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Editorial on the Research Topic

Technological strategies to improve animal health and production

Introduction

As animal health and production are crucial factors in the agricultural industry, the

health of livestock directly affects their productivity and, consequently, the income of

farmers. Technological advances have contributed to animal health and production practices

in recent years. This Research Topic focused on using promising technological techniques

to reduce animal illness incidence and significance to improve animal health and output.

This was achieved through the collection of 25 original research articles, 5 review articles,

3 systematic review articles and one method article, it brings together 212 leading authors

in cutting-edge research issues on technology for diagnosing, preventing, controlling, and

treating animal diseases important to public health and animal production.

The livestock sector expansion and change offer significant prospects for agricultural

development, poverty reduction, food security, and human nutrition. Large-scale livestock

production and food chains meet the expanding demand for animal products in many

nations. Food safety and public health depend on efficient, healthy, and safe livestock

production. It is therefore that several techniques to improve and increase the current

agricultural production of the different animal species are being developed and evaluated,

including drug delivery systems such as micro/nano systems; disease management through

the use of vaccines, alternatives to antibiotics, or nutraceuticals; improvement of animal

nutrition with prebiotics, probiotics, biosorbents, or bioactive substances; reproductive

technologies; precision livestock farming and even employing genetic improvements.

Genetic improvement

Genetic enhancement improves animal health and output. Since traditional methods

are not always effective, genetic selection and breeding programs have been developed
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https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2023.1206170
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2023.1206170&domain=pdf&date_stamp=2023-05-24
mailto:danielpatlan@comunidad.unam.mx
mailto:bruno_sc@comunidad.unam.mx
https://doi.org/10.3389/fvets.2023.1206170
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/articles/10.3389/fvets.2023.1206170/full
https://www.frontiersin.org/research-topics/28298/technological-strategies-to-improve-animal-health-and-production
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Hernandez-Patlan et al. 10.3389/fvets.2023.1206170

to enhance desirable traits in animals, such as increased milk

production or disease resistance (1, 2). Through selective breeding,

farmers can improve the genetic traits of their livestock and

enhance their productivity. In addition, molecular genetics has

made it possible to identify specific genes responsible for desirable

traits, allowing for more targeted breeding programs. Genome

editing technologies allow programmable DNA nucleases-based

accurate genome alterations (3). Despite its many benefits, genetic

improvement in livestock creates technological, ethical, and societal

issues (4–7); hence this technology has not yet completely replaced

the rest of the technological options that have been used for the

purpose of improving animal health and production.

Most genetic technologies are related to the directmanipulation

of DNA oriented to the expression of certain genes. Nonetheless,

there are many other applications based on the analysis of DNA

information aimed at improving livestock performance, within

which bioinformatics tools for data analysis, correlation and

extraction can be considered. For instance, weighted gene co-

expression network analysis (WGCNA) is employed to recognize

the functional relationships between genes and identify, through

hierarchical clustering, groups of genes with correlated expression

that may be involved in the pathogenesis of subacute ruminal

acidosis (SARA) (Wang Q. et al.). This study identified hub genes

to explain SARA’s molecular biological and metabolic processes,

suggesting ways to lower SARA risk in the future.

On the other hand, another technological tool based on the use

ormanipulation of nucleic acids is the use ofmicroRNAs (miRNAs)

as micro-regulators of gene expression at the post-transcriptional

level in various cell types and physiological processes. Liver lipid

metabolism and homeostasis require miRNAs. Their involvement

in fatty liver syndrome (FLS) etiology is uncertain. Since FSL is

a prevalent metabolic in laying hens, and no specific therapeutic

techniques have been established, miRNA expression profiles and

processes have been investigated (Zhu et al.). This study showed

that miR-216/miR-217 cluster, is implicated in several metabolic

pathways, supporting the association between miRNA expression

levels and FLS in laying chickens. These findings shed light on

miRNAs’ functions in FLS pathogenesis in laying hens, which could

lead to new treatment options.

Nutritional strategies

In recent years, nutritional strategies undoubtedly have

received the greatest boom and attention. Since adequate nutrition

is essential for the proper growth and development of animals, it

is important to provide animals with a balanced diet that meets

their specific nutritional needs. Probiotics and prebiotics in feed

promote digestion and animal health. Antibiotics used to combat

gastrointestinal infections and minimize gut stresses promoted

growth (8). This strategy to improve livestock production, even if

used at a subtherapeutic level of antibiotics, had an important role

in enhancing livestock production for many years. However, since

this practice led to a sanitary emergency associated with antibiotic

resistance of animals and important human pathogens, it has been

globally discontinued (9, 10).

This situation has forced the livestock industry, and researchers

from around the world have focused their attention on developing

substantial improvements in livestock productivity, particularly the

improvement of nutritional strategies that could modify animal

metabolism in specific and direct ways, such as reduction in

systemic inflammation, and chronic stress, which is reflected in

the enhancement of production efficiency; improvement of carcass

composition in growing animals; increasing milk production

in lactating animals; and reducing animal waste per unit of

production, but also with the livestock health and welfare (11, 12).

To minimize the detrimental consequences of removing

antibiotic growth boosters from animal diets, various animal

nutrition techniques have been devised and tested. Nutrition

impacts host defense and disease resistance. Among the most

common animal feed additives are probiotics, prebiotics, enzymes,

bacteriocins, essential oils, herbs, spices, phytogenic compounds,

minerals, and organic acids. Each has a beneficial effect through

different biological mechanisms (13–16).

In this Research Topic, Malik et al. utilized a meta-analysis

of a comprehensive review to assess the effects of dietary Cr

supplementation on dry matter intake (DMI), and milk output.

This mineral improves dairy cow performance, but most feed

ingredients for cows have low Cr concentrations. The meta-

analysis of previously published literature indicated that Cr

supplementation raises DMI and is less effective before parturition.

This study demonstrated that Cr supplement enhances milk

production in multiparous and primiparous cows. Finally, Cr

supplementation did not affect milk protein, fat, lactose, or solids-

not-fat.

A vitamin A meta-analysis conducted by Li W. et al. to better

comprehend vitamin A and intramuscular fat levels and provide

clues for future research and commercial use. Cattle need fat-

soluble vitamin A for vital functions including vision. The meta-

analysis indicated vitamin A may reduce intramuscular fat in

bovine steers.

Ma et al. studied alfalfa supplementation as pig feed ingredient

to alleviate various problems in the pig industry and to improve pig

production performance, describing remarkable benefits in growth

and reproductive performance, meat quality, and intestinal health.

Probiotic feed supplements are another popular way to improve

livestock operations since they reduce disease and boost animal

performance. Probiotic dietary additives in animal feeds have been

successful for many genus and bacterial strains. Probiotics can treat

many illnesses and ailments.

Necrotic enteritis (NE), caused by Clostridium perfringens,

threatens broilers’ intestinal health. It’s poultry’s worst disease

because it slows growth and costs money (17, 18). Li P. et al.

examined the effects of feeding Lactobacillus fermentum (LF)

and Lactobacillus paracasei (LP) on intestinal health and growth

performance of broilers challenged with coccidia and C. perfringens

(CCP) in NE model reducing the severity of NE.

Zou et al. studied how a probiotic complex (PC) comprising

Bacillus subtilis, Clostridium butyricum, and Enterococcus faecalis

affected AA+ male broiler productivity, carcass characteristics,

immune organ indices, fecal microbiota counts, and noxious

gas emissions. Probiotic complexes improved immune organ

development, reduce Escherichia coli and Salmonella in feces,
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increase Lactobacillus, and reduce NH3 and H2S emissions,

supporting their use in broilers.

Other combinations of one or more species of probiotic

bacteria and prebiotic ingredients, known as synbiotics. A

multicomponent synbiotic with amylase, cellulase, xylanase, β-

gluconate, protease, phytase, live probiotic cultures (B. subtilis and

Bacillus licheniformis), mannan oligosaccharide prebiotic culture,

and silicon dioxide was tested by Trukhachev et al.. These

studies investigated whether this this combined additive (probiotic,

prebiotic, and enzymes) could improve rumen fermentation. The

synbiotic supplement did not affect early lactation milk production

in highly productive Russian Holstein lactating cows. However,

it improved rumen fermentation, improving feed consumption

without affecting blood characteristics. It also doesn’t harm

supplemented animals.

Chen et al. tested a simpler lactic acid bacteria mixture (L.

plantarum PS-8, L. plantarum PS-F, and L. buchneri HM-01)

and molasses. They found that this combination increased rice

straw digestibility and rumen microbial colonization, making it an

ideal pretreatment and an alternative method for improving rice

straw quality.

