Fusobacterium. MDA was positively
correlated with Anaerobiospirillum and negatively correlated
with Butyricicoccus, Paraprevotella, and Gallibacterium. T-
SOD was positively correlated with norank_f_Eubacterium_
coprostanoligenes_group, Paraprevotella, Barnesiella, UCG-009,
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FIGURE 3 | Effect of pine needle extract (PNE) supplementation on serum antioxidant parameters MDA (A), T-SOD (B), GSH-PX (C), and CAT (D) of laying hens.

MDA, malondialdehyde; T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase. Asterisks denote significant differences (*p ≤ 0.05, **p ≤

0.01), n = 6 per group, data are expressed as means ± SD.

unclassified_f_Tannerellaceae, Angelakisella, Family_XIII_
AD3011_group, unclassified_f_Rikenellaceae, Oscillibacter, and
NK4A214_group and negatively correlated with Shewanella,
Anaerobiospirillum, and Vibrio. GSH-Px was positively
correlated with norank_f_Eubacterium_coprostanoligenes_
group, Family_XIII_AD3011_group, unclassified_f_Rikenellaceae
Gallibacterium, Butyricicoccus, Barnesiella, UCG-009,
Oscillibacter, NK4A214_group, Eisenbergiella, unclassified_
f_Tannerellaceae, Angelakisella, and norank_f_Ruminococcaceae
and negatively correlated with Shewanella, Anaerobiospirillum,
and Fusobacterium. CAT was positively correlated with
Family_XIII_AD3011_group, Angelakisella, unclassified_
f_Rikenellaceae, Oscillibacter, NK4A214_group, norank_
f_Eubacterium_coprostanoligenes_group, Butyricicoccus,
Paraprevotella, Barnesiella, and UCG-009 and negatively
correlated with Shewanella. IL-6 was positively correlated with
Anaerobiospirillum, Shewanella, and Vibrio and negatively
correlated with Paraprevotella, Gallibacterium, norank_f_

Eubacterium_coprostanoligenes_group, norank_f_norank_o_
Clostridia_UCG-014, and Butyricicoccus. IL-10 was positively
correlated with Eisenbergiella, Gallibacterium, norank_
f_Eubacterium_coprostanoligenes_group, Butyricicoccus,
NK4A214_group, Family_XIII_AD3011_group, norank_f_
Ruminococcaceae norank_f_norank_o_Clostridia_UCG-014,
norank_f_norank_o_RF39 unclassified_f_Tannerellaceae,
Angelakisella, unclassified_f_Rikenellaceae, and Oscillibacter and
negatively correlated with Shewanella and Anaerobiospirillum.
IL-1β was positively correlated with Anaerobiospirillum,
Shewanella, and Vibrio and negatively correlated with
Gallibacterium, norank_f_Eubacterium_coprostanoligenes_
group, Paraprevotella, Angelakisella, Family_XIII_AD3011_
group, unclassified_f_Rikenellaceae, Oscillibacter, and norank_f_
norank_o_Clostridia_UCG-014. TNF-α was positively correlated
with Anaerobiospirillum, Fusobacterium, and Shewanella
and negatively correlated with norank_f_Eubacterium_
coprostanoligenes_group, Butyricicoccus, Paraprevotella,
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FIGURE 4 | Effect of pine needle extract (PNE) supplementation on serum inflammatory cytokines IL-6 (A), IL-10 (B), IL-1β (C), and TNF-α (D) of laying hens. IL-6,

interleukin 6; IL-10, interleukin-10; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α. Asterisks denote significant differences (**p ≤ 0.01), n = 6 per group, data are

expressed as means ± SD.

Gallibacterium, Eisenbergiella, and norank_f_norank_
o_Clostridia_UCG-014. IgA was positively correlated
with Gallibacterium, Paraprevotella, norank_f_norank_o_
Clostridia_UCG-014, norank_f_norank_o_RF39 unclassified_f_
Tannerellaceae, Angelakisella,UCG-009, norank_f_Eubacterium_
coprostanoligenes_group, and Butyricicoccus and negatively
correlated with Shewanella, Vibrio, Anaerobiospirillum,
and Fusobacterium. IgG was positively correlated with
Gallibacterium, Paraprevotella, norank_f_norank_o_Clostridia_
UCG-014, norank_f_norank_o_RF39, UCG-009, and norank_f_
Eubacterium_coprostanoligenes_group and negatively correlated
with Shewanella, Vibrio, Anaerobiospirillum, and Fusobacterium.
IgM was positively correlated with Gallibacterium, norank_
f_norank_o_Clostridia_UCG-014, norank_f_norank_o_RF39,
norank_f_Eubacterium_coprostanoligenes_group, Paraprevotella,
and UCG-009 and negatively correlated with Shewanella, Vibrio,
Anaerobiospirillum, and Fusobacterium.

DISCUSSION

Khan et al. reported that supplementation of 150 mg/kg PNE

enhanced quail growth performance (16). Similarly, Kim et al.

illustrated that broilers-fed 2.0% simple processed pine needle

powder exhibited decreased overall body weight, average daily

gain, average daily feed intake, and improved ileal protein
digestibility compared with those of broilers-fed diets containing
0, 0.5, and 1.0% pine needle powder (13). Consistent with our
results, Kothari et al. showed that adding 2.5 and 5 mg/kg
fermented PNE increased egg mass and egg production (17). In
this study, dietary supplementation of 100 mg/kg PNE to a corn-
soybean meal-based diet improved both the FCR and egg mass
of laying hens compared with those of the other groups during
the trial period. Dietary supplementation of 100 or 200 mg/kg
PNE also significantly improved the yolk weight. This may have
been because the PNE promoted hepatic lipid metabolism by
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FIGURE 5 | Effect of pine needle extract (PNE) supplementation on serum immune parameters IgA (A), IgG (B), and IgM (C) of laying hens. IgA, immunoglobulin A;

IgG, immunoglobulin G; IgM, immunoglobulin M. Asterisks denote significant differences (**p ≤ 0.01), n = 6 per group, data are expressed as means ± SD.

protecting hepatocytes from oxidative damage, thus enhancing
the yolk weight (19), which is consistent with the results of a
previous study (20). The observed improvements in egg mass
and feed efficiency after PNE supplementation might have been
due to the presence of essential oils, terpenoids, and polyphenols,
which are reported to improve nutrient digestion, absorption,
and utilization in the digestive tract (7, 18).

Several serum indicators reflect animal health status. In
healthy animals, protein synthesis increases along with TP and
ALB. In our experiment, serum TP and ALB were higher
in the PNE100 group than in the other groups, indicating
a more vigorous protein metabolism in the PNE100 group,
which was consistent with the results of Kim et al. (13), who
found that 1% pine needle powder strengthened the ability
of broilers to utilize protein and N nutrients. Khan et al.
also demonstrated that including 150 mg/kg PNE ameliorated
serum TP and ALB concentrations in quails (16). ALT and
AST are important biomarkers for liver function and reflect
individual body conditions. In this study, birds in the PNE100
group had lower serum ALT activity, indicating that PNE
may have a liver protective function. Hens in the PNE100
group had relatively higher levels of glucose and abundances
of Rikenellaceae_RC9_gut_group than the CON group. A

previous study showed that Rikenellaceae_RC9_gut_group was
positively correlated with serum insulin levels (21), which caused
higher glucose.

In this study, lipid metabolism indices (e.g., HDL, LDL-C,
TG, and TC) were significantly improved in the PNE100 group
compared with those of the CON, PNE200, and PNE400 groups.
This was consistent with previous findings that 0.6% pine needle
powder more effectively decreased mortality and improved lipid
peroxidation than 0.3 and 0.9% pine needle powder (22). The
improved serum lipid indices herein were also consistent with
those in rats as per Lee et al. (23), likely because (24) pine
needles can decrease LDL oxidation and inflammatory actions
by modulating Inducible nitric oxide synthase (iNOS) and
Cyclooxygenase-2 (COX-2) expressions. Additionally, 0.6% pine
needle powder inhibited lipid peroxidation when supplemented
in the diets of broilers (25), which was similar to our results.
Khan et al. also reported that adding 150 mg/kg PNE to quail
diets decreased serum LDL-C, TG, and TC concentrations and
increased serum HDL-C concentrations in quails. Therefore, our
results suggest that 100 mg/kg PNE was suitable for ameliorating
lipid peroxidation in laying hens.

Free radicals play important roles in immunity and signal
transduction, but excessive free radicals can induce lipid
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FIGURE 6 | Effect of dietary PNE supplementation on gut microbial composition. (A) Shannon index, (B) Simpson richness, (C) ACE diversity, and (D) Chao1

richness. (E) Principal coordinate analysis (PCoA) plots were assessed via analysis of similarities among the treatments. (F) Relative abundances of bacterial phyla in

these groups. (G) Relative abundance of bacterial genera in these groups. (H) Linear discriminant analysis effect size (LEfSe) analysis was used to identify the

differential genera between the PNE100 and control (CON) groups.

FIGURE 7 | Correlation between main parameters and differential microbes. (A) Relationship between the differential genera and performance. (B) Relationship

between differential genera and egg quality parameters. (C) Relationship between differential genera and serum parameters. Asterisks denote significant differences

(*p ≤ 0.05, **p ≤ 0.01), n = 6 per group.

peroxidation in the cell membrane (26). Antioxidant enzymes
such as T-SOD, GSH-Px, and CAT eliminate free radicals in
the body (27); thus, antioxidant functions can be evaluated
according to the antioxidant enzyme activities. Similarly, low
MDA levels were shown to generate fewer free radicals in
the body (28). Herein, supplementation with 100 mg/kg PNE
yielded higher serum CAT, T-SOD, and GSH-Px activities
and lower MDA concentrations, suggesting that 100 mg/kg

PNE is suitable for elevating antioxidant functions in hens to
reduce peroxide products. Chang et al. (29) found that rats
fed 3ml PNE with proanthocyanidins had higher antioxidant
abilities. Khan et al. reported that supplementation of 150 mg/kg
PNE ameliorated the antioxidant status in quails by enhancing
the activities of serum antioxidant enzymes, including GSH-
Px and T-SOD (16), which was consistent with our results.
Kothari et al. demonstrated that 2.5 and 5 mg/kg fermented
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PNE improved the antioxidant status in broiler yolks (17),
possibly because pine needles contain an abundance of active
components, such as essential oils (30), proanthocyanidins (31),
phenolics, and terpenoids (9), which are reported to have
antioxidant abilities.

Ig G and IgM are important in anti-infection processes by
engaging the phagocytic system and activating the complement
system and IgA inhibits phagocytosis, chemotaxis, antibody-
dependent cellular cytotoxicity, and inflammatory cytokine
release (35). PNE supplementation at 100 mg/kg significantly
increased the serum IgG, IgM, and IgA concentrations compared
with those of other groups, which was similar to the findings
of Xiao et al., who reported that pine needle polysaccharides
activated macrophages and enhanced the innate immune
functions of broilers (36). Wei et al. showed that 0.1% pine needle
powder ameliorated the immunity of chickens (10). However,
this increase was not dose dependent because birds-fed diets
containing 200 and 400 mg/kg PNE showed lower immune
responses than the CON group. These data indicate that 100
mg/kg PNE sufficiently induced high immune response levels in
laying hens. Thus, we concluded that the improvements in egg
mass and FCRs were best in the PNE100 group, likely owing
to the presence of essential oils, terpenoids, and polyphenols in
pine needles, which improved nutrient digestion, absorption, and
utilization in the digestive tract (37).