However, the use of probiotic microorganisms is one of

many nutritional strategies that has been evaluated as a strategy

to improve livestock production. Using plant products, their

metabolites, essential oils, or extracts has also been a very

commonly evaluated strategy. In this Research Topic, many

natural products were determined as natural feed supplements,

showing promising results. Hassanein et al. tested sun-dried Azolla

(Azolla pinnata) meal protein in concentrated feed combinations

to substitute sunflower meal protein in nursing Zaraibi goats.

This replacement improved nutritional digestibility, milk output,

composition, and economic feed efficiency.

Mango seeds (MS) also were tested to investigate the effect of

replacing yellow corn grain with them (El-Sanafawy et al.). The

results demonstrated that replacing maize grain with MS increased

digestibility, milk output, feed conversion, and economic efficiency

without affecting Damascus goat performance, providing a novel

energy source for this livestock species.

Yang et al. examined the effects of tea tree oil (TTO)-

supplemented diets on finishing pigs’ growth, meat quality, serum

biochemical indices, and antioxidant capacity showing improved

growth performance, meat quality, serum biochemical indices, and

antioxidant capacity in finishing pigs by modulating the expression

of genes associated withmeat quality and intramuscular fat content.

Jiang et al. examined the effects of replacing isonitrogenous

and isoenergetic alfalfa hay (AH) with stevia (Stevia rebaudiana)

hay (SH) in dairy cow diets. This study examined how

substituting stevia hay (SH) for AH in dairy cow diets impacts

nutritional digestion, lactation performance, nitrogen use, and

rumen fermentation demonstrating that SH can partially replace

AH in dairy cow diets on an isonitrogenous and isoenergetic basis

without affecting intake, increasing milk output, milk fat content,

nutritional digestibility, and nitrogen utilization.

Many other options, based on the nutritional supplementation

of animals with a great variety of substances of different chemical

nature, have also been evaluated. This is extremely important

for the poultry production system since feed contains essential

nutrients for growth and health which also help to improve

the quality of meat and eggs. For example, the effect of dietary

supplementation with N-Carbamylglutamate, an activator for

endogenous arginine synthesis, has been tested on production

performance, egg quality, and uterine gene expression in layers

(Ma et al.). Tannins of different sources have also been evaluated

as nutritional strategies to examinate their influence on immune

function and liver health of broiler chickens (Yunan et al.), as

well as to test their ability to control pathogens and regulate

microbial nitrogen metabolism during poultry litter composting

(Arzola-Alvarez et al.). 25-hydroxycholecalciferol (25OHD3), a

vitamin D3 metabolite, has also been considered in poultry

production for different purposes, such as the evaluation of its

dietary inclusion on duodenal development and local intestinal

innate immunity in young broiler chickens (Leiva et al.); but also

to determine its impact when it is used over time in broilers

feed as a modulator of the intestinal cytokine abundance and

epithelial barrier integrity (Abascal-Ponciano et al.). On the other

hand, the influence of different dietary protein sources and litter

condition, two commonly used practices in an antibiotic-free

broiler production, have also been evaluated on intestinal cell

mitotic activity and local intestinal immunological responses (Keel

et al.). Not only protein sources have been considered, but also

some amino acids, such as L-arginine. The effect of the in ovo

feeding of this amino acid was evaluated as a strategy to improve

breast muscle weight, muscle morphology, amino acid profile, and

gene expression of muscle development in slow-growing chickens

(Lu et al.).

In addition to probiotics, prebiotics, essential oils, and enzymes

used as nutritional strategies for ruminant livestock production,

other options of a different chemical nature have also been

considered as options to modify their digestion kinetics, leading

to an improved production efficiency. In this Research Topic, the

use of different methionine hydroxy analogs (MHA) in Hu sheep

was explored as source of methionine on the rumen microbiota

and metabolome, also determining their relationship (Li S. et al.).

This study showed that nutritional supplementation with MHA

significantly improved the richness and diversity of the ruminal

microbiota and stimulated the ruminal fermentation by increasing

concentrations of total VFA, acetate, and propionate. Bioactive

substances such as flavonoids, phenols, and terpenes obtained

from plants, have also shown to possess anti-inflammatory

and bacteriostatic effects. Astragalus membranaceus (AM), a

leguminous widely used as medicinal plant, was evaluated as a

feed additive of dairy cows (Huang et al.). Results of this study

shown that AM inclusion positively impacts the reproductive

performance, immunity, and endocrine of dairy cows during the

perinatal period, giving dairy farmers an alternative strategy to

ensure the safe transition of cows during the perinatal period. Silage

additives and silage pre-treatments also have been recommended

as an innovative and viable strategy for the ruminant nutrition,

that may preserve roughage and provide animals with a nutritious

feed source. Herein, two different silage pre-treated with ferrous

sulfate heptahydrate (FSH) were evaluated as an innovative strategy

for ruminant nutrition. The first one consisted of a Black Cane

(Saccharum sinensis R.) silage containing FSH, aimed to assess

whether this pre-treatment might influence fermentation quality,
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anthocyanin stability, ruminal biogases, rumen fermentation

profile, and the microbial populations of black cane silages (Suong

et al.). Secondly, the effect of a standard total mixed ration

containing pre-treated anthocyanin-rich black cane silage with

FSH was investigated on animal performance, blood biochemical

indices, rumen fermentation, microbial community, and carcass

characteristics in meat goats (Purba et al.). The results of this study

demonstrated that this nutritional strategy reduces oxidative stress

and makes the meat more tender.

Finally, rabbit farming is one of the fastest growing micro-

livestock enterprises, and it has become very important in

developing countries because it can be considered as a source of

healthy meat with high nutritional value (19, 20). In this Research

Topic, a study carried out to examine the effects of yucca extract

alone and in combination with Clostridium butyricum on growth

performance, nutrient digestibility, muscle quality, and intestinal

development of weaned rabbits, demonstrated that using this

combination in feed had a synergistic effect on nutrient digestibility

and improved growth performance (Wang Y. et al.). It is also

presented a study aimed to evaluate the use of mealworm (Tenebrio

molitor) frass (TMF) in rabbit diets, as well as its effect on growth

performance, blood profiles, carcass characteristics, meat quality,

and fatty acid profiles of rabbit meat (Radwan et al.). Authors found

that TMF has the potential for use in the feeding system of rabbits

without unfavorable effects on growth performance and carcass

traits, as well as improving meat quality parameters.

Disease management

Animal diseases have direct and indirect biophysical and

socioeconomic effects that range from local to global (21). These

illnesses cause animal welfare, productivity losses, food insecurity,

economic loss, and health issues in cattle production systems.

Disease control is another important technique for animal health

and output. The development and use of diagnostic tools, vaccines,

antibiotics, and other drugs can help prevent and treat animal

diseases. Farmers can also implement animal husbandry practices

and biosecurity measures to prevent the spread of disease on their

farms (22, 23).

Mycotoxicosis illnesses are vital to animal health and

production outside of the food chain. Mycotoxins reduce

immunity, making people more susceptible to diseases, and

vaccination failure costs animal businesses a lot of money.

Thus, several methods have been developed to reduce cattle

mycotoxin exposure.

Vázquez-Durán et al. reviewed the most important agro-waste-

based materials that can adsorb aflatoxins showing promising

results to reduce the adverse effects of aflatoxin B1.

In-ovo technology has been used to administer carbohydrates,

amino acids, hormones, prebiotics, probiotics, synbiotics,

antibodies, immunostimulants, minerals, andmicroorganisms with

various physiological effects. The Kpodo and Proszkowiec-Weglarz

review is an outstanding comprehensive review that describes

several benefits of these supplements in broiler chickens.

As mentioned above, diagnostic technologies and methods

are strategic tools for improving animal health and production.

Thus, Ayala et al. performed a next-generation sequencing

investigation to characterize the cecal, ileal, cloacal, and cutaneous

microbiota of focal ulcerative dermatitis (FUDS) in laying

hens to discover its causes through next generation sequencing

(NGS). They isolated pathogens, found connections between

isolates, and created a Direct Fed Microbial (DFM) combination

that inhibits FUDS. Staphylococcus aureus and agents caused

FUDS in laying hens, and six virulence factors related to

adhesion, enzyme, immune evasion, secretion system, toxin, and

iron uptake were found. In vitro, the Bacillus pumilus-based

DFM suppressed both infections, reducing FUDS mortality and

increasing egg production.

Animal disease control platforms use nanotechnological

techniques. Nanotechnology has transformed commercial

use of nano-sized materials in medical, food, biotechnology,

pharmaceuticals, and more. Hence, Baholet et al. summarized the

available data on zinc nanoparticles’ effects on gastrointestinal

microbiota and their impact on post-weaning diarrhea.