Ig G and IgM play important roles in anti-infection
through engaging the phagocytic system and activating the
complement system, while IgA can inhibit phagocytosis,
chemotaxis, antibody-dependent cellular cytotoxicity, and the
release of inflammatory cytokines (35). In this study, PNE
supplementation at 100 mg/kg significantly increased the serum
IgG, IgM, and IgA concentrations compared to the other groups,
which was similar to Xiao et al. reported that pine needle
polysaccharide activated macrophages and enhanced the innate
immune function of broilers (36). In addition, Wei et al. showed
that 0.1% of pine needle powder ameliorated the immunity
of chickens (10). However, this increase did not obey dose-
dependentmanners, when birds received the diets containing 200
and 400 mg/kg PNE showed lower immune response compared
with the CON group. These data apparently indicated that 100
mg/kg PNE was appropriate to induce a high level of immune
response of laying hens. From the mentioned discussion, we can
conclude that the observed improvements in egg mass and FCR
of hens in the PNE100 group were the best, which might be due
to the presence of essential oils, terpenoids, and polyphenols in
pine needles improving digestion, absorption, and utilization of
nutrients in the digestive tract (37).

Next, we examined the differential cecal microbes and
their functions that may have contributed to the improved
performance of the hens in the PNE100 group. Alpha and
beta diversity analysis showed greater cecal bacterial richness
and a significantly altered microbial composition. LEfSe analysis
further identified the species that differed significantly between
the PNE100 group and the other treatment groups. A more
diverse gut microbial community is believed to positively affect
the welfare and productivity of host birds (38). Bacteroidetes and
Firmicutes were the dominant bacterial phyla, which together

accounted for over 80% of the total microbial community
detected in this study. The gut microecosystems of PNE-fed
birds were exogenously altered at the phylum level and favored
Bacteroidetes at expense of Firmicutes and Proteobacteria, thus
leading to a lower Firmicutes/Bacteroidetes ratio. Studies in mice
and humans have indicated that higher Firmicutes/Bacteroidetes
ratios may play important roles in energy uptake (39). Higher
Firmicutes/Bacteroidetes ratios are associated with host pathology
(40) and the reverse is linked to healthy gut conditions
(41). Another study found that the genus Bacteroides in
the phylum Bacteroidetes was positively associated with the
health status of broilers (42). Bacteroidetes comprises many
bacteria that can digest complex substrates such as xylan
(43) and cellulose (44), which produce propionate (45) and
succinate (46), favoring intestinal nutrient absorption in the
host. Proteobacteria contains opportunistic pathogens, such as
Campylobacter, Escherichia, and Helicobacter, which have been
found to be highly abundant in the feces of low-FCR birds
(47, 48). Thereby, the increased abundance of Bacteroidetes along
with the reduced abundances of Firmicutes and Proteobacteria
might contribute to the ability of laying hens to effectively absorb
and use nutrients. At the genus level, adding 100 mg/kg PNE
reshaped the dominant gut bacterial species. In the PNE100
group, the relative abundances of unclassified_o_Bacteroidales,
Rikenellaceae_RC9_gut_group, unclassified_f_Rikenellaceae, and
Butyricicoccaceae were increased and the relative abundance
of Lactobacillaceae was decreased. Lactobacillaceae, which is
abundant in overweight or obese individuals, is positively
correlated with serum High-sensitivity C-reactive protein
(hsCRP) levels and occurs in the gut microbiotas of obese
persons, suggesting low-grade inflammation (47). Rikenella-
like bacteria use mucin as a carbon and energy source and
are widespread in alimentary canals of animal (48); these
bacteria benefit the diversity of the intestinal flora (49).
Additionally, Rikenella is reported to help reduce endotoxemia
markers (50). Butyricicoccaceae are involved in energy conversion
providing intestinal energy to birds. Both of these bacteria
can provide energy for the body and reduce inflammation
and their increased abundances indicate host intestinal health.
Therefore, the improved production performance of the PNE100
group in this study may be related to increased abundances
of unclassified_o_Bacteroidales, Rikenella-like bacteria, and
Butyricicoccaceae, which benefit the intestinal health of the host.
These increased abundances of unclassified_o_Bacteroidales,
Rikenella-like bacteria, and Butyricicoccaceae, along with the
decreased abundance of Lactobacillaceae in the guts of the
PNE100 group, may have contributed to the improved
performance of hens.

We used correlation analysis to predict the relationship
between the main parameters and the differential gut microbiota.
In the PNE100 group, egg mass was positively correlated with
Barnesiella, which can use fucosyllactose as an energy source in
bacterial cultures to secrete linkage-specific fucosidase enzymes
that free lactose to form an intestinal milieu that is resilient to
inflammatory diseases (53). The FCR in the PNE100 group was
positively correlated with Butyricicoccus, which can enhance
feed conversion and protect broilers (54) from potentially
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harmful intestinal microorganisms and necrotic enteritis.
Additionally, the Clostridial cluster IV strain of Butyricicoccus is
a promising probiotic candidate for patients with inflammatory
bowel disease (55). The yolk weight in the PNE100 group was
positively correlated with norank_f_norank_o_Clostridia_UCG-
014, norank_f_Eubacterium_coprostanoligenes_group, and
Family_XIII_AD3011_group. Studies have shown that
Clostridium spp., a predominant cluster of commensal gut
bacteria, exert beneficial effects on intestinal homeostasis and
norank_f_norank_o_Clostridia_UCG-014 was demonstrated
to have positive effects on mouse intestinal tracts (56).
Additionally, norank_f_Eubacterium_coprostanoligenes_group
has anti-inflammatory, antioxidant, and anticancer
properties (57). Similarly, Family_XIII_AD3011_group
has probiotic properties and improved intestinal health
in weaning piglets after inoculation (56). We observed
several correlations between various serum parameters
and the hen gut microbiome. TP, ALB, GLU, T-SOD,
GSH-Px, CAT, IL-10, IgA, IgG, and IgM were negatively
correlated with the relative abundances of Vibrio, Shewanella,
Fusobacterium, and Anaerobiospirillum and positively
correlated with norank_f_norank_o_Clostridia_UCG-014,
norank_f_Eubacterium_coprostanoligenes_group, Barnesiella,
Paraprevotella, unclassified_f_Tannerellaceae, Angelakisella,
Family_XIII_AD3011_group, unclassified_f_Rikenellaceae,
Butyricicoccus, Barnesiella, Oscillibacter, and Eisenbergiella.
Studies have illustrated that Shewanella is potentially pathogenic
to humans and easily infects the intestinal tract (58). Vibrio
is pathogenic to the gastrointestinal tract, particularly in
immunocompromised individuals (59, 60). Fusobacterium
was reported to easily impede colitis remission in mice
(61). Anaerobiospirillum succiniciproducens is a rare cause
of bacteremia in humans and can cause intestinal infection
(62). Interestingly, some beneficial gut microbial communities
were positively correlated with these serum parameters. For
example, Clostridiaceae Family XIII AD3011 was shown to
reduce inflammation levels and alter the gut microbiotas of
healthy younger men (63). Oscillibacter produces valerate
and enhances differentiation of IL-10-producing T-regulatory
cells in vivo (64), which improves digestive tract function
(65). Rikenellaceae is saccharolytic and ferments glucose to
acid byproducts (66). Similarly, Parabacteroides is a beneficial
bacterium that significantly increases serum IgA and butyric
acid levels in animal digestive tracts (67). Eisenbergiella is an
anaerobic bacterium in the Lachnospiraceae family that produces
succinate and lactate and can elevate antioxidant levels in the
liver, specifically those of T-SOD, CAT, and GSH-Px compared
with CONs.

Serum ALT, MDA, IL-6, IL-1β, and TNF-α are harmful
indicators reflecting individual conditions. Here, these indicators
were significantly lower in the PNE100 group than in the CON,
PNE200, and PNE400 groups. These serum parameters were
positively correlated with Anaerobiospirillum (62), Vibrio (59),
Fusobacterium (61), and Shewanella (58), which are infectious
pathogens. To the best of our knowledge, no study has reported
the effects of pine needles on poultry intestinal flora, particularly
in laying hens. However, previous reports suggest that pine

ingredients such as essential oils have antibacterial properties;
thus, we concluded that pine needles may have potential
antibacterial effects and promote beneficial flora in the digestive
tracts of hens. For example, pinosylvin (68) and essential oils (69)
are components of pine that have been studied for their chemical
compositions and have shown strong antimicrobial activity
against common foodborne microorganisms (70). Hence, pine
needles may potentially be used as natural antimicrobial agents
(70). Further studies should focus on combining these effects
for practical applications in laying hens. Our results showed
that PNE promoted beneficial flora such as Butyricicoccus,
Barnesiella, andOscillibacter and inhibited harmful bacteria such
as Fusobacterium and Anaerobiospirillum. Thus, we concluded
that dietary supplementation of 100 mg/kg PNE triggered
improvements in production performance and serum parameters
regulated by the gut microbiome. In summary, alterations of
the gut microbiome in the 100PNE group compared with
those of the CON group suggested that 100 mg/kg PNE
supplementation significantly modulated the cecal microbiota
structure to more efficiently enhance protein utilization, protect
liver function, improve lipid metabolism, boost antioxidant
power, inhibit inflammatory factor expression, and increase
immune responses, thus elevating production performance in
laying hens.

CONCLUSION

Supplementing laying hen diets with 100 mg/kg PNE induced
beneficial effects on the production performance in hens. The
improved performance indices (i.e., egg mass, FCR, and yolk
weight) contributed to altering the gut microbial community
and structure. Additionally, hens-fed diets containing 100 mg/kg
PNE had better liver function with lower ALT activity, better
protein metabolism, and superior oxidant/antioxidant system
functioning due to increased serum CAT, T-SOD, and GSH-
Px activities and decreased MDA. In summary, our results
suggest that PNE supplementation at 100 mg/kg can improve
the diversity and structure of the gut microbial composition,
production performance, egg quality, and serum parameters in
laying hens.
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The objective of this experiment was to study the effects of catalase (CAT) on growth

performance, antioxidant capacity, intestinal morphology, and microbial composition of

yellow broilers. Male Lingnan yellow broilers (360), aged 1 day, were randomly divided

into control group (CON) (fed with a basic diet), R1 group (fed with basic diet + 150 U/kg

catalase), and R2 group (fed with basic diet + 200 U/kg catalase). Each group had 8

replicates and 15 chickens in each replicate. The test is divided into the early stage

(1–30 days) and the later stage (31–60 days). The results showed that compared with

the control group, groups R1 and R2 significantly (p < 0.05) increased the weight gain

and reduced (p < 0.05) the ratio of feed to gain in the early and the whole stages;

prominently increased (p < 0.05) the concentration of total antioxidant capacity (T-AOC),

the activities of CAT, superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) in

livers, the activities of CAT and GSH-Px in serum, and CAT in the jejunum in the early

and the later stages; markedly increased (p < 0.05) the villus height and the ratio of villus

height to crypt depth of the duodenum in the early and the later stages, the villus height

and the villus height:crypt depth ratio of the jejunum and ileum in the early stage, and

significantly lowered (p< 0.05) the crypt depth of the duodenum (in the early and the later

stages), jejunum, and ileum (in early stage); memorably (p < 0.05) increased the number

of total bacteria and Bacteroidetes in ceca, as well as the number of Lactobacillus in the

jejunum (p < 0.05) on the 30th; significantly (p < 0.05) increased the mRNA expression

of junction adhesion molecule 2 (JAM2), mucin 2 (MCU2), and occlusal protein (occludin)

in the duodenum in the early stage, and increased (p < 0.05) the mRNA expression of

JAM2 in the jejunum in the later stage. Collectively, adding catalase (CAT) to the diet

of yellow broilers can improve the growth performance and the antioxidant capacity,

promoting the integrity of intestinal morphology, optimizing the composition of intestinal

microorganisms, and upregulating the mRNA expression of tight junction protein.