Reproductive technologies

Reproductive technology has improved animal health

and output during the last century. These technologies have

transformed in vitro and in vivo livestock reproductive biology

research. Artificial insemination and embryo transfer allow

animals with desirable genetic features to be bred anywhere. In

vitro fertilization and cloning can be used to produce animals with

a specific trait to improve productivity, health, and production

cycles to maximize herd performance parameters, especially for

milk, meat, and replacement animals (24, 25).

Precision livestock farming

Precision Livestock Farming (PLF) uses digital technologies

to monitor and control livestock output. It uses process

engineering to autonomously monitor, model, and manage

livestock production (26). PLF can boost production, animal

welfare, and environmental sustainability in livestock farming

(27). Sensors can track animal behavior, health, and growth to

identify issues early and improve animal health and output.

PLF may also lower farm environmental effect by supporting

management practices (28). Even though PLF has improved animal

health and welfare, traceability, and livestock producer value,

many of these technologies are still unproven, and only a few

that focus on animal welfare have been commercialized and

adopted (29).

One of the main requirements in the development of PLF

has been the development and deployment of technologies

that provide livestock producers with accurate and relevant

information, for which digitalization will help to achieve

these goals. Digital Livestock Farming Systems are currently

commercialized as novel strategies using big data synergized

with information and communication technology (ICT),

Internet of Things (IoT), wireless biometric sensors, mobile

phones, artificial intelligence (AI), autonomous systems,

and drones for livestock producers, consumers, and farm

animals (29–31).
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PLF and Digital Livestock Farming Systems could also

boost other animal health and productivity technologies.

More information is needed to apply both technologies. Thus,

a recent study examined how digital livestock systems and

probiotic combinations could boost swine productivity in

response to climate change. This study suggests that digital

livestock systems could improve livestock production, reduce

the livestock industry’s environmental impact, save energy, and

improve animal welfare, especially in the swine industry (Park

and Seo).

Conclusion

Technology can increase animal health and production.

Genetic improvement, nutritional strategies, disease

management, reproductive technologies, and precision

livestock farming are all effective strategies that

can be used alone or combined to enhance animal

productivity. As technology advances, new strategies will

likely be developed, further improving animal health

and production.
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25-Hydroxycholecalciferol Alters
Early Post-Hatch Broiler Chicken
Duodenal Macrophage and Crypt Cell
Populations and Their Mitotic Activity
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Kelly M. Sweeney 2, Jeanna L. Wilson 2, Jessica D. Starkey 1 and Charles W. Starkey 1*

1Department of Poultry Science, Auburn University, Auburn, AL, United States, 2Department of Poultry Science, The

University of Georgia, Athens, GA, United States

The previous work has demonstrated that maternal supplementation of the circulating

metabolite of vitamin D3 (D3), 25-hydroxycholecalciferol (25OHD3), enhances the

immunocompetence of broiler chick offspring. In post-hatch broiler diets, 25OHD3 has

been shown to affect intestinal morphology and improve the immune status of broilers.

An experiment with a 2× 2 factorial treatment arrangement was conducted to assess the

effects of combining maternal (MDIET) and post-hatch (PDIET) dietary 25OHD3 inclusion

on duodenal crypt and macrophage cell populations and mitotic activity in young broiler

chickens. All diets were formulated to provide 5,000 IU of vitamin D. Broiler breeder hens

were offered 1 of 2 MDIET: 5,000 IU D3 per kg of feed (MCTL) or 2,240 IU of D3 + 2,760

IU of 25OHD3 per kg of feed (M25OHD3) from week 25 to 41. Male broiler offspring

(n = 480) hatched from eggs collected during week 41 of breeding age were allotted in

raised floor pens (4 birds per pen from day 0 to 7 and individually allotted from day 8

to 21). Chicks were fed 1 of 2 PDIET (starter day 0 to 21): 5,000 IU D3 per kg of feed

(PCTL) or 2,240 IU D3 + 2,760 IU 25OHD3 (P25OHD3). DUO samples (n = 12 birds per

treatment per day) were collected on days 3, 6, 9, 12, 15, 18, and 21 for cryohistological

and immunofluorescence analysis to facilitate the enumeration of the total macrophages,

CD80+ macrophages (pro-inflammatory macrophages), and mitotically active cells

(BrdU+) to calculate the proportion of proliferating cells (PPC) per duodenal crypt. Bird

age impacted crypt PPC with the greatest PPC per duodenal crypt observed on days

3 and 9, and the lowest PPC per crypt was observed on day 21 (P < 0.0001). Broilers

from the M25OHD3:PCTL treatment had a greater PPC (P =.002) than birds from the

MCTL:PCTL treatment at day 3. An interaction among MDIET and PDIET was observed
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for proliferating macrophages at day 21 (P = 0.029) where M25OHD3:P25OHD3 birds

had more proliferating macrophages than M25OHD3:PCTL-fed birds. These results

indicate that combined MDIET and PDIET 25OHD3 supplementation may alter early

post-hatch duodenal development and innate immunity.

Keywords: vitamin D, 25-hydroxycholecalciferol, intestinal innate immunity, macrophage, broiler chicken,

pro-inflammatory macrophages, intestinal crypt cell mitotic activity

INTRODUCTION

Vitamin D is commonly supplied in poultry diets as
cholecalciferol (D3). In the chick, most of the absorption
of D3 is achieved in the upper jejunum (1). In the bloodstream,
Vitamin D binds to the Vitamin D Binding Protein (DBP) for
transport during metabolism and to target organs (2). Vitamin
D3 does not have any known biological activity, it must be
activated through a two-step hydroxylation process (3, 4). D3 is
stored in the liver where it is hydroxylated in the 25th position by
25-hydroxylase to produce 25-hydroxycholecalciferol (25OHD3)
(5). This hydroxylation process of vitamin D is weakly regulated
and levels of 25OHD3 increase proportionally to vitamin D
intake (6). For this reason, 25OHD3 is the major circulating
form of vitamin D in the bloodstream (7) and is recognized as
one of the best indicators of vitamin D status in animals and
humans (3, 5).

Previous research reports that supplementation of broiler
diets with 25OHD3 can improve productive parameters. Bar
et al. reported that 25OHD3 is more efficiently absorbed than
D3 in the duodenum of broiler chickens (1). Other studies
found that replacement of D3 for 25OHD3 improved average
body weight, decreased adjusted feed efficiency, and did not
affect bird mortality (8). Dose response studies revealed maximal
weight gain, feed efficiency, and breast meat yield achieved with
25OHD3 dietary inclusion ranging from 50 to 70 µg per kg
of feed (8). Further, the dietary inclusion of 2,760 IU (69 µg
per kg) in diets containing D3 improves cellular and humoral
immune responses in addition to bone calcium deposition in 21-
day-old broilers (9). The inclusion of 25OHD3 in broiler diets
affects the intestinal morphology of growing broilers (10) and the
important effects of 25OHD3 have been observed in the immune
proficiency of diverse poultry species under immunological
challenges (11–13).

Positive effects of 25OHD3 supplementation of maternal diets
on the immune status and intestinal morphologic development
of chicks have also been reported (14, 15). Saunders-Blades and
Korver observed that supplementing broiler breeder diets with
2,760 IU per kg (69 µg) of 25OHD3 improved the vitamin D3
status of chicks upon hatching and increased the efficiency of
leukocytes in battling bacterial infection in addition to having
greater oxidative burst activity (15). Evidence suggests that the
inclusion of 25OHD3 in either broiler or breeder diets may
affect the immune function and intestinal morphology of chicks;
however no previous studies have evaluated the effect of the
combination of maternal and post-hatch supplementation on
these parameters. Therefore, in this study we aimed to evaluate

the effect of combiningmaternal and post-hatch dietary 25OHD3
on duodenal crypt cell proliferation and local intestinal innate
immunity of young broiler chickens.

MATERIALS AND METHODS

The Auburn University Institutional Animal Care and Use
Committee approved the use of live birds in this experimental
protocol (PRN 2017-3212).