Keywords: catalase, yellow broilers, growth performance, intestinal morphology, antioxidant capacity, microbial

composition, junction protein
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INTRODUCTION

In the daily life activities of animals, free radicals (1) are
constantly produced and cleared in the body. Under normal
circumstances, the two processes maintain a dynamic balance
(2, 3). However, when animals are affected by heat stress,
disease, immunity, oxidized oil, mycotoxins, excessive metal
ions, or other adverse factors (4–9), the balance between
the production and clearance of free radicals is broken. The
production of free radicals exceeds the ability and speed
of body clearance, and the redox balance in the body is
destroyed (10), causing the oxidative stress response of the
body (11–15). Excess free radicals would attack biological
macromolecules including DNA and protein, resulting in the
peroxidation and dysfunction of biomacromolecules, thus,
reducing the transcription level of genes and affecting the normal
growth and development of the body. Growth performance,
immune function, antioxidant function, intestinal microflora
composition, intestinal morphology, and health status of animals
are often affected and damaged (15–27).

The antioxidant system of animal is composed of the
antioxidant enzyme system and non-antioxidant system
(including various antioxidants), which can remove free radicals
produced in the body (28–37). The antioxidant enzyme system is
composed of CAT, SOD, GSH-Px, etc. CAT is a key enzyme in the
antioxidant enzyme system, which has anti-inflammatory and
antioxidant effects and widely exists in microorganisms, animals,
and plants. It can catalyze the decomposition of hydrogen
peroxide (H2O2), preventing iron chelates from using H2O2 and
oxygen (O2) to generate more toxic hydroxyl radicals, preventing
lipid oxidation of cell membrane, reducing oxidative damage.

The biological antioxidant system of yellow broilers is
fragile due to rapid growth. Ambient high temperature,
oxidized grease, high lipid, and protein diet (38), and high-
density raising can cause oxidative stress easily (39). The
scavenging capacity of free oxygen radicals and peroxides in
the body decreases sharply, resulting in a large amount of
accumulation (40–42), which affects the growth performance of
the intestinal structure and body health of broilers. Therefore,
this experiment was conducted to evaluate the effect of catalase
(CAT) on growth performance, antioxidant capacity, intestinal
morphology, microbial composition, and tight junction protein
expression using 1-day-old male Lingnan yellow broilers as our
research objective.

MATERIALS AND METHODS

Catalase, Animals, and Diet
Catalase (CAT) was purchased from Shandong Longkete Enzyme
Preparation Co., Ltd. (Shandong, China). The CAT is a food-
grade enzyme preparation, and its enzyme activity is 5,000 U/g.
Moreover, the definition of enzyme activity is at pH 7.0 and 30◦C,
decomposing 1 µmol H2O2 per minute; the amount of enzyme
required is defined as 1 activity unit, expressed in U/g. The 1-
day-old male Lingnan yellow broilers were purchased from the
market chick seeding seller.

The basic diet was divided into the early stage (1–30 days)
and the later stage (31–60 days). The diet was prepared in
accordance with the standard National Research Council (43)
and the industrial standardNY/T33-2004 of the People’s Republic
of China. The feed shape is powder, and the composition and
nutritional level of the basic diet are listed in Table 1.

Grouping and Management
A total of 360 healthy 1-day-old male Lingnan yellow broilers
with similar weight were randomly divided into control group
(CON) (fed basic diet), R1 group (fed basic diet + 150 U/kg
CAT), and R2 group (fed basic diet + 200 U/kg CAT). There
were 8 replicates in each group and 15 chickens in each replicate.
The test period lasted for 60 days. The chickens were raised in
three-layer cages and were immunized normally according to
the feeding and management requirements of yellow broilers.
Artificial light, free feeding, and clean drinking water were
applied during the experiment period, and the daily behavior and
health status of the chickens were observed in the experiment.

Sample Collection and Processing
On the 30th and 60th days of the experiment, one chicken per
replicate was selected for blood sample collection. The collected
blood was centrifuged after standing, and the obtained serumwas
stored in the refrigerator at−20◦C for subsequent testing.

After venous bloodletting to death, the bodies were
immediately dissected, and the intestines were separated.
The chyme of the jejunum and cecum was taken out in a sterile
environment and stored at−80◦C for total DNA extraction.

About 1 cm of duodenum, ileum, and jejunumwere extracted,
respectively, and gently washed away the contents with normal
saline and fixed in 10% formalin solution. After dehydration,
transparent treatment with xylene and paraffin embedding, the
fixed intestinal segment was made into sections, which were
stained and sealed for microscopic observation.

Intestinal segments of duodenum, jejunum, and ileum were
cut out and washed with sterile phosphate buffer, then cut into
pieces and stored at−80◦C for RNA extraction.

Liver and jejunum tissues were washed off chyme with normal
saline and placed in 2-ml cryopreservation tubes, respectively,
and put in a−20◦C refrigerator for analysis.

Growth Performance
On the morning of the 1st, 30th, and 60th days of the experiment,
the test chickens were weighed on an empty stomach (fasted for
12 h, only for drinking water). In addition, the daily feed intake
and the number and weight of dead chickens were recorded to
adjust the feed conversion ratio. Then the total feed intake and
body weight on the 30th and 60th days of each repetition were
counted, and the body weight gain, feed intake, and feed:gain
ratio of each chicken at each stage were calculated as well.

Antioxidant Indices
Total antioxidant capacity (T-AOC), catalase (CAT), superoxide
dismutase (SOD), glutathione peroxidase (GSH-PX) activity,
and malondialdehyde (MDA) content were detected in livers,
serum, and jejunum using commercial assay kits, which were
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TABLE 1 | Composition and nutrient levels of basal diets (air-dry basis).

Ingredients (%) Content Nutrient compositions Nutrient levels

Early stage

(1 to 30 days)

Later stage

(31 to 60 days)

Early stage

(1 to 30 days)

Later stage

(31 to 60 days)

Corn 46.0 45.1 Metabolizable energy (MJ/kg) 12.55 13.39

Wheat 10.0 15.0 Crude protein (%) 21.00 19.0

Soybean meal (cp 43%) 32.5 25.1 Calcium (%) 0.90 0.85

Corn protein meal (cp 60%) 3.0 4.0 Available phosphorus (%) 0.45 0.42

Limestone 1.16 1.15 Lysine (%) 1.16 1.02

Dicalcium phosphate 1.67 1.55 Methionine (%) 0.5 0.46

Lard 3.85 6.25

Sodium chloride 0.3 0.30

L-Lysine HCl (98.5%) 0.36 0.40

DL-Methionine (98%) 0.16 0.15

Premix 1.00 1.0

The premix provided the following per kg of diets: VA 7,800 IU, VD3 1,600 IU, VB1 4.5 mg, VB2 6.5 mg, VB6 4.5 mg, VE 18 IU, VK3 0.6 mg, VB12 12 µg, nicotinic acid 38 mg,

D-pantothenic acid 26 mg, folic acid 0.68 mg, biotin 0.3 mg, choline 650 mg; Cu 8 mg, Fe 80 mg, Zn 80 mg, Mn 60 mg, I 0.25 mg, Se 0.20 mg.

Nutrient levels were measured except for metabolizable energy (ME). ME was a calculated value.

purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

The thawed liver and jejunum samples were washed with
precooled normal saline, dried with filter paper, and weighed.
The weighed liver and jejunum samples were homogenized
in the ice bath with precooled normal saline in a ratio
of 1:9 by mass volume, centrifuged at 4◦C for 20 min
(rotating speed 10,000 r/min), and the supernatant was taken
to determine the corresponding indices according to the
xanthine oxidase method, colorimetry, spectrophotometry, and
thiobarbital method.

Intestinal Morphology
The prepared sections of the duodenum, ileum, and jejunum
were photographed after selecting the typical field of vision with
a fluorescence microscope, observed, and analyzed with Lecia
Qwin image analysis system, and measured the villus height and
crypt depth, respectively. Four visual field areas were taken from
each section, and their average value was taken, and then the
villus height:crypt depth was calculated (44).

Microbial Composition
On the 30th day, 0.3 g each of thawed chyme of the
jejunum and cecum were weighed, respectively, and the
total DNA of the intestinal chyme was extracted by CTAB
(cetyltrimethylammonium bromide), bead beating, and phenol–
chloroform methods referring to the method of Zoetendal
et al. (45). Simultaneously, using the kit (QIAamp Fast DNA
Stool Mini Kit, Qiagen, Hilden, Germany), the total DNA
from intestinal mucosa was extracted. With utilizing specific
primers (Table 2), quantitative analysis of the total number
of bacteria, Firmicutes, Bacteroidetes, Clostridium cluster IV,
Clostridium cluster XIVα, Lactobacillus, and Escherichia coli
were detected.

TABLE 2 | Primers used for bacterial count real-time PCR.

Target

organisms

Sequences (5
′

-3
′

) Product

size/bp

References

Total

bacteria

F: GTGSTGCAYGGYYGTCGTCA

R: ACGTCRTCCMCNCCTTCCTC

200 (46)

Firmicutes F: GGAGYATGTGGTTTAATTCGAAGCA

R: AGCTGACGACAACCATGCAC

126 (47)

Bacteroidea F: GGARCATGTGGTTTAATTCGATGAT

R: AGCTGACGACAACCATGCAG

126 (47)

Clostridium

cluster IV

F: GCACAAGCAGTGGAGT

R: CTTCCTCCGTTTTGTCAA

239 (48)

Clostridium

cluster XIVα

F: CGGTACCTGACTAAGAAGC

R: AGTTTYATTCTTGCGAACG

190 (48)

Lactobacillus F: AGCAGTAGGGAATCTTCCA

R: ATTCCACCGCTACACATG

345 (49)

Escherichia

coli

F: CATGCCGCGTGTATGAAGAA

R: CGGGTAACGTCAATGAGCAAA

95 (50)

Relative Quantification of MRNA
Expression of Tight Junction Protein
The 100 mg of duodenum, jejunum, and ileum tissues were
weighed, homogenized by liquid nitrogen grinding method,
and RNA was extracted by EASYspin Plus tissue/cell RNA
rapid extraction kit (Beijing Adlai Biotechnology Co., Ltd.
Beijing China).

The RNA concentration was determined by NanoDrop
microspectrophotometer (nd-1000uv0vis, Thermo Fisher
Scientific Inc.). Samples (cDNA>100 ng/µl) with OD260:OD280
values of 2.0–2.2 were stored at −20◦C for reverse transcription.
cDNA was synthesized by reverse transcription Kit (Prime Script
TM RT reagent kit and gDNA Eraser kit, RR047a, Takara, Japan).

Gene quantitative PCR (qPCR) took cDNA as a template, and
the primer sequence is shown in Table 3. The reaction system
was: 10 µl f SYBR R© Premix Ex Taq (TaKaRa Biotechnology,
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TABLE 3 | Primers used for real-time PCR analysis.

Target

genes

Primer sequences (5
′

-3
′

) Product

size/bp

References

JAM2 F: AGCCTCAAATGGGATTGGATT

R: CATCAACTTGCATTCGCTTCA

59 (51)

MUR2 F: GCCTGCCCAGGAAATCAAG

R: CGACAAGTTTGCTGGCACAT

59 (51)

Occludin F: GAGCCCAGACTACCAAAGCAA

R: ACCTCTGCCATCTCTCCACA

68 (51)

ZO-1 F: CCGCAGTCGTTCACGATCT

R: GGAGAATGTCTGGAATGGTCTGA

63 (51)

GAPDH F: GGCACGCCATCACTATC

R: CCTGCATCTGCCCATTT

128 (52)

JAM2, junction adhesion molecule 2; occludin, occlusal protein; ZO-1, cyclic protein-1;

GADPH, glyceraldehyde-3-phosphate dehydrogenase.