Breeder Hen Management
Ross 708 broiler breeder pullets (n = 350, Aviagen Group,
Huntsville, AL) were reared up to 21 weeks of age in a rearing
facility and fed starter, developer, and pre-breeder diets without
25OHD3 metabolite in a skip a d restricted feeding program.
Pullets were exposed to a photoperiod of 8 h of light per day.
They received an in ovo vaccination for Marek’s disease and
were vaccinated on day 1 for reovirus and Eimeria. Newcastle,
bronchitis, reovirus, and chicken infectious anemia vaccines
were applied during the rearing period according to commercial
recommendations. The temperature was set at 29◦C at placement
and gradually reduced to 21◦C by the end of the rearing
period. At 21 weeks of age, broiler breeder hens were allotted
in groups of 35 hens per pen (n = 10 pens) along with 3
broiler breeder Yield Plus roosters (Aviagen Group) at a density
of 0.22 m2 per bird. Breeders were kept at a temperature
of 20◦C and photo stimulated with 15.25 h of light per day.
After 25 weeks of age, broiler breeder hens and roosters were
fed 1 of 2 corn and soybean-meal based maternal treatment
diets (MDIET; Supplementary Table 1) 5,000 IU of D3 per kg
of feed (MCTL; n = 5 pens), or 2,240 IU of D3 (Rovimix
D3 R© 500; DSM Nutritional Products Inc., NJ, USA) + 2,760
IU of 25OHD3 (69 µg Rovimix Hy-D R©; DSM Nutritional
Products Inc.) per kg of feed (M25OHD3; n = 5 pens). Hen
feeding was restricted to between 110 and 170 g per bird
per day based on egg production. Clean water was offered
ad libitum.

Broiler Chicken Hatching and Management
Hatching eggs from 41-week-old broiler breeder hens from both
MDIET treatments were collected and set for incubation at
37.5◦C and a relative humidity of 53%; the eggs were rotated
45◦C every h and hatched at a temperature of 37◦C. On the day
of hatch, unvaccinated male broiler chicks (n = 480) from the 2
maternal treatments were identified with a wing tag, individually
weighed to determine day 0 body weight and randomly allotted
to raised floor pens (n = 120) at a stocking density of 0.05
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FIGURE 1 | Representative images illustrating the determination of total, proinflammatory, and proliferating macrophage density by immunofluorescence in duodenal

cryosections from 18-days-old post-hatch broiler chickens (A-F). (A) cell nuclei (blue, DAPI+). (B) Proliferating cells (pink, BrdU+; blue, DAPI+). (C) Total

(Continued)
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FIGURE 1 | macrophages, includes pro and anti-inflammatory macrophages (green, KUL01+; blue, DAPI+). (D) Proinflammatory macrophages (red, CD80+; blue,

DAPI+). (E) Proinflammatory and total macrophage merge (red, CD80+; green, KUL01+; blue, DAPI+). (F) Merge (red, CD80+; green, KUL01+; pink, BrdU+; blue,

DAPI+). Scale bar = 100µm.

FIGURE 2 | Effect of maternal 25-hydroxycholecalciferol dietary supplementation on breeder blood plasma, egg yolk, and hatched chick blood plasma

25-hydroxycholecalciferol concentration (Breeder plasma n = 10 total birds, 5 per treatment; egg yolk n = 20 total eggs, 10 per treatment; hatched chick plasma n =

10 total birds, 5 per treatment). Ross 708 broiler breeder pullets (n = 350, Aviagen Group, Huntsville, AL) were reared up to 21 weeks of age in a rearing facility and

fed starter, developer, and pre-breeder diets without 25OHD3 metabolite in a skip a day restricted feeding program. After 25 weeks of age, broiler breeder hens and

roosters were fed 1 of 2 corn and soybean-meal based maternal treatment diets (MDIET) 5,000 IU of D3 per kg of feed (MCTL; n = 5 pens), or 2,240 IU of D3 (Rovimix

D3 500®; DSM Nutritional Products Inc., Eggs and blood samples for analysis were collected on week 41 of breeder hen age. * indicates means that differ at P ≤ 0.05.

m2 per bird (n = 4 birds per pen). On day 7, broilers were
redistributed to individual pens (n = 360 pens; n = 90 pens per
MDIET × PDIET treatment) with their corresponding dietary
treatment (n = 1 bird per pen; 0.21 m2 per bird). Each pen was
equipped with 2 nipple drinkers and 1 galvanized metal feeder. A
supplemental plastic feeder was included in the pen from day 1
to 7 to improve feed consumption. Ambient temperature was set
to 32◦C at placement and gradually reduced to 21◦C by day 21
based on bird comfort. From day 0 to 7, birds were reared with a
photoperiod of 23 h of light and 1 h of dark with a light intensity
of 30 lux; from day 8 to 21, lighting schedule was adjusted to 23 h
of light and 1 h of dark with a light intensity of 10 lux.

Broilers were fed one of two broiler post-hatch
corn and soybean-meal based treatment diets (PDIET;
Supplementary Table 2): 5,000 IU of D3 per kg of feed (PCTL),
or 2,240 IU of D3 (Rovimix D3 500; DSM Nutritional Products

Inc., NJ, USA) + 2,760 IU of 25OHD3 (69 µg Rovimix Hy-D;
DSM Nutritional Products Inc.) per kg of feed (P25OHD3).
Feed was provided as a starter crumble diet throughout the
experiment (day 1–21) and both feed and water were offered ad
libitum. Combining of these 2 main effects (MDIET × PDIET)
resulted in 4 treatments: MCTL:PCTL, MCTL:P25OHD3,
M25OHD3:PCTL, and M25OHD3:P25OHD3. Therefore, this
experiment had a randomized complete block design with a
2 × 2 factorial arrangement. Pens were blocked by location.
Each block was comprised by 4 pens; each pen represented one
treatment. All maternal and post-hatch diets were analyzed by
the DSM Nutritional Products TMAS laboratory (Beldivere, NJ).
The vitamin D content of diets was measured with AOAC official
method 2011.12. The concentration of 25OHD3 in the feed
was measured using high performance liquid chromatography
(HPLC) and mass spectroscopy procedure.
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FIGURE 3 | Effect of maternal and post-hatch dietary 25-hydroxycholecalciferol supplementation on broiler blood plasma 25-hydroxycholecalciferol concentrations.

CTL diets = Diets containing 5,000 IU of D3 per kg of feed for either breeder hen (MCTL) or broiler (PCTL). 25OHD3 diets = diets containing 2,760 IU of 25OHD3 +

2,240 IU of D3 per kg of feed for breeder hen (M25OHD3) or broiler (P25OHD3). Treatment represents the combination of MDIET and PDIET, n = 20 birds total per

sampling day, 5 birds per treatment per sampling day. Blood samples from chicks of both MDIET treatments were collected on day 0 and from the four MDIET ×

PDIET treatments on days 3, 6, 9, 12, 15, 18, and 21. *indicates means that differ at P ≤ 0.05.

FIGURE 4 | Effect of post-hatch dietary 25-hydroxycholecalciferol supplementation as a main effect on broiler blood plasma 25-hydroxycholecalciferol

concentrations. CTL diets = Diets containing 5,000 IU of D3 per kg of feed (PCTL). 25OHD3 diets = diets containing 2,760 IU of 25OHD3 + 2,240 IU of D3 per kg of

feed (P25OHD3). Treatment represents the combination of MDIET and PDIET, n = 20 birds total per sampling day, 10 birds per post-hatch treatment per sampling

day. Blood samples from male broiler chicks were collected using cardiac puncture procedure at all ages. Blood was collected on days 3, 6, 9, 12, 15, 18, and 21.

*indicates means that differ at P ≤ 0.05.
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FIGURE 5 | Effect of bird age on the proportion of proliferating cells (PPC) per duodenal crypt. On each sampling day, a total of 48 birds (n =12 per MDIET × PDIET

treatment from 12 blocks) were selected for tissue collection. Samples were analyzed using a cryohistology and immunofluorescence procedure to label mitotically

active cells (BrdU+) and total cell nuclei (DAPI+). To determine the proportion of proliferating cells per crypt, two well defined crypts were selected from each image (n

= 2 per bird) the crypt area was defined by drawing a polygon around the epithelium. All cell nuclei and BrdU+ cells within the designated crypt were enumerated and

the proportion of proliferating cells per crypt was then calculated by dividing the number of proliferating cells by the total number of cells in the crypt. a−dBars with

different superscripts differ at P ≤ 0.05.

Broiler Chicken Growth Performance
Bird mortality and comfort were monitored twice daily. Birds
were individually weighed (BW) and pen feeder weights
were recorded on day 0, day 7, and on each sampling day
to calculate individual mortality corrected bodyweight gain
(MCBWG), mortality corrected average daily bodyweight gain
(MCADBWG), mortality corrected feed intake (MCFI), and
mortality corrected feed conversion ratio (MCFCR).