Dalian, China), 2 µl f DNA template, 0.3 µl each of upstream
and downstream primers, and 8.4 µl of water. Quantification
was performed using the CFX96 PCR System (Bio-Rad,
USA). Quantitative results used glyceraldehyde-3-phosphate
dehydrogenase (GADPH) as the internal reference gene. Each
sample was repeated three times, and the gene expression was
analyzed by the 2−11Ct method.

Statistical Analysis
After the test data were processed by Excel 10, SPSS 19.0
statistical software was adopted for analysis of variance. When
the difference was significant, Duncan’s method was used
for multiple comparisons. The test results were expressed as
mean± standard deviation, and p < 0.05 was significant.

RESULTS

Growth Performance
As Table 4 shows, there was a significant difference in body
weight gain and feed:gain ratio among the three test groups
from 1 to 30 days (p < 0.05), and compared with the control
group and R2 group, the R1 group increased feed intake
significantly (p < 0.05). From 31 to 60 days, the body weight
gain of the three experimental groups showed an upward
trend, but there was no remarkable difference (p > 0.05);
however, groups R1 and R2 decreased the ratio of feed to
gain significantly (p < 0.05) compared with the control group
in this stage. In the whole course (from 1 to 60 days), body
weight gain and feed:gain ratio of R1 and R2 groups were
significantly improved (p < 0.05) than those of the control
group. Simultaneously, there was a significant difference in
feed intake between the group R1 and the control group
(p < 0.05).

Antioxidant Indices
The data on antioxidant indices are summarized in Table 5.
On the 30th day, the activities of CAT in jejunums showed
a significant increase (p < 0.05) among the three test groups;

TABLE 4 | Effects of catalase (CAT) on growth performance of yellow broilers.

Items Weight gain/g Feed

intake/g

Feed: Gain

1– CON 499.20± 12.31c 1011.42± 16.17b 2.03 ± 0.05a

30 days R1 559.12 ± 8.45b 1046.17± 15.91a 1.87 ± 0.02b

R2 585.73± 14.60a 1019.43± 11.29b 1.74 ± 0.05c

31– CON 729.34 ± 61.58 2034.35± 40.28 2.81 ± 0.22a

60 days R1 783.58 ± 76.02 2056.45± 33.87 2.65 ± 0.25b

R2 781.15 ± 67.82 2043.47± 36.26 2.63 ± 0.18b

1– CON 1228.54± 68.37b 3045.77± 50.32b 2.48 ± 0.12a

60 days R1 1342.71± 76.50a 3102.62± 32.80a 2.35 ± 0.14b

R2 1366.88± 67.01a 3062.90± 40.00ab 2.24 ± 0.08b

Data are the mean ± SEM (n = 8). CON-broilers fed the basal diet, R1-broilers fed

the basal diet supplemented with 150 U/kg of CAT, R2-broilers fed the basal diet

supplemented with 200 U/kg of CAT. a,b,cValues within the same period and the same

column with different letters differ (p < 0.05).

compared with the control group, adding 150 and 200 U CAT
to the diet significantly increased (p < 0.05) the concentration
of T-AOC, the activities of CAT, SOD, and GSH-Px in the
liver, and the activities of CAT and GSH-Px in serum. In the
meantime, dietary supplementation with 200 U CAT displayed
a notable decrease (p < 0.05) in the content of MDA in the
serum and jejunum. On the 60th day, groups R1 (150 U CAT)
and R2 (200 U CAT) increased (p < 0.05) the concentration
of T-AOC, the activities of CAT, SOD, and GSH-Px in the
liver, the concentration of T-AOC and the activity of GSH-
Px in the serum, and the activity of CAT in jejunums. CAT
activity in the serum increased prominently among the three
groups (p< 0.05).

Intestinal Morphology
Data in Table 6 shows that on the 30th day, compared with
the control group, the addition of 150 and 200 U CAT
in the diet could markedly (p < 0.05) increase the villus
height and villus height:crypt depth ratio of the duodenum,
jejunum, and ileum, and significantly reduce (p < 0.05) crypt
depth. On the 60th day, in comparison with the control
group, the villus height and the ratio of villus height to
crypt depth of the duodenum and jejunum were improved
notably (p < 0.05) after adding 150 and 200 U CAT (p
< 0.05). Dietary supplementation with 200 U of CAT notably
lowered (p < 0.05) crypt depth of the ileum and significantly
increased (p < 0.05) the ratio of villus height to crypt depth.
At the same time, there were conspicuous differences in
the crypt depth of the duodenum among the three groups
(p < 0.05).

Microbial Composition
According to the data in Table 7 and Figure 1, on the 30th
day, the diet supplemented with 200 U of CAT prominently
increased (p < 0.05) the jejunal Firmicutes and Bacteroidetes
counts and significantly decreased the number of Escherichia
coli in the ceca (p < 0.05). Adding 150 and 200 U
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TABLE 5 | Effects of CAT on antioxidant indices of yellow broilers.

Items T-AOC CAT SOD GSH-Px MDA

30th day The unit of measure mmol/g prot U/g prot U/mg prot U/g prot nmol/mg prot

Liver CON 0.12 ± 0.02b 19.59 ± 6.23a 941.63 ± 189.63b 33.22 ± 18.79b 0.42 ± 0.12

R1 0.18 ± 0.02a 53.58 ± 15.00b 1,182.80 ± 181.60a 64.90 ± 13.96a 0.36 ± 0.15

R2 0.21 ± 0.05a 66.60 ± 18.87b 1,234.62 ± 422.53a 66.29 ± 22.55a 0.33 ± 0.12

The unit of measure U/ml U/ml U/ml U/ml nmol/ml

Serum CON 11.65 ± 1.86 3.44 ± 0.80b 121.80 ± 13.83 570.36 ± 73.19b 3.29 ± 0.58a

R1 13.13 ± 1.75 4.43 ± 0.60a 135.03 ± 16.14 695.69 ± 87.93a 3.10 ± 0.52ab

R2 13.50 ± 3.11 4.82 ± 0.72a 139.13 ± 25.98 715.43 ± 125.54a 2.72 ± 0.30b

The unit of measure mmol/g prot U/g prot U/mg prot U/g prot nmol/mg prot

Jejunum CON 0.11 ± 0.02 5.68 ± 2.37c 621.84 ± 63.73 71.87 ± 25.70 2.23 ± 1.70a

R1 0.12 ± 0.03 16.63 ± 7.97b 680.65 ± 140.05 100.03 ± 44.63 1.82 ± 1.31ab

R2 0.12 ± 0.03 23.22 ± 4.48a 696.81 ± 90.19 103.76 ± 33.04 1.65 ± 0.96b

60th day The unit of measure mmol/g prot U/g prot U/mg prot U/g prot nmol/mg prot

Liver CON 0.11 ± 0.02b 33.55 ± 21.07b 1,056.54 ± 212.78b 26.50 ± 14.87b 0.36 ± 0.14

R1 0.15 ± 0.05a 69.29 ± 54.80a 1,269.69 ± 180.37a 53.56 ± 14.24a 0.30 ± 0.13

R2 0.17 ± 0.02a 76.91 ± 45.35a 1,303.23 ± 193.14a 54.56 ± 15.32a 0.26 ± 0.09

The unit of measure U/ml U/ml U/ml U/ml nmol/ml

Serum CON 13.04 ± 1.55b 4.53 ± 1.03c 167.24 ± 13.85 678.52 ± 110.56b 2.53 ± 0.54

R1 17.00 ± 2.24a 6.29 ± 0.73b 179.54 ± 18.75 869.29 ± 139.07a 2.45 ± 0.34

R2 17.54 ± 1.50a 8.07 ± 1.79a 184.16 ± 17.86 1,005.47 ± 143.97a 2.40 ± 0.34

The unit of measure mmol/g prot U/g prot U/mg prot U/g prot nmol/mg prot

Jejunum CON 0.10 ± 0.03 5.25 ± 2.20b 590.41 ± 60.51 68.55 ± 20.21 2.13 ± 1.59

R1 0.11 ± 0.02 16.00 ± 7.07a 626.38 ± 106.40 92.92 ± 38.89 1.77 ± 1.27

R2 0.12 ± 0.03 20.74 ± 3.29a 643.46 ± 125.67 97.29 ± 30.46 1.72 ± 1.30

Data are the mean ± SEM (n = 8). CON-broilers fed the basal diet, R1-broilers fed the basal diet supplemented with 150 U/kg CAT, R2-broilers fed the basal diet supplemented with

200 U/kg of CAT. a,b,cValues within the same period and the same column with different letters differ (p < 0.05). T-AOC, total antioxidant capacity; SOD, superoxide dismutase; GSH-Px,

glutathione peroxidase; MDA, malondialdehyde.

of CAT could remarkably increase (<0.05) the number of
Bacteroidetes and total bacteria in the ceca; diet with the
150 U of CAT could effectively increase (p < 0.05) the
amount of Clostridium cluster IV, Clostridium cluster XIVα,
and Lactobacillus counts in the ceca. Also, the quantity of
Lactobacillus in the jejunum increased markedly among the three
groups (p < 0.05).

mRNA Expression of Tight Junction Protein
The results obtained from the mRNA expression of tight
junction protein are presented in Figure 2. On the 30th day,
compared with the control group, group R1 (150 U CAT)
and R2 (200 U CAT) increased (p < 0.05) the expression
levels of JAM2, MUR2, and occludin in the duodenum.
Additionally, group R2 (200 U CAT) significantly upregulated
(p < 0.05) jejunal, occludin, ileal JAM2, and occludin
mRNA expression. On the 60th day, compared with the
control group, group R2 (200 U CAT) increased notably (p
< 0.05) the expressions of duodenal MUR2, jejunal MUR2,
occludin, and closed small cyclic protein-1 (ZO-1), ileal JAM2,
MUR2, and Occludin. In the meantime, groups R1 and R2
dramatically heightened (p < 0.05) the expression level of
jejunal JAM2.

DISCUSSION

Rapid growth, high lipid and protein feed, and high-density cage
feeding are high-intensity stresses for broilers. These stresses (53)
can lead to the production of a large number of free radicals,
break the steady-state balance of free radical production and
clearance in the body, and then induce oxidative stress in the
digestive tract, damage the intestinal mucosa (54–56), and affect
the enzyme activity. As a result, the digestion and absorption
capacity of the digestive tract to feed decreased (57, 58), showing
that the growth of broilers slowed down, and the feed:gain
ratio increased (59, 60). CAT, as a very important enzyme in
the antioxidant enzyme system, can quickly decompose H2O2

and eliminate the harm caused by H2O2. The active unpaired
electrons in the outer orbit of free radicals can be transferred
between different atoms or ions, so the free radicals can be
transformed with each other in a chain reaction (61). At the same
time, CAT, SOD, and GSH-Px have synergistic effects on free
radical scavenging. Therefore, CAT can remove free radicals in
the intestine by continuously decomposing H2O2, attenuate or
eliminate intestinal oxidative stress, ameliorate the structure of
intestinal mucosa, improve the digestion and absorption capacity
of nutrients (62–66), promote the growth of broilers, and abate
the F:G ratio. The results showed that the addition of 150 and
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200 U of CAT in the diet could significantly enhance the body
weight gain of yellow broilers in the early and the whole stages,
and dramatically reduce the ratio of feed:gain in the early, the
later, and the whole stages.

In the life process of animals, free radicals widely exist in
the body. Low-dose free radicals can act as signal transduction
molecules (67, 68), mediate biological defense (69, 70), regulate
the expression of antioxidant enzymes in the body, and
maintain the internal balance of redox (67, 71). However, a
high concentration of free radicals will reduce the activity of
antioxidant enzymes, do harm to the body, and threaten the
growth, development, and health of animals (72). CAT, SOD,
and GSH-Px together constitute the antioxidant enzyme system
of the body, and they work together to clean up free radicals
(73, 74) and maintain the balance of free radical production
and elimination. The addition of CAT to the diet cannot only
remove free radicals, reduce the concentration of free radicals,
decrease the production of MDA in the body, and save the
consumption of other antioxidant enzymes but also induce the
expression of CAT, SOD, and GSH-Px in the body (67, 75),
and improve the antioxidant capacity of the body. As expected,
the results displayed that adding 150 and 200 U of CAT to
the diet could significantly increase the T-AOC concentration,
SOD, CAT, and GSH-Px activities in the liver, CAT and GSH-Px
activities in serum and jejunal CAT activities in the early stage,
and remarkably heighten the T-AOC concentration, SOD, CAT,
and GSH-Px activities in the liver, T-AOC concentration, CAT
and GSH-Px activities in the serum, and jejunal CAT activities
in the later stage. Furthermore, the addition of 200 U of CAT
significantly decreased the content of MDA in the serum and
jejunum in the early stage.

Endogenous or exogenous stress (53) causes the production of
excess free radicals in the intestine (76), which triggers oxidative
stress in the digestive tract, leads to the apoptosis and abscission
of intestinal mucosal cells (77), and the differentiation and
maturation of crypt intestinal stem cells are destroyed. Therefore,
after oxidative damage, intestinal mucosal villi atrophy and
fall off, villus height decreases, and crypt depth increases (58).
Brollegier et al. found that heat stress markedly reduced the
height, volume, and surface area of jejunal villi in young hens.
The addition of CAT in the diet can remove excessive free radicals
in the intestine, dispel or weaken intestinal oxidative stress,
return to the normal differentiation and maturation of intestinal
stem cells, and repair the injured intestinal mucosa, improving
the height of villi and debasing the depth of the recess.

The study results indicated that diet supplemented with 150
and 200 U of CAT can significantly increase the villus height and
villus height:crypt depth ratio of the duodenum (in the early and
the later stages), jejunum (in the early stage), and ilea (in the early
stage), as well as significantly reduce (p < 0.05) crypt depth. The
addition of 200 U of CAT prominently lowered crypt depth and
dramatically raised the ratio of villus height to crypt depth of the
ileum in the later stage.

The intestinal microorganisms are divided into mucosal
microorganisms and intestinal microorganisms (78). The
mucosal microorganisms mainly colonize the mucus layer
of intestinal epithelial cells. Meanwhile, the intestinal
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TABLE 7 | Effects of CAT on the intestinal microbial composition of 30-day old yellow broilers.

Items Jejunum Cecum

CON R1 R2 CON R1 R2

Total bacteria 9.50 ± 0.59 10.25 ± 0.1.11 9.52 ± 3.45 11.20 ± 0.24b 12.06 ± 0.54a 12.16 ± 0.69a

Firmicutes 8.75 ± 0.39b 8.70 ± 1.23b 10.40 ± 0.59a 10.65 ± 0.34b 11.28 ± 0.62ab 11.56 ± 0.80a

Bacteroidetes 8.06 ± 6.74b 8.78 ± 1.25ab 9.28 ± 1.20a 10.47 ± 0.55b 11.37 ± 0.45a 11.38 ± 0.69a

Clostridium cluster IV – – – 10.46 ± 0.28b 11.17 ± 0.26a 10.75 ± 0.63ab

Clostridium cluster XIVα 6.75 ± 0.50 6.90 ± 0.39 6.42 ± 0.61 10.81 ± 0.53b 11.58 ± 0.48a 11.28 ± 0.70ab

Lactobacillus 8.90 ± 0.51c 10.30 ± 1.04b 11.37 ± 0.32a 9.81 ± 0.57b 11.44 ± 0.77a 9.85 ± 1.14ab

Escherichia coli 7.21 ± 0.49 6.73 ± 0.76 6.49 ± 0.99 9.93 ± 0.70a 9.32 ± 1.15ab 8.82 ± 0.94b

Data are the mean ± SEM (n = 8). CON-broilers fed the basal diet, R1-broilers fed the basal diet supplemented with 150 U/kg of CAT, R2-broilers fed the basal diet supplemented with

200 U/kg of CAT. a,b,cValues within the same intestinal segment and the same row with different letters differ (p < 0.05).

microorganisms exist in the intestinal cavity. The intestinal
microorganisms continuously plant in the intestinal epithelium,
and the mucosal microorganisms continuously inoculate into the
intestinal cavity. Under healthy conditions, this state maintains a
dynamic balance (79, 80). When the intestinal tract is subjected
to oxidative stress of free radicals, the balance is broken
and changes the composition of intestinal microorganisms
(81, 82). The influence of intestinal oxidative stress on intestinal
microorganisms is mainly caused by the following reasons: ①

Oxidative stress leads to intestinal mucosal damage, intestinal
epithelial cell apoptosis, destroys the colonization basis of
mucosal microorganisms, and affects the proliferation of
microorganisms. ② After the intestinal mucosa is damaged,
the permeability of the intestinal mucosa is improved, the
barrier function of the intestinal mucosa is reduced, and the
migration of microorganisms inside and outside the intestinal
mucosa becomes easier, thus, affecting the composition of
microorganisms. ③ After the intestinal mucosa is damaged, the
osmotic pressure and permeability are increased (83), mucus
release and electrolyte secretion occur (57), which changes the pH
in the intestine and breaks the microenvironment for the growth
of intestinal microorganisms. ④ The free radicals produced
by oxidative stress directly attack the biofilm of intestinal
microorganisms (84), causing harm to the normal life activities
of microorganisms. There are great differences in the antioxidant
enzyme systems of different intestinal microorganisms, so their
tolerance to oxidative stress is different. After intestinal oxidative
stress, the number of different microorganisms changes greatly.
A number of studies have shown that dietary supplementation
with essential oil, probiotics, acidifier, and iron oxide nanozyme
can inhibit the growth of harmful bacteria, reduce their infection
ability, increase the number of beneficial bacteria and consolidate
their dominant position, and alleviate the effects of stress on
intestinal microorganisms. The addition of CAT can eliminate
free radicals in the intestine, alleviate oxidative stress, reduce the
damage of intestinal mucosa, and regulate the composition of
intestinal microorganisms (85–87).

In the current study, adding 150 U of CAT could significantly
increase the cecal Clostridium cluster IV, Clostridium cluster
XIVα, and Lactobacillus amounts. The addition of 200 U of
CAT could prominently heighten the number of Firmicutes,

Bacteroidetes in the jejunum and Firmicutes in the ceca, and
markedly reduce the number of Escherichia coli in the ceca. On
the other hand, dietary supplementation with 150 and 200 U of
CAT could significantly enhance the quantity of Lactobacillus in
the jejunum and total bacteria, Bacteroidetes in the ceca.

The tight junction is the main connection mode between
intestinal epithelial cells (88), which is composed of the
transmembrane protein and plaque protein, regulates the
permeability of epithelial cells, and mediates material exchange
and energy metabolism (89). Transmembrane proteins consist
of occludin, claudin, and adhesion molecule (JAM), and plaque
proteins are mainly formed of zonula (ZO) family proteins (90).
Occludin forms the occludin–ZO complex on the outside of
the cell membrane and plays its physiological role. Occludin
and ZO-1 are the two most important tight junction proteins
(91). Previous studies have shown that the decreased expression
of claudin and ZO-1 in the intestinal tissue will increase
intestinal permeability, and the intestinal barrier function could
be compromised (92, 93). JAM2, as an important adhesion
molecule, binds to tight junction proteins such as ZO-1 through
a special domain (PDZ domain). Therefore, regulating the
expression of JAM2 can promote and enlarge the generated
quantity of tight junction proteins (94, 95) and enhance the
barrier function of the intestinal mucosa. Mucus covering the
surface of the intestinal epithelial cells is the macromolecular
glycoprotein secreted by goblet cells, forming a mucus barrier
and protecting intestinal mucosa (96, 97). MUR2 is an important
component of mucin and a marker gene to judge the integrity
of the intestinal mucus barrier (98). The debased expression of
MUR2 affects and destroys the barrier function of mucus (99).
Free radicals produced by oxidative and disease stress attack
intestinal epithelial cells, resulting in DNA, protein, and lipid
peroxidation (100–105), lessen the expression of occludin, ZO-
1, JAM2, and MUR2 (106, 107), improve the permeability of
intestinal epithelial cells, and weaken the barrier function (92, 93,
108, 109).

Assimakopoulos et al. (110) found that obstructive jaundice
markedly downregulated the expression of intestinal occludin.
Yang et al. (111) confirmed that obstructive jaundice significantly
reduced the expression of occludin and ZO. Forder et al. (112)
reported that the mRNA expression of MUR2 in the jejunum
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FIGURE 1 | Effects of dietary catalase supplementation on intestinal microbial composition of 30-day-old yellow broilers. Data are the mean ± SEM (n = 8).

CON-broilers fed the basal diet,R1-broilers fed the basal diet supplemented with 150U/kg CAT, R2-broilers fed the basal diet supplemented with 200U/kg CATa,b,c

within the same intestinal segment and the same strain, means with different superscript letters differ (P< 0.05).

FIGURE 2 | Effects of dietary catalase supply on tight junction protein mRNA expression in the intestinal mucosa of yellow broilers. Data are the mean ± SEM (n = 8).

CON-broilers fed the basal diet, R1-broilers fed the basal diet supplemented with 150 U/kg CAT, R2-broilers fed the basal diet supplemented with 200 U/kg CATa,b,c

within the same intestinal segment and the same protein, means with different superscript letters differ (p < 0.05).

decreased remarkably after Eimeria and Clostridium perfringens
double infection in broilers. When CAT was added to the diet
to rapidly scavenge free radicals and weaken intestinal oxidative
stress injury, the expression of a series of proteins such as
occludin, ZO-1, JAM2, and MUR2 increased.

Results of this study indicated that the addition of 150
and 200 U of CAT to the diet could significantly upregulate
the mRNA expression of JAM2, MUR2, and occludin in the
duodenum of yellow broilers in the early stage and the mRNA
expression of JAM2 in the jejunum in the later stage. Adding

200 U of CAT to the diet prominently increased the mRNA
expression of occludin in the jejunum, and JAM2 and occludin
in the ilea in the early stage, and significantly raised the
expression of MUR2 in the duodenum, MUR2, occludin, ZO-
1 in the jejunum and JAM2, MUR2, and occludin in the
ilea in the later stage. In this experiment, we verified the
influence of catalase on the gene transcription level of tight
junction protein and mucin. As for the influence on their
protein expression level, our team will continue to conduct
in-depth research.
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CONCLUSION

The addition of CAT in the diet can increase the body
weight gain and reduce the feed:gain ratio of yellow broilers,
improve the antioxidant capacity of the body and the activity
of antioxidant enzymes in the body, increase the villus
height and the ratio of villus height-to-crypt depth of the
intestinal tract and reduce the crypt depth, enlarge the
number of beneficial microorganisms in the intestine, and
upregulate the mRNA expression levels of tight junction protein
and mucin.