Egg Yolk and Blood Plasma
25-Hydroxycholecalciferol Concentration
Analysis
Eggs laid by 41-week-old breeder hens from both maternal
treatments were collected (n = 10 per MDIET; n = 2 per pen),
yolks were separated and stored at−80◦C for further analysis. On
the same day of egg collection, blood samples were collected from
the brachial vein of breeder hens (n = 5 per MDIET treatment).
Blood samples from male broiler chicks were collected using
cardiac puncture procedure at all ages. Blood samples from
chicks of both MDIET treatments were collected on day 0 and
from the four MDIET × PDIET treatments on days 3, 6, 9, 12,
15, 18, and 21. Blood samples were collected using a 4.5ml S-
Monovette syringe with lithium heparin beads (Sarstedt, Inc.,
NC) and 50mm × 21mm gauge needle (days 0, 3, 6, 9, and 12)
or a 40mm × 16mm gauge needle (breeder hens and broilers

from day 15 to 21). All blood samples were stored in the same
syringes and kept in ice. No more than 6 h after collection,
all blood samples were centrifuged at 1,000 RFC at 4◦C for
10min, and plasmawas stored at−80◦C to await analysis. Plasma
and yolk samples were analyzed by DSM Nutritional Products
TMAS laboratory (Beldivere, NJ) to determine 25OHD3
concentrations using an isotope dilution assay and HPLC
quantification procedure.

Bromodeoxyuridine Injection and Tissue
Sample Collection
On each sampling day, a total of 48 birds (n = 12 per MDIET
× PDIET treatment from 12 blocks) were randomly selected
and intraperitoneally injected with a solution of 5’-bromo-2’-
deoxyuridine (BrdU; Alfa Aesar, Haverhill, MA; pH of 8.0; 100
µg of BrdU per g of body weight) at a concentration of 25mg
per ml and placed in disposable containers for 1 h to allow for
incorporation of BrdU into mitotically active cells (16, 17). After
1 h, blood was collected from each bird via cardiac puncture and
birds were immediately euthanized by cervical dislocation. After
euthanasia, tissue samples were collected from the duodenum
just distal to the duodenal loop to prevent inclusion of pancreatic
tissue. Duodenal samples were flushed with tris buffered saline
(TBS; pH 7.4; Thermo Fisher Scientific, Fair Lawn, NJ) to
remove intestinal contents. Samples were cut lengthwise, coated
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FIGURE 6 | Effect of maternal and post-hatch dietary 25-hydroxycholecalciferol supplementation on day 3 broiler proportion of proliferating cells per duodenal crypt.

Forty-eight birds were sampled on each sampling day (n = 12 of each MDIET × PDIET treatment). CTL diets = Diets containing 5,000 IU of D3 per kg of feed for

either breeder hen (MCTL) or broiler (PCTL). 25OHD3 diets = diets containing 2,760 IU of 25OHD3 + 2,240 IU of D3 per kg of feed for breeder hen. (M25OHD3) or

broiler (P25OHD3). Samples were analyzed using a cryohistology and immunofluorescence procedure to label mitotically active cells (BrdU+) and total cell nuclei

(DAPI+). To determine proportion of proliferating cells per crypt, two well defined crypts were selected from each image (n = 2 per bird) the crypt area was defined by

drawing a polygon around the epithelium. All cell nuclei and BrdU+ cells within the designated crypt were enumerated and proportion of proliferating cells per crypt

was then calculated by dividing the number of proliferating cells by total number of cells in the crypt. a−cBars with different superscripts differ at P ≤ 0.05.

in magnesium silicate, flash frozen in liquid nitrogen and stored
at−80◦C until further analysis.

Cryohistology
Samples were stored at −20◦C for 24 h prior to cryohistological
analysis. Duodenum samples were embedded in a frozen
section compound (VWR International, Westchester, PA) and
5 µm-thick cryosections were collected transverse to the
length of intestine using a CM 1950 cryomicrotome (Leica,
Nussloch, Germany). Cryosections were then mounted on
positively charged slides (VWR International; 5 cryosections
per slide) and stored at 4◦C for no more than 24 h before
immunofluorescence staining.

Immunofluorescence Staining
All staining procedures were conducted at room temperature.
Slides were rehydrated in 5% 20X Tris-buffer saline in an ultra-
pure water solution (TBS; Thermo Fisher Scientific) for 10min.
Next, slides were fixed for 10min in 4% paraformaldehyde in
PBS pH 7.4 (Santa Cruz Biotechnology, Santa Cruz, CA) followed
by two rinses in TBS. Remaining staining procedures were
conducted in a humidified black box. To permeabilize tissue,

slides were incubated for 10min in 0.5% TritonX-100 (Thermo
Fisher Scientific). Slides were incubated in 1N hydrochloric
acid (VWR International) for 10min to denature DNA and
facilitate BrdU detection followed by a single rinse in TBS. Slides
were incubated for 30min in a blocking solution consisting
of 10% horse serum (Sigma-Aldrich, St. Louis, MO) and 0.5%
bovine serum albumen (VWR International) in a 0.2% TritonX-
100 solution. Primary antibodies were diluted in a blocking
solution and slides were incubated in the solution for 1 h
followed by three 5min rinses in TBS. In a similar manner,
secondary antibodies were diluted in a blocking solution and
slides were incubated for 30min in the solution followed by
three 5min rinses in TBS. Cryosections were then treated with
a 4’,6-diamidino-2-phenylindole solution (DAPI; 100 µg per ml;
EMD Biosciences, Inc., San Diego, CA) diluted 1:1,000 in TBS
and immediately rinsed twice in TBS. Slides were mounted using
a Fluoro-gel media containing Tris-buffer (Electron Microscopy
Sciences, Hatfield, PA), and glass coverslips (Thermo Fisher
Scientific). Finally, slides were permanently sealed with clear
fingernail polish (Sally Hansen, New York, NY) and left to dry at
room temperature. All cryosections were digitally imaged within
24 h of immunofluorescence staining.
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FIGURE 7 | Effect of maternal dietary 25-hydroxycholecalciferol supplementation as a main effect on day 6 broiler proportion of proliferating cells per duodenal crypt.

A total of 48 birds were sampled on each sampling day (n = 24 of each MDIET treatment). CTL diets = Diets containing 5,000 IU of D3 per kg of feed for breeder hen

(MCTL). 25OHD3 diets = diets containing 2,760 IU of 25OHD3 + 2,240 IU of D3 per kg of feed for breeder hen (M25OHD3). Samples were analyzed using a

cryohistology and immunofluorescence procedure to label mitotically active cells (BrdU+) and total cell nuclei (DAPI+). To determine the proportion of proliferating cells

per crypt, two well defined crypts were selected from each image (n = 2 per bird) the crypt area was defined by drawing a polygon around the epithelium. All cell

nuclei and BrdU+ cells within the designated crypt were enumerated and the proportion of proliferating cells per crypt was then calculated by dividing the number of

proliferating cells by the total number of cells in the crypt. a−bBars with different superscripts differ at P ≤ 0.05.

Primary and Secondary Antibodies
The primary antibodies used were as follows: mouse monoclonal
IgG1 anti-chicken monocyte macrophage (KUL01; 1:500
dilution; Cat. No. SC52603; Santa Cruz Biotechnology; Santa
Cruz, CA) as a general macrophage marker (18). Armenian
hamster monoclonal IgG anti-CD80 (16-10A1 Cat. No. 14-
0801-85; Invitrogen, Thermo Fisher Scientific Inc, Waltham,
MA), and mouse monoclonal IgG2a anti-BrdU (dilution 1:750
for day 3, 1:3,000 for days 6 and 9; 1:2,500 for day 12; 1:2,000
for day 15; 1:1,000 for day 18, and 1:500 for day 21; Cat. No.
MA3-071; Invitrogen, Thermo Fisher Scientific Inc., Waltham,
MA). Primary antibodies were detected using the following
secondary antibodies (dilution 1:1,000; Invitrogen): Alexa-Fluor
488–conjugated goat anti-mouse IgG1 (Cat. No. A21121),
Alexa-Fluor 546–conjugated goat anti-hamster IgG (Cat. No.
A2111-0), and Alexa-Fluor 633–conjugated goat anti-mouse
IgG2a (Cat. No. A21136).