The results of this study and previous studies by our team
showed that adding 200 U/kg of CAT to the diet of yellow broilers
has the best effect.
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Growing evidence of intestinal microbiota-muscle axis provides a possibility to improve

meat quality of broilers through regulating intestinal microbiota. Water-holding capacity

is a crucial factor to evaluate the meat quality. High quality of water-holding capacity is

usually described as a low drip-losing rate. This study aimed to explore the relationship

between intestinal microbiota and water-holding capacity of muscle in broilers. According

to our results, two native breeds of broilers (the Arbor Acres broilers and the Beijing-You

broilers) exhibited remarkable differences in microbiota composition. However, the

regular of gut bacteria compositions gradually became similar when the two breeds

of broiler were raised in a same feeding environment. Therefore, this similar regular of

intestinal microbiota induced similar water-holding capacity of the muscle from the two

breeds. In subsequent fecal microbiota transplantation (FMT) experiments, the intestinal

microbiota community of the Arbor Acres broilers was remodeling by oral gavage of

bacterial suspension that was derived from the Beijing-You broilers. Then, not only

body weight and abdominal fat rate were increased, but also drip loss of muscle was

decreased in the Arbor Acres broilers. Additionally, muscle fiber diameter of biceps

femoris muscle and expression of MyoD1 were notably enlarged. Muscle fiber diameter

and related genes were deemed as important elements for water-holding capacity of

muscle. Simultaneously, we screened typical intestinal bacteria in both the two native

breeds of broilers by 16S rDNA sequencing. Lachnoclostridium was the only bacteria

genus associated with drip-losing rate, meat fiber diameter, body weight, and abdominal

fat rate.

Importance: Higher body weight and superior meat quality in livestock imply an

adequate source of protein and substantial commercial value. Regulating the intestinal

microbiota of broilers is a promising approach to optimize commercial phenotypes.

Our results indicate that the intestinal microbiota profile could be reconstructed by

external factors, leading to advantageous changes in muscle characteristics. The cecum

microbiota of native broilers have the ability to improve certain meat quality and

production performance. The population of Lachnoclostridium spp. could be used to

regulate body weight and drip-losing rate in broilers, but more study is needed.

Keywords: drip losing rate, intestinal microbiota, FMT, native breed, MYOD1
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GRAPHICAL ABSTRACT | Experiment model for fecal Microbiota

transplantation.

INTRODUCTION

Fast-growing livestock has become a reliable protein source in
the human diet. However, rapid growth induces lower proteolytic
potential in muscle, which decreases the water-holding capacity
of meat and ultimately leads to poor meat quality (1). Drip
loss is regarded as a crucial factor to evaluate muscle water-
holding capacity (2). Native broilers exhibit a lower drip loss in
muscle than commercial broilers (3). Growing evidence shows
that the muscle characteristics, fatty acid composition, and
abdominal fat rate of native breed broilers were different from
commercial breeds (4–6). These reports demonstrated that breed
is an important factor in meat quality. Additionally, numerous
studies have confirmed the existence of a muscle-gut microbiota
axis (7, 8), suggesting a relationship between gut microbiota and
muscle synthesis and metabolism. Therefore, regulating the gut
microbiota of livestock has great potential to impact meat quality.

The intestinal microbiota of the broiler gastrointestinal
tract are composed of billions of microbes that influence
health and productivity (9). A recent study suggested that
the regulation of the intestine Clostridium increased the
composition of n-3 polyunsaturated fatty acids in the muscle
of broilers (10). Other studies showed that the application of
multispecies probiotics decreased drip loss in chicken muscle
(11, 12). These reports demonstrate the existence of the
intestinal microbiota–meat quality relationship, although the
mechanism remains unclear. Many studies concerning meat
quality have shown that muscle glycogen utilization, protein
denaturation, degradation of muscle, and muscle fiber diameter
and density affected the pH, water-holding capacity, and
shearing force of meat (13–15). Additional studies concerning
the gut microbiota-muscle axis showed that gut microbiota
contributed to growth and the physiological state of muscle
tissue (16), the substance and energy metabolism of muscle
(17), as well as the synthesis and function of skeletal muscle
(18). Therefore, the intestinal microbiota could be strategically

regulated to improve meat quality through the muscle-gut
microbiota axis.

In this study, we compared the gut microbiota composition
between native broilers and commercial broilers. Our data
reveal a remarkable distinction between the intestinal
microbiota profiles of the Beijing-You broilers (a Chinese
native chicken breed) and the Arbor Acres broilers (a
commercial chicken breed). A mixed fecal suspension of
the Arbor Acres broilers and the Beijing-You broilers was
transferred to the Arbor Acres broilers through fecal microbiota
transplantation (FMT). The reconstructed intestinal microbiota
of the Arbor Acres broilers exhibited an upregulation in
the expression of MyoD1 gene of biceps femoris muscle,
an increase in muscle fiber diameter, and a decrease in
the drip loss. Thus, the meat quality was enhanced by the
treatment. Bacteria 16S rDNA gene amplicon sequencing
analysis was conducted and Lachnoclostridium spp. were
identified as a potential microbes associated with meat quality
and body weight in broilers. These findings indicate that
meat quality can be improved through the regulation of
intestinal microbiota.

MATERIALS AND METHODS

Animals, Treatments, and Sampling
All the animals and breed eggs were supplied by the Beijing
Broiler Breeding and Protection Base (Beijing Daxing district,
China). All the animals were raised in the same environment.
Fresh drinking water and a consistent diet were provided ad
libitum. The diet was prepared according to the Nutrients
Requirements of Chicken (NRC) (1994) without antibiotics and
probiotics. Detailed information of the nutritional ingredients is
shown in Supplementary Table S1.

Microbiota Composition in Different
Breeds of Broilers
Five fecal samples from the adult Arbor Acres broilers and five
fecal samples from the adult Beijing-You broilers were selected
randomly for 16s rDNA sequencing. The treatments were the
Arbor Acres (AA) group and the Beijing-You (BY) group. Fifteen
healthy Arbor Acres broilers and 15 Beijing-You broilers were
selected as donors in next FMT experiment.

One-hundred 1-day-old male Arbor Acres chicks and 100
1-day-old male Beijing-You chicks were raised in a same
environment until to 42 days of age. Six ileum fecal samples
and six cecum fecal samples from the Arbor Acres chicks
and the Beijing-You chicks were collected randomly for 16s
rDNA sequencing weekly. At the age of 82 days, six intestinal
content samples were collected from the Beijing-You broilers for
16s rDNA sequencing. When the age satisfied the commercial
standard (42 days for the Arbor Acres broilers and 82 days for
the Beijing-You broilers), six broilers in the two breeds broilers
were selected to slaughter and the abdominal fat rate and drip loss
of breast muscle and biceps femoris muscle were evaluated. The
treatments were the Arbor Acres (AA) group and the Beijing-You
(BY) group.
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Fecal Microbiota Transplantation
One hundred breeding eggs of the Arbor Acres broilers were
incubated until born. All the eggshells were sterilized in advance
with medicinal alcohol. Forty-four male 1-day-old newborn
chicks were randomly assigned to two sterilized isolators and
raised to 35 days of age. The chicks were incubated and raised
in a sterile room with an air filtration system. Drinking water
was sterilized by autoclave and feed was sealed and sterilized
by electron beam radiation. Body weight was recorded every
week. In first 21 days of the experiment, the following tasks
were conducted everyday. Fresh feces from the two breed donors
were collected to make a fecal suspension. Every chicken was
provided 1ml of the fecal suspension through oral gavage. At
35 days, five ileum contents and five cecum contents from each
treatment group were selected randomly and stored in liquid
nitrogen immediately. All of the intestinal content samples were
stored at −80◦C for further 16s rDNA sequencing. Abdominal
fat was weighed. Breast muscle and biceps femoris muscle were
collected and stored in a 4◦C refrigerator for further analysis of
meat quality. The treatments were as follows: the Arbor Acres
fecal transferred into the Arbor Acres (AF) and the Beijing-You
fecal transferred into the Arbor Acres (BF).

Fecal Suspension From Donors
Twenty-five grams per treatment of spontaneously excreted feces
were collected from the abovementioned donors (15 adult Arbor
Acres broilers and 15 adult Beijing-You broilers). A total of
25ml of stool suspension per treatment were prepared through
filtration, centrifugation, and purification (19–21). A sterile
syringe connected to the sterile infusion hose was used to conduct
FMT for each chick inside the isolators. All the birds were
colonized with 1ml of fecal suspension everyday in the first 21
days of the experiment. From 1 to 3 days, florfenicol was added
to drinking water.

Meat Quality and Muscle Fiber Diameter
The formula to calculate abdominal fat rate is as follows:
abdominal fat weight/body weight × 100%. To evaluate drip
loss, muscle was cut into strips (1 cm × 1 cm × 5 cm) and
weighed (W1) immediately after slaughter. Every muscle strip
was wrapped in an airless bag and hung in a 4◦C refrigeration
house for 24 h. The entire muscle strip was suspended in the
airless bag and did not touch the sides of the bag. After 24 h,
the muscle strip weight was recorded as W2. The drip loss was
calculated as follows: W2/W1 × 100% (22). Paraffin muscle
sections were generated through Masson’s trichrome staining
and the muscle fiber diameter was measured by Image-Pro
Plus software.

Muscle Fiber Diameter-Related Gene
Expression by Real-Time PCR
Briefly, muscle samples were frozen in liquid nitrogen and scored
at −80◦C. Total RNA extraction was conducted with TRIzol
solution. RNA concentration was measured with a NanoDrop
instrument (Thermo Fisher Scientific, USA) at 260 and 280 nm.
Next, the total RNA was reverse-transcribed into complementary
DNA (cDNA) by the StarScript II First-strand cDNA Synthesis
Mix with guide DNA (gDNA) Remover (GenStar, Shanghai,

TABLE 1 | Primer for reverse transcription-PCR (RT-PCR) amplification.

Gene Gene note

MyoD1 Forward primer CGACGGCATGATGGAGTACA NM_204214.2

Reverse primer ATGCTTGAGAGGCAGTCGAG

Myf5 Forward primer CCTGAGGAAGAGGAACACGTC NM_001030363.1

Reverse primer TTGGGGAGTCTCTGGTTGGG

Myf6 Forward primer GCACGGACTCTTTCCTACCC NM_001030746.1

Reverse primer TGACAGGAATGGACTGCTCG

MyoG Forward primer TGCAAGCGCAAAACCGTGTC NM_204184.1

Reverse primer GCAGGATCTCCACCTTGGGC

MSTN Forward primer GCCTGGAACAAGCACCTAAC NM_001001461.1

Reverse primer AAGAGCCATCGCTACTGTCG

β-actin Forward primer TCACCCAACACTGTGCCCATCTACGANM_001101.5

Reverse primer TCGGTGAGGATCTTCATGAGGTA

China) and gene expression was determined by 2X RealStar
Green Fast Mixture (GenStar, Shanghai, China) according to the
protocol. The muscle fiber-related genes and β-actin primers
are shown in Table 1, and 2–11Ct expression was calculated
to determine the related gene expression level (23). The primer
sequence is shown in Table 1.

Total DNA Extraction, 16s RDNA MiSeq
Sequencing, and Sequencing Data Analysis
Deoxyribonucleic Acid Extraction
Total DNA was extracted using the Omega E.Z.N.A. Stool
DNA Kit (Omega Biotek, Incorporation, USA) following the
manufacturer’s instructions. The purity and quality of the
genomic DNA were evaluated on 0.8% agarose gels.

Polymerase Chain Reaction Amplification
The V3-V4 hypervariable region of the bacterial
16S rRNA gene was amplified with the primers
338F (ACTCCTACGGGAGGCAGCAG) and 806R
(GGACTACHVGGGTWCTAAT) (24). For each intestinal
content sample, a 10-digit barcode sequence was added to the 5’
end of the forward and reverse primers (Allwegene Company,
Beijing, China). The PCR was conducted on the Mastercycler
Gradient (Eppendorf, Germany) using 25 µl reaction volumes,
containing 12.5 µl KAPA2G Robust HotStart ReadyMix, 1 µl
forward primer (5µM), 1 µl reverse primer (5µM), 5 µl DNA
(total template quantity of 30 ng), and 5.5 µl H2O. Cycling
parameters were 95◦C for 5min, followed by 28 cycles of 95◦C
for 45 s, 55◦C for 50 s, and 72◦C for 45 s, with a final extension at
72◦C for 10min. Three PCR products per sample were pooled
to mitigate reaction-level PCR biases. The PCR products were
purified using the QIAquick Gel Extraction Kit (QIAGEN,
Germany), quantified using real-time PCR, and sequenced.

High-Throughput Sequencing
Deep sequencing was performed on the MiSeq platform at
Allwegene Company (Beijing, China). After the run, image
analysis, base calling, and error estimation were performed using
Illumina Analysis Pipeline version 2.6.
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Data Analysis
The raw data were screened and sequences were removed from
consideration, if they were shorter than 200 bp, had a low-quality
score (≤20), contained ambiguous bases, or did not exactlymatch
the primer sequences and barcode tags. Qualified reads were
separated using sample-specific barcode sequences and trimmed
with Illumina Analysis Pipeline version 2.6. The Quantitative
Insights IntoMicrobial Ecology (QIIME) process was not directly
used for operational taxonomic unit (OTU) clustering and
species notes. Instead, we used some targeted software to deal
with some pivotal steps (25, 26). Specifically, the UCHIME
function in Vsearch software (version 2.7.1) was used to compare
the sequences of removed chimeras. The UPARSE algorithm in
Vsearch (version 2.7.1) was used for OTU clustering, according
to 97% similarity (27). The annotated species were compared
with the Silva 138 database of Basic Local Alignment Search
Tool (BLAST) software and the species classification information
corresponding to each OTU was obtained. The QIIME (version
1.8.0) software was used to analyze the alpha diversity index.
The sequences were clustered into operational taxonomic units
(OTUs) at a similarity level of 97% (27) to generate rarefaction
curves and to calculate the richness and diversity indices. The
ribosomal database project (RDP) classifier tool was used to
classify all the sequences into the different taxonomic groups
(28). The raw data were submitted in the sequence read archive
(PRJNA771343 and PRJNA771493) of the National Center for
Biotechnology Information (NCBI) for open access.

To examine the similarity between the different samples,
clustering analyses and principal coordinate analysis (PCA) were
performed, based on the OTU information from each sample
and using R package (29). The evolutionary distances between
microbial communities from each sample were calculated using
the talc coefficient and represented as an unweighted pair
group method with arithmetic mean (UPGMA) clustering
tree describing the dissimilarity (1-similarity) between multiple
samples (30). A Newick-formatted tree file was generated
through this analysis. To compare the abundances and structure
of microbial communities in the different samples, heat maps
were generated with the top 20 OTUs using Mothur (31).

Statistical Analysis
All the statistical analyses were performed using IBM SPSS
version 19.0 software, except for the microbiota analysis. The
one-way ANOVA was used to compare the differences among
the experimental treatment group. The 16S rDNA sequencing
data were analyzed by the Kruskal–Wallis and Tukey’s tests to
determine the significant differences. The difference was declared
significant at P < 0.05 and a trend at 0.05 < P < 0.1 in all the
analyses. Alpha diversity and beta diversity were tested using the
data processing platform Allwegene Company (Beijing, China).
The plots were visualized using R software packages.

RESULTS

Different Breeds of Chicken Have Different
Intestinal Microbiota Compositions
Compared to the Arbor Acres broilers, the Beijing-You broilers
had the higher Chao1 index and Shannon index, except

for the Chao 1 index of cecum (Figures 1A,B). Nonmetric
multidimensional scaling (NMDS) analysis showed that the
remarkable difference in microbiota composition was species
related (Figures 1C,D). More unique OTUs in ileum and
cecum of the Beijing-You broilers were observed (Figures 1E,F).
Firmicutes spp. was the most abundant bacteria in the ileum
(Figure 1G). In the cecum of the Beijing-You (BY) broiler,
more Firmicutes spp. and fewer Bacteroidetes spp. were found
(Figure 1H). These results indicate unique intestinal microbiota
compositions between the Arbor Acres broilers and the Beijing-
You broilers, especially in the cecum.

Changes in Microbiota Profiles of the Arbor
Acres Broilers and the Beijing-You Broilers
The alpha diversity of ileum and cecum was the same at each
time point (Figure 2A). Remarkably, parallel of the developed
rules of intestinal microbiota were discovered in the two
breeds of broilers when the same feeding conditions were
applied, according to the PCA results (Figures 2C,D). The same
results were observed through principal coordinate analysis,
which is based on the weighted and unweighted UniFrac
distance (Supplementary Figure S3). To further understand the
similarity in the development of the microbiota profiles, samples
were collected at every time point and analyzed by a partitioning
around method to distinguish intestinal microbiota types
during the experiment (Figures 2E,F). Intestinal microbiota
types of EE (Enterobacteriaceae and Enterococcaceae), Ru
(Ruminococcaceae), and Ri (Rikenllaceae) were enriched in
cecum (Figure 2E). The selected bacteria occupied the dominant
position in respective intestinal microbiota types (Figure 2E).
The distribution of intestinal microbiota types over time for the
Arbor Acres (AA) broilers and the Beijing-You (BY) broilers
was exactly the same (Figure 2E). Similarly, intestinal microbiota
types of EE (Enterobacteriaceae and Enterococcaceae), La
(Lactobacillaceae), and Pe (Peptostreptococcaceae) were observed
in the ileum. The distribution regularity of ileum microbiota
types was nearly same, except for individual samples, compared
to the AA broilers and the BY broilers (Figure 2F). These results
indicate that the microbiota profile was converged although even
among different breeds of the broiler. The Beijing-You broilers
had more abdominal fat, which is a marker of fat deposition in
chicken (Figure 2B). However, no difference was observed in the
drip loss of the muscle, which reflects the water-holding capacity
ofmeat (Figure 2B). The same regular ofmicrobiota components
may induce drip loss, which is a breed-related phenotype, to
become semblable.

Fecal Microbiota Transplantation Induces a
Shift in the Cecum Microbiota Composition
of the Arbor Acres Broilers
To confirm the relationship between intestinal microbial changes
and drip loss, an FMT experiment was designed. Highly
abundant bacterial species were identified in cecum of BF, as
indicated by the Shannon index (Figures 3A,B). Few unique
OTUs were found in ileum, but numerous unique OTUs
were discovered in cecum (Figures 3E,F). NMDS analysis
indicated two independent bacteria clusters in the cecum
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FIGURE 1 | Intestinal microbiota structure of the Arbor Acres broilers and the Beijing-You broilers. (A) Graph of microbiota composition. (B) Alpha diversity analysis of

the Chao1 index and the Shannon index. (C,D) Scatterplot from nonmetric multidimensional scaling (NMDS) in bacterial composition. (E,F) Venn diagram of unique

operational taxonomic units (OTUs) in ileum and cecum. (G,H) Microbiota structure at the phylum level in ileum and cecum. AA: the Arbor Acres broilers; BY: the

Beijing-You broilers. The numbers of independent biological samples analyzed in panel B to H were AA (n = 5) and BY (n = 5). Data in (B) are expressed as mean ±

SEM. Data in (B) were analyzed using ANOVA followed by the Tukey’s test and were considered as statistically significant at *p < 0.05 between the indicated groups.

Data in (C,D) were analyzed using nonmetric multidimensional scaling. Data in (C–H) statistical tests were two-sided and differences were considered to be

statistically significant at p < 0.05.
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FIGURE 2 | The changes in the microbiota of the co-raised Arbor Acres broilers and the Beijing-You broilers. (A) Graph of microbiota development. (B) Abdominal fat

deposition and water-holding capacity of meat in the AA broilers and the BY broilers. (C) Alpha diversity analysis of the Chao1 and the Shannon indexes in the Arbor

Acres broilers and the Beijing-You broilers. Principal component analysis (PCA) of the changes in intestinal microbiota in (D) cecum and (E) Partitioning around medoid

(PAM) of enterotypes in F and G. Graph: enterotypes and dominant bacteria; Table: the temporal distribution of intestinal microbiota types. The numbers of

independent biological samples analyzed in panel B to H were AA (n = 6) and BY (n = 6) and the numbers in panels of (C–G) were AA (n = 6) at each point and BY (n

= 6) at each point. Data in (B,C) are expressed as mean ± SEM. Data in (B,C) were analyzed using ANOVA followed by the Tukey’s test and were considered as

statistically significant at *p < 0.05 between the indicated groups. Data in (D,E) were analyzed using PCA. Data in (F,G) were analyzed using PAM. Data in (D–G)

statistical tests were two-sided and the differences were considered to be statistically significant at p < 0.05.
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of the receptor group (Figures 3C,D). These results indicate
prominently different microbiota species existed in the cecum of
receptor animals through FMT. Firmicutes spp. was the primary
species in ileum between the two groups (Figure 3G). More
Firmicutes and fewer Bacteroidetes were found in the cecum of
the BF group (Figure 3H). These results (Figure 3) are similar to
that of the Arbor Acres (AA) broilers and the Beijing-You (BY)
broilers raised in a common environment (Figure 1).

Phenotypes Associated With Meat Quality
and Production Performance Were Altered
Through FMT
To track the difference in phenotypes after FMT, body weight
and meat quality index were measured. The body weight (p <

0.05) and abdominal fat rate (p = 0.068) in BF were higher than
those in AF (Figures 4A,B). Lower drip loss (p = 0.067) and
higher muscle fiber diameter (p < 0.05) of thigh muscle were
found in BF (Figures 4C,D). Five genes that regulate muscle fiber
diameter synthesis were selected, but only the relative expression
of MyoD1 in BF biceps femoris muscle significantly higher than
that in AF (Figure 4E). The difference in muscle fiber diameter
was visually reflected through paraffin sections (Figure 4G).
There was no difference in the meat quality of the chest muscle
(Figures 4C,D,F,H). These results indicate intestinal microbiota
decreased drip loss by increasing MyoD1 expression in broilers
and this characteristic can be transferred from FMT donor
to receptor.