Fluorescence Microscopy and Image
Analysis
Slides were imaged at 200-fold magnification with an Eclipse
Ti-U inverted fluorescence microscope (Nikon Instruments Inc.,
Melville, NY) with a solid-state LED light-source (Lumencor
SOLA Sm II 365 light engine). Two representative images per
slide were captured with an incorporated Evolve 512 EMCCF
digital camera (Teledyne, Photometrics, Tucson, AZ). One

image per slide (n = 1 per bird) was analyzed using NIS-
Elements Advanced Research Software (Nikon Instruments Inc.)
focusing on the crypt region of the tissue section (Figure 1).
Cell populations with BrdU+ (proliferating cells; Figure 1B),
KUL01+ (total macrophages; Figure 1C), KUL01+;CD80+
(proinflammatory macrophages; Figure 1E), KUL01+;BrdU+
(proliferating macrophages), and KUL01+;BrdU+:CD80+
(proliferating proinflammatory macrophages; Figure 1F) were
enumerated. To determine the proportion of proliferating cells
per crypt, two well defined crypts were selected from each image
(n= 2 per bird); the crypt area was defined by drawing a polygon
around the epithelium. All cell nuclei and BrdU+ cells within
the designated crypt were enumerated and the proportion of
proliferating cells per crypt was then calculated by dividing the
number of proliferating cells by the total number of cells in
the crypt.

Statistical Analysis
The data were analyzed as a 2-way ANOVA using the
generalized linear mixed model (GLIMMIX) procedure of the
Statistical Analysis Software (SAS; V9.4; SAS Institute Inc., NC,
USA) in which MDIET, PDIET, and MDIET × PDIET were
the fixed effects. The Satterthwaite adjustment was used to
correct degrees of freedom and individual bird served as the
experimental unit. The proportional data were analyzed using
the events/experiments syntax with a binomial distribution and
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FIGURE 8 | Effect of bird age on total duodenal macrophage density. This category represents the sum of all labeled macrophage populations in the duodenum. On

each sampling day, a total of 48 birds (n =12 per MDIET × PDIET treatment from 12 blocks) were selected for tissue collection. a−dBars with different superscripts

differ at P ≤ 0.05.

both continuous and proportional data were analyzed using
an R-side covariance structure. The pairwise least square mean
comparisons were performed using the PDIFF option of SAS and
considered different when P ≤ 0.05. Tendencies for differences
among treatment means were declared when 0.0501 ≤ P ≤ 0.10.

RESULTS AND DISCUSSION

Blood Plasma and Egg Yolk Vitamin D
Concentrations
In agreement with Mattila et al. (19), in our study (Figure 2),
hen blood plasma 25OHD3 concentrations were higher in
hens from the M25OHD3 treatment compared with hens from
the MCTL group (19.97 vs. 11.87 ng per ml; P = 0.012).
Maternal 25OHD3 supplementation (M25OHD3) improved egg
yolk 25OHD3 concentrations in relation to eggs from breeder
hens fedD3 only (4.98 vs. 2.72 ng perml; P= 0.0002) these results
are also comparable to those of Mattila et al. (19). Overall, our
results support previous observations that indicate that 25OHD3
is effectively transferred from the diet to the hen’s blood and
egg yolks.

Even though eggs from hens fed the 25OHD3 diet had higher
yolk 25OHD3 concentrations than eggs from hens fed D3 only,
this was not reflected in hatched chick blood plasma 25OHD3
levels (Figure 2). Chicks from MCTL hens had higher blood
plasma concentrations on the day of hatch than those from
M25OHD3 hens (16.1 vs. 9.8 ng per ml; P = 0.005). The reasons
why chick blood plasma 25OHD3 levels were higher in chicks
from hens fed D3 only is unclear. Nevertheless, Saunders-Blades
and Korver reported that hatched chick vitamin D status may be
affected by breeder hen age (15).

In this study, the eggs were collected for incubation when
breeder hens were 41 weeks old. Saunders-Blades and Korver
reported a strong tendency during the mid-lay period (weeks
46 to 48) for chicks hatched from hens fed a diet supplemented
with D3 only to have greater circulating 25OHD3 concentrations
than chicks from hens fed a diet supplemented with 25OHD3
(38.70 vs. 27.33 ng per ml; P = 0.0564) (15). Considering the
similarity in hen age of their study and ours (week 46–48 vs. week
41, respectively), higher concentration of circulating 25OHD3 in
MCTL chicks compared with M25OHD3 chicks on the day of
hatch can be attributed in part to the effect of hen age. In addition,
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FIGURE 9 | Effect of bird age on duodenal macrophage density. This category includes cells positive for KUL01 and DAPI only, it does not include proliferating or

proinflammatory macrophages. On each sampling day, a total of 48 birds (n =12 per MDIET × PDIET treatment from 12 blocks) were selected for tissue collection.
a−eBars with different superscripts differ at P ≤ 0.05.

since the yolk sac embodies an important nutrient reservoir for
the chick and is intensely absorbed during the first 5 days post
hatch (20), in addition to blood plasma 25OHD3 concentrations,
yolk sac 25OHD3 concentrations could be a reliable indicator of
chick vitamin D status at hatch.

On the day of hatch, chicks from the two maternal treatments
(MCTL and M25OHD3) were randomly assigned to two
post-hatch diets (PCTL and P25OHD3) that resulted in the
four post-hatch treatments (MCTL:PCTL, MCTL:P25OHD3,
M25OHD3:PCTL, and M25OHD3:P25OHD3). An interaction
between MDIET and PDIET was observed at day 21 post-
hatch (Figure 3) in which birds from the M25OHD3:P25OHD3
(50.8 ng per ml) and MCTL:P25OHD3 (57.4 ng per ml)
treatments had higher blood plasma 25OHD3 concentrations
than the MCTL:PCTL (22.1 ng per ml) and M25OHD3:PCTL
(25.8 ng per ml) treatments (P = 0.037). No interactions
between MDIET and PDIET were observed at any other
sampling point.

Maternal diet as a main effect did not impact circulating
250HD3 concentrations beyond day 0 (P ≥ 0.53). However,
the post-hatch diet offered to chicks from day 0 to 21

had an interesting effect on chick circulating 25OHD3 levels
(Figure 4). Blood plasma 25OHD3 concentrations were higher
(P = 0.044) in PCTL than in P25OHD3 broilers from days
3 to 9, no difference was observed at day 12, and the effect
observed during the first 9 days was reverted on d 15, 18,
and 21 when P25OHD3 broilers had greater (P ≤ 0.005)
blood plasma 25OHD3 concentration than PCTL broilers. Our
findings contrast with the results of Hutton et al. (16) who
observed higher concentrations of circulating vitamin D on
broilers fed a diet containing a combination of 25OHD3 and
D3 compared with birds fed a diet containing D3 as the only
source of supplemental vitamin D as soon as day 7 post-hatch.
In addition, the digestive capacity of avian gastrointestinal tract
is not fully developed at hatch. Krogdahl and Sell observed
that pancreatic amylolytic and proteolytic enzyme activities in
poults increases rapidly during the first 28 days post-hatch
while lipolytic enzyme activity increased slowly and did not
reach maximum levels until 42–56 days after hatch (21). In
chicks, biliary secretions are low during the immediate days post-
hatch and may limit fat absorption (22). Therefore, fat soluble
vitamin D may have not been absorbed efficiently during early
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FIGURE 10 | Effect of bird age on duodenal proliferating proinflammatory macrophage density. This category includes cells positive for KUL01, DAPI, CD80, and

BrdU simultaneously. On each sampling day, a total of 48 birds (n =12 per MDIET × PDIET treatment from 12 blocks) were selected for tissue collection. a−dBars with

different superscripts differ at P ≤ 0.05.

days post-hatch and 25OHD3 plasma levels acquired during
embryonic stage in addition to 25OHD3 stored in the yolk sack
which is intensively absorbed during the first 5 days after hatch
may represent an important fraction of vitamin D status of
young chicks.

Broiler Chicken Growth Performance
Contrary to hatched chick circulating vitamin D concentrations,
maternal diet did not affect chick BW at the day of hatch
(P = 0.764; Supplementary Table 3). The combination of
maternal and post-hatch supplementation with 25OHD3 did
not impact MCADBWG, MCFI, or MCADFI at any sampling
point (days 3, 6, 9, 12, 15, 18, or 21; P ≥ 0.080). No
interactions of MDIET and PDIET were observed for the
variables BW or MCBWG at any sampling point except for
day 15. At post-hatch day 15, significant interactions between
MDIET and PDIET were observed (P = 0.023 and P =

0.022, respectively); however, for these variables, the P-value
is significant as it is <0.05; however, there is no difference in
the superscripts of treatments. In this case the P-value of the
interaction is lower but very close to the established level of
significance; however, P-values computed by multiple pairwise

comparisons test are higher than the alpha significance level
established (α = 0.05). Finally, birds fromM25OHD3:P25OHD3
had a higher (worse) MCFCR at day 15 compared with
birds from MCTL:P25OHD3 broilers (1.424 vs. 1.293; P =

0.004) as a result of a numerically lower MCBWG from
days 0 to 15.

In literature, the effects of supplementing broiler diets with
25OHD3 on growth performance are conflicting. While some
authors have observed improvements in body weight gain
and feed conversion (7, 8, 23), others have not observed an
impact of 25OHD3 inclusion in the diet on these growth
performance parameters (10, 16, 24). In our study, since growth
performance variables were calculated only for sampled birds
(n = 12 per treatment per day, n = 48 total per day) it
is likely that the number of birds was insufficient to detect
small differences in performance among treatments for any
sampling day.

Duodenal Crypt Cell Proliferation
Intestinal crypts are the location of the small intestinal stem
cells. These cells divide asymmetrically to produce a daughter
cell and a new stem cell. Daughter cells proliferate as they
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FIGURE 11 | Effect of bird age on total duodenal proliferating macrophage density. This category represents the sum of all proliferating (BrdU+) macrophages. On

each sampling day, a total of 48 birds (n =12 per MDIET × PDIET treatment from 12 blocks) were selected for tissue collection. a−dBars with different superscripts

differ at P ≤ 0.05.

migrate up the crypt. These proliferating undifferentiated cells
are known as transit amplifying cells. The transit-amplifying cells
differentiate into multiple cell types (enterocytes, goblet cells,
Paneth cells, and enteroendocrine cells) as they exit the crypt
and migrate up villi (25). To assess epithelial cell proliferation,
two well oriented crypts per bird were selected and analyzed,
crypt cell area was defined, and all cell nuclei (DAPI+) and
proliferating cells (BrdU+) on epithelial lining were enumerated.
These counts were then used to calculate the proportion of
proliferating cells per crypt (PPC). In our study, due to their
location in the epithelial lining of intestinal crypts and their state
of proliferation, BrdU+ cells are most likely intestinal stem cells
or transit amplifying cells.

Bird age impacted crypt PPC with the greatest PPC per
duodenal crypt observed on days 3 and 9 (39 and 41%,
respectively), and the lowest PPC per crypt was observed on day
21 (25%; P < 0.0001; Figure 5). A MDIET:PDIET interaction
was observed on duodenal PPC at day 3 (Figure 6) where
chicks from the M25OHD3:PCTL treatment had a higher PPC
than those of the MCTL:PCTL treatment (44 vs. 36%; P =

0.002). No other interactions on duodenal PPC were observed

beyond day 3; nevertheless, MDIET as a main effect impacted
duodenal PPC at day 6 (Figure 7), being broilers from the MCTL
treatment the ones with higher duodenal PPC compared with
M25OHD3 birds (37 vs. 34%; P = 0.0002). Therefore, from
our study, it appears that maternal supplementation of 25OHD3
may have a stronger effect on the modulation of duodenal
crypt cell proliferation than post-hatch diet during the first
week post-hatch.

Hence, the supplementation of broiler breeder diets with
25OHD3 may be beneficial since a greater proportion of
proliferating cells is desired in early post-hatch stage to
populate villi and ensure the functionality of epithelium
for nutrient absorption, mucous, and hormone secretion.
However, once the mucosa is fully developed, high epithelial
cell proliferation requires more nutrients that are withdrawn
from lean muscle accretion. Nevertheless, in the case of
our study, it is unclear why maternal 25OHD3 increased
proliferation especially since circulating 25OHD3 concentrations
inM25OHD3 birds were lower at hatch than that of MCTL birds.
However, it is also possible that 25OHD3 stimulates epithelial
cells directly inducing the local production of 1,25OHD3
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FIGURE 12 | Effect of bird age on duodenal proliferating cell density. This category includes cells positive for BrdU and DAPI only, mainly epithelial cells. On each

sampling day, a total of 48 birds (n =12 per MDIET × PDIET treatment from 12 blocks) were selected for tissue collection. a−cBars with different superscripts differ at

P ≤ 0.05.

to act in an autocrine manner. It is also uncertain if this
activity of 25OHD3 is mediated by genomic VDR pathway or
non-genomic pathways.

Research suggests that vitamin D may play an important
role in the development of morphology and functionality
of chicken intestinal mucosa (26), especially through the
regulation of epithelial cell proliferation. A previous study
found that supplementing layer breeder diets with 25OHD3
resulted in taller villi in the three small intestinal segments
of chicks on the day of hatch (14). Chou et al. observed
that small intestines of broilers fed a diet containing 25OHD3
tended to be lighter at day 7 post-hatch than the small
intestines of chicks fed D3 only (P < 0.1) (10). In addition,
they found that feeding 25OHD3 resulted in longer villus
height of duodenum at 21- and 28-day post-hatch and of
jejunum of birds at 14 and 28 days of age (P < 0.05).
Birds fed 25OHD3 had shorter duodenal crypt depth at day
14, 21, and 28 in jejunum (P < 0.05). As a result, birds
from the 25OHD3 treatment had a higher villus to crypt
ratio in duodenum and jejunum at days 14, 21, and 28
post-hatch (P < 0.05) (10).

How vitamin D modulates cell proliferation is still unclear;
however, evidence suggests that it may be through effects
on polyamine metabolism (26, 27). Polyamines (putrescine,
spermidine, and spermine) have a significant role in cell
proliferation and differentiation (28). An injection of 1,25OHD3,
the most active vitamin D metabolite increased the conversion
of ornithine and spermidine into putrescine in the duodenum of
the D-deficient chicks (27). Furthermore, 1,25OHD3 enhances
the activity of ornithine decarboxylase and spermidine N-
acetyltransferase rate, limiting enzymes in the conversion of
ornithine and spermidine into putrescine (27). Therefore, the
modulation of duodenal epithelial cell proliferation by vitamin
D, may be due to its effects on putrescine synthesis efficiency;
nevertheless, further studies are required to fully elucidate
this mechanism.

Duodenal Macrophage Populations
Vitamin D in its biologically active form, 1,25OHD3, has a
modulatory role in both innate and adaptive immunity (29).
Activity of 1,25OHD3 is controlled by the VDR (30). The
VDR is a transcription factor and performs its modulation of
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FIGURE 13 | Effect of bird age on total duodenal proliferating cell density. This category represents all BrdU+ cells and includes macrophages and epithelial cells. On

each sampling day, a total of 48 birds (n =12 per MDIET × PDIET treatment from 12 blocks) were selected for tissue collection. a−cBars with different superscripts

differ at P ≤ 0.05.

1,25OHD3 genomic functions by forming heterodimers with
the retinoid X receptor and regulating the expression of target
genes by binding to the vitamin D response element in the
promoter region (31). The expression of VDR in cells of
both innate and adaptive immune systems such as monocytes,
macrophages, dendritic cells, and T lymphocytes have been
previously reported (32, 33). In addition, chicken macrophages
express 1α-hydroxylase (11) allowing for the local synthesis of
1,25OHD3 from 25OHD3. However, in contrast with renal 1α-
hydroxylase which is regulated by mediators of calcium and bone
homeostasis such as PTH and 1,25OHD3 levels, macrophage
1α-hydroxylase has been reported to be regulated by immune
signals like IFN-γ and IL-1 (34). The presence of VDR and 1α-
hydroxylase D in macrophages suggests an important role of
vitamin D in the modulation of innate immunity.

In the present study, the greatest density of total macrophages
(Figure 8), macrophages (Figure 9), and proliferating,
proinflammatory (Figure 10), total proliferating macrophages
(Figure 11), proliferating cells (Figure 12), and total proliferating
cells (Figure 13) were observed at day 6, while the density
of proinflammatory macrophages was greatest at day 18
(Figure 14). It would be hard to attribute these effects to a

particular reason since no intentional immune challenge was
inflicted to the birds and other potential sources of intestinal
inflammation were not measured. However, it is possible
that the increase in total macrophages at day 6 could be
explained by the exposure of intestinal mucosa to solid feed.
It has been demonstrated that antinutrients present in feed
ingredients such as non-starch polysaccharides (NSPs) can
cause sustained inflammation in the small intestine (35).
Interactions between MDIET and PDIET were observed in
the present study. At day 21, an MDIET × PDIET interaction
was observed where birds from the M25OHD3:P25OHD3
treatment had more proliferating macrophages than the
M25OHD3:PCTL broilers (P = 0.029; Figure 15). Broiler
chickens challenged with LPS were fed a diet supplemented
with 69 µg/kg of 25OHD3 which resulted in lower expression of
IL-1β mRNA in liver, and higher expression of 1α-hydroxylase
in liver when compared with LPS challenged birds fed a diet
supplemented with 3,000 IU per kg of vitamin D3 (12). Turkeys
infected with Eimeria maxima coccidial oocysts and fed 110
µg/kg of 25OHD3 had 41% less fecal oocysts than infected
turkeys fed 27 µg per kg of 25OHD3 at 5 days post-coccidial
infection (13). Different from turkeys, no effect of 25OHD3
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FIGURE 14 | Effect of bird age on duodenal proinflammatory macrophage density. This category includes cells positive for KUL01, DAPI, and CD80 simultaneously.