Lachnoclostridium Associated With Drip
Loss and Body Weight Could Be Used to
Regulate Meat Quality and Production
Performance
The Wilcoxon analysis of different bacteria in donors is
shown in Supplementary Figure S3. Most of the different
microbiota existed in the cecum, while some were found in
the ileum (Supplementary Figure S2). Cladogram data show
that different microbes including Firmicutes and Bacteroidetes
were discovered in the cecum, but none were found in the
ileum (Figures 5A,B). Donors and recipients exhibited the
same trend in the ratio of relative abundance of Firmicutes
and Bacteroidetes (Supplementary Figure S1). At the genus
level, Lachnoclostridium, Anaerotruncus, Ruminococcaceae-
UCG-007, and Christensenellaceae_R-7_group were found in
both the donors and recipients, with similar trends in relative
abundance (Figures 5C,D). Seventeen genera and 14 genera
were associated with body weight and biceps femoris muscle
fiber diameter, respectively. Five genera and three genera
were related to abdominal fat and drip loss, respectively.
Three genera were associated with the relative expression of
MyoD1 (Figure 5E). The statistical results of the correlation
analysis are shown in Supplementary Table S2. According to
Supplementary Table S2, the abundance of Lachnoclostridium
spp. was positively correlated with body weight, abdominal fat
rate, and biceps femoris muscle fiber diameter. Additionally,
the abundance of Lachnoclostridium spp. was negatively
correlated with drip loss and positively correlated with the

relative expression of MyoD1. Interestingly, Lachnoclostridium
was the only genera that exhibited a significant correlation
trend with all the phenotypes. Anaerotruncus was positively
correlated with body weight and muscle fiber diameter.
Christensenellaceae_R-7_group was positively correlated with
body weight, abdominal fat rate, and muscle fiber diameter
(Figure 5E). These results indicate that cecum microbiota
are associated with production performance and meat
quality. Anaerotruncus, Christensenellaceae_R-7_group, and,
in particular, Lachnoclostridium may serve as indicators of
improved meat quality and production performance.

DISCUSSION

The quality of meat is of particularly importance to consumers
and agricultural industries (32). Native breeds of livestock have
superior meat quality and capacity for fat deposition, compared
to commercial breeds (33, 34). Recently, numerous studies
have demonstrated the important role of gut microbiota in
regulating skeletal muscle synthesis and development (26, 35, 36).
The gut microbiota-muscle axis has been identified (37, 38)
and, to the best of our knowledge, this is the first report on
the intestinal microbiota profile of the Beijing-You broilers by
FMT. Moreover, we aimed to clarify the relationship between
microbiota regulation and muscle development, with the goal
of improving meat quality. We first compared difference in the
bacterial composition of gut microbiota profiles between the
Beijing-You broilers and the Arbor Acres broilers. Our data show
a significant distinction in the intestinal microbiota structure
between native broilers and commercial broilers. A recent study
suggests that in contrast to mammals, poultry genotypes play a
small role in shaping intestinal bacterial structure (39). Other
studies have shown that genotypes play a decisive role in only
a small fraction of the microbiota composition (40). However,
growing evidence has demonstrated that gut microbiota
have a decisive role in the interaction of host physiology
(41). We suspected the intestinal microbiota composition,
the regulation of intestinal microbiota development, and
some microbe-regulated phenotypes could be changed by
external factors.

We tracked the development of intestinal microbiota in the
Arbor Acres broilers and the Beijing-You broilers. In a same
feeding environment, the Arbor Acres broilers and the Beijing-
You broilers were raised together and over a period of 42 days,
their microbiota became remarkably similar. In a subsequent
FMT experiment, the gut microbiota compositions of the Arbor
Acres broilers changed significantly via FMT treatment. These
results suggest that external factors could be used to shape
and influence the intestinal microbiota structure in broilers. In
addition, recent reports have shown nutrition to be an important
factor for rebuilding intestinal microbiota structure in broilers
(42, 43). Another study indicated that the drip loss of native
broilers is significantly different from commercial broilers (44).
Interestingly, through same environmental conditions and FMT
treatment, themuscle of the Arbor Acres broilers and the Beijing-
You broilers exhibited a similar drip-loss rate. These results
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FIGURE 3 | 16s rDNA sequencing analysis of different breeds in ileum and cecum after fecal microbiota transplantation (FMT). (A) Graph of FMT experiment. (B)

Alpha diversity analysis of the Chao1 index and the Shannon index. (C,D) Scatterplot from NMDS in bacterial composition. (E,F) Venn flower diagram of core OTUs in

ileum and cecum. (G,H) Intestinal microbiota structure of ileum and cecum at the phylum level. AF: Fecal transfer from the Arbor Acres broilers into the Arbor Acres

broiler; BF: fecal transfer from the Beijing-You broilers into the Arbor Acres broilers. The numbers of independent biological samples analyzed in panel B to H were AF

(n = 5) and BF (n = 5). Data in (B) are expressed as mean ± SEM. Data in (B) were analyzed using ANOVA, followed by the Tukey’s test, and were considered as

statistically significant at *p < 0.05 between the indicated groups. Data in (C,D) were analyzed using nonmetric multidimensional scaling. Data in (C–H) statistical tests

were two-sided and the differences were considered to be statistically significant at p < 0.05.
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FIGURE 4 | Drip loss and abdominal fat were altered after FMT. (A) Body weight, (B) abdominal fat, (C) drip loss, (D) muscle fiber diameter after FMT, (E,F) relative

expression of muscle fiber diameter-related genes, (G,H) paraffin sections of muscle fiber (BF: left and AF: right) [(G) biceps femoris muscle fiber and (H) breast

muscle fiber]. AF: Fecal transfer from the Arbor Acres broilers into the Arbor Acres broiler; BF: Fecal transfer from the Beijing-You broilers into the Arbor Acres broilers.

The numbers of independent biological samples analyzed in panel A to H were AF (n = 5) and BF (n = 5). All the data are expressed as mean ± SEM. All the data

were analyzed using ANOVA, followed by the Tukey’s test, and were considered as statistically significant at *p < 0.05 between the indicated groups. Figures in (G,H)

are muscle fiber of HandE staining.
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FIGURE 5 | Analysis of the correlation between cecum intestinal bacteria at the genus level and phenotypes. (A,B) Cladograms of different microbiota in the ileum

and cecum in recipients. (C,D) Bacteria (genus level) discovered in the cecum of both the donors (C) and receptors (D); (E) The heat map of the correlation analysis

between different bacteria in cecum and phenotypes. AF: Fecal transfer from the Arbor Acres broilers into the Arbor Acres broiler; BF: Fecal transfer from the

Beijing-You broilers into the Arbor Acres broilers. The numbers of independent biological samples analyzed in (A–H) were AF (n = 5) and BF (n = 5). All the data are

expressed as mean ± SEM. All the data were analyzed using ANOVA, followed by the Tukey’s test, and were considered as statistically significant at *p < 0.05

between the indicated groups.
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suggest the feasibility of regulating meat quality through strategic
changes to the intestinal microbiota.

To elucidate the relationship and possiblemechanism between
gut microbiota and drip loss, we designed an FMT experiment.
Obvious differences in the gut microbiota profile were observed
between the BF broilers and the AF broilers. Oral administration
of a fecal suspension from the Beijing-You broilers decreased
the drip-loss rate of the Arbor Acres broilers, suggesting the gut
microbiota derived from native broilers could be used to improve
the meat quality of commercial breeds. Compared to commercial
broilers, some studies have shown that native broilers have lower
drip-loss rates and longer muscle fiber diameter (3, 44, 45).
Consistent with these reports, our data show that oral fecal
microbes decreased drip loss and an increased biceps femoris
muscle fiber diameter of the Arbor Acres broilers, suggesting
that certain muscle characteristics may be influenced by the
gut microbiota from native broilers to commercial broilers. We
assumed that the increase in muscle fiber diameter may be caused
by the acceleration of muscle synthesis; therefore, we focused
on the gene expression involved in muscle cell development.
We discovered higher gene expression of MyoD1 in the Arbor
Acres broilers after oral administration of the fecal suspension
from the Beijing-You broilers. MyoD genes are considered as
candidate genes for meat production traits in livestock (46).
MyoD1 promotes the differentiation of muscle precursor cells
and the proliferation of muscle cells (47), increasing the muscle
fiber diameter (48, 49). Thick myofilament and thin myofilament
of myofibril cross to form a lattice structure that provides
space for water storage. The water stored in the filament lattice
is lost after butchering because of muscle shrinking (50, 51).
Moreover, muscle fiber diameter has been shown to decrease
during tetanic development after butchering (52) because the
shrinkage of myofibrils leads to a shorter lateral distance of
cells and compresses water holding the space (53). Conversely,
higher muscle fiber diameter may increase the capillary tubular
structure, which increases the water-holding capacity and, in
turn, decreases the drip loss. Muscles contain about 75% water,
which is easily lost during slaughter, processing, and storage
(51). Thus, more water storage space supported by longer muscle
fiber diameter ensures greater water-holding capacity. In this
study, FMT treatment increased the gene expression of MyoD1
to increase biceps femoris muscle fiber diameter and ultimately
reinforced the water-holding capacity of muscle. Some specific
genera of bacteria in the Beijing-You broilers may play a key role
in regulating muscle characteristic.

Next, we aimed to identify key bacterial genera by correlation
analysis. Ruminococcaeae and Lachnospiraceae were negatively
correlated to drip loss and these genera play key roles in
producing butyric acid and acetic acid (54, 55). At the genus
level, the microbiota in the BF broilers exhibited an increased
abundance in Lachnoclostridium and Anaerotruncus and this
result was almost the same as the BY broilers. Species of
Lachnoclostridium, belonging to Lachnospiraceae, has the ability
to breakdown a wide variety of indigestible polysaccharides and
ferment dietary fiber for the host via the production of butyric
acid and acetic acid (56, 57). Anaerotruncus was discovered in
human feces and revealed to produce acetic acid and butyric

acid (58). In addition, Lachnoclostridium in cecum was the
only genus associated with all the phenotypes in this study.
Thus, Lachnoclostridium has the potential to regulate and be
an indicator of meat quality in broilers. Lachnoclostridium
and Anaerotruncus may enhance the absorption of volatile
fatty acids to increase the energy utilization of recipients,
leading to an increased muscle fiber diameter and decreased
drip loss.

In this study, the body weight and abdominal fat rate of
the BF broilers increased compared to the AF broilers. Higher
relative abundance of Firmicutes and lower relative abundance
of Bacteroidetes were both discovered in the BF broilers. Some
studies have shown that more Firmicutes and fewer Bacteroidetes
indicate higher energy efficiency for the host (59). High energy
efficiency contributes to fat deposition of the host. Our results
indicate that the microbiota composition of the BF broilers may
increase body weight and abdominal fat deposition by enhancing
energy utilization efficiency of the host. We also found that a
high abundance of Lachnoclostridium was associated with high
body weight. Some studies have shown that when body weight
increased, the relative abundance of Lachnoclostridium in the
cecum increased (60). In addition, our results indicate that all
the bacteria at the genus level that were positively correlated
with muscle fiber diameter were derived from Firmicutes and
most of the genera that were negatively correlated with muscle
fiber diameter were belonged to Bacteroidetes. Some reports
have indicated a significant interaction between energy level and
muscle fiber diameter (61) and high energy dietary contributed to
an increasing muscle fiber diameter (62). High energy utilization
efficiency may be contributed to an increased muscle fiber
diameter. Lachnoclostridium may play an important role in
energy efficiency and muscle fiber diameter; however, more
studies are required to elucidate the specific mechanism in
further experiments.

Some limitations of this study should be noted. The sample
numbers of each group were limited, although all the samples
were selected randomly in the hatchery. We acknowledge that a
better result may exist with a larger sample size. Simple qPCR
results may limit on experimental accuracy, while there had
been ample reports of our results. Culturing bacteria in vitro
and validation experiments in vivo are needed. Further study
on the mechanism between microbiota and meat quality is
also necessary.

CONCLUSION

This study revealed a significant distinction between the
intestinalmicrobiota composition of the Beijing-You broilers and
the Arbor Acres broilers. This distinction is more greatly affected
by external factors than genetics. The alteration of intestinal
microbiota induced certain changes in drip loss by regulating
muscle fiber diameter. Some specific cecum microbiota of native
broilers may serve as indicators of meat quality, but more study
is necessary. These findings provide a new strategy to optimize
meat quality and theoretical evidence for the existence of the
microbiota-muscle axis.
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