On each sampling day, a total of 48 birds (n =12 per MDIET × PDIET treatment from 12 blocks) were selected for tissue collection. a−cBars with different superscripts

differ at P ≤ 0.05.

supplementation in fecal oocyst shedding was observed in
layer hens (36). Broilers fed 25OHD3 in combination with
CRINA R©, a blend of essential oils, and vaccinated with viable
sporulated oocysts from E. maxima and E. tenella had lower
intestinal lesion scores induced by E. tenella compared with
coccidia infected birds that were fed a diet containing no
supplemental 25OHD3 (37). In addition, Morris et al. observed
that supplementing diets with 100 µg per kg of 25OHD3
ameliorates reduction in body weight gain (BWG) induced
by coccidial infection at 15 days post-infection in layers (36).
Coccidia infected layers fed diets containing 6.25, 25, or 50 µg
per kg of 25OHD3 had 15% BWG reductions compared with
non-infected birds fed similar levels of 25OHD3, while birds
fed 100 µg per kg of 25OHD3 had only 4% BWG reduction
(36). It is apparent that 25OHD3 supplementation has more
potent effect on immunity during immune challenges than
during homeostatic conditions. Evidently, the inclusion of
25OHD3 in poultry diets increases immune competence,
especially in the protection against coccidial and bacterial
infection. The anti-inflammatory action of 25OHD3 may be
the result of increased extrarenal activation of vitamin D as

a result of an increased expression of 1α-hydroxylase and
subsequent conversion of 25OHD3 to the active metabolite,
1,25OHD3, which can be a compensatory mechanism to reduce
inflammation (12).

Overall, our findings indicate that combining maternal
and post-hatch dietary supplementation with 25OHD3 affects
duodenal crypt cell proliferation and intestinal macrophage
populations with important effects on macrophage proliferation.
Feeding supplemental 25OHD3 in poultry diets has previously
been reported to aid during bacterial and parasitic infection,
benefits of 25OHD3 supplementation may be accentuated
during an immune challenge and may not be as evident
in unchallenged conditions like those of our study. Future
studies should be conducted to evaluate how combinations
of maternal and post hatch 25OHD3 supplementation affects
broiler intestinal innate immunity and intestinal development
parameters. Finally, additional research should be performed
to improve our understanding of the effects of breeder hen
age and maternal vitamin D supplementation on 25OHD3
concentrations of broiler chicks at hatch and during the first
week post-hatch.
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FIGURE 15 | Effect of maternal and post-hatch dietary 25-hydroxycholecalciferol supplementation on day 21 broiler total proliferating duodenal macrophage density

(BrdU+ cells per mm2 ). Birds (n = 48) were sampled on each sampling day (n = 12 of each MDIET × PDIET treatment). CTL diets = Diets containing 5,000 IU of D3

per kg of feed for either breeder hen (MCTL) or broiler (PCTL). 25OHD3 diets = diets containing 2,760 IU of 25OHD3 + 2,240 IU of D3 per kg of feed for breeder hen.

(M25OHD3) or broiler (P25OHD3). a−bBars with different superscripts differ at P ≤ 0.05.
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Intestinal Macrophage and
Mitotically Active Cell Populations
A. Jacob Keel, Allan J. Calderon, Oscar J. Tejeda †, Jessica D. Starkey and

Charles W. Starkey*

Department of Poultry Science, Auburn University, Auburn, AL, United States

As antibiotic-free (ABF) broiler production continues to increase, understanding the

development and local immune response in the intestines of ABF broilers is essential.

Mitotically active cells, the majority of which will become enterocytes, help maintain the

intestinal epithelial barrier. Macrophages prevent pathogen invasion by their phagocytic

activity, functioning as immune response amplifying cells to aid in the recruitment of

additional immune cells, and stimulating cytokine production in other adjacent cells.

The objective of this experiment was to evaluate commonly used practical production

practices on intestinal cell mitotic activity and local intestinal immunological responses.

A randomized complete block design experiment with a 3 × 2 factorial treatment

structure was conducted. The 3 dietary protein sources were: soybean meal (SBM), a

mix of 50% poultry by-product meal and 50% feather meal (PFM), and porcine meat

and bone meal (MBM) and broilers were reared on either new litter (NL) or used litter

(UL). On d 3, 8, 11, 15, and 21, 6 birds per treatment from 6 blocks (total n = 36

per d) were randomly selected for sampling. Broilers were injected intraperitoneally

with 5’-bromo-2’-deoxyuridine (BrdU) 1 h prior to sampling to label mitotically active

cells. Samples were analyzed using cryohistology and immunofluorescence to determine

the density of mitotically active cells and macrophages. Mitotically active cell and

macrophage densities changed in both the duodenum and ileum over time. Neither

dietary protein source nor litter condition affected mitotically active cell or macrophage

densities in the duodenum on d 11 and 21 or in the ileum on d 3, 8, 11, and 15. However,

on d 3 and 15 in the duodenum (P ≤ 0.0126) and d 21 in the ileum (P ≤ 0.0009), broilers

reared on UL had greater mitotically active cell densities than those reared on NL. On d 8

in the duodenum, broilers fed MBM had increased macrophage density compared with

those fed PFM and SBM (P ≤ 0.0401). These results indicate dietary protein source and

litter condition may impact the physiology of the broiler small intestine, though additional

work with this model is necessary to understand the underlying mechanisms.

Keywords: broiler chicken, intestinal innate immunity, macrophage, mitotic activity, litter conditions, dietary

protein source
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INTRODUCTION

The broiler industry is primarily concerned with producing
broiler growth via lean muscle accretion; however, several
different physiological systems support the complex process of
muscle growth and development. Although necessary, these
systems can place a burden on broiler metabolism and reduce
the efficiency of muscle protein accretion by requiring energy
and nutrients that could be utilized for lean muscle growth.
It has been estimated that maintenance of the gastrointestinal
tract (GIT) alone requires 25% of the total basal metabolic
needs of an animal, while this tissue does not contribute as
significantly as leanmuscle tissue to the profit gained from broiler
processing (1). However, growth and maintenance of the GIT are
important for it to perform its roles of digestion and nutrient
absorption, without which muscle growth would be impossible.
Intestinal growth and maintenance are supported by two groups
of proliferative cells, and these are intestinal stem cells (ISC) and
transit amplifying (TA) cells. As ISC divide, the daughter cells
enter the TA cell pool, which divide and differentiate into the
mature cell types of the intestinal epithelium (2).

Intestinal epithelial cells continuously migrate up the villi and
are shed upon reaching the tip. Also, the intestinal epithelium
provides some immune protection as its integrity must be
maintained to prevent translocation of microorganisms into host
tissue. Furthermore, there is a strong presence of immune cells
within the GIT, and it contains the largest pool of tissue-resident
macrophages found in the body (3). This helps illustrate the
vital role the GIT plays in maintaining the health of an animal,
by defending against ingested pathogens and managing the
growth and composition of the intestinal microbiota. Therefore,
in order to continue improving the sustainability and efficiency
of broiler production, it will be important to develop a better
understanding of the broiler GIT in terms of its development,
maintenance, and immune functions.

Currently, the broiler industry is experiencing a shift away
from the use of antibiotic growth promoters (AGP). As of 2019,
more than 50% of broilers produced in the United States were
reared under some type of antibiotic-free (ABF) program (4).
In the past, the broiler industry has relied on AGP to improve
the efficiency of broiler production as research has indicated
that AGP reduce intestinal length and weight and produce
an anti-inflammatory effect (5–7). Thus, these two benefits of
AGP help to shift the partitioning of energy and nutrients
away from metabolic functions, such as GIT maintenance and
immunology, that can be unfavorable to broiler production.
Overall, this contributes to improved growth performance,
health, and mortality of broilers receiving AGP (8).

Antibiotic-free broiler production has increased the incidence
of enteric diseases like coccidiosis and necrotic enteritis (NE),
both of which can induce costly production loses (9–11). Certain
controllable elements of broiler management, such as dietary
protein source and litter condition, may influence the occurrence
of enteric disease (12, 13). The control of coccidiosis and NE,
whether through exogenous treatments or by the broiler immune
system itself, is important as some research has suggested that
high growth rate broilers may be less adept at quickly controlling

and resolving an immune challenge (14, 15). A prolonged
immune response can lead to worsened feed conversion ratio
(FCR), increased immune protein synthesis, and increased liver
mass (16). Immune proteins differ in amino acid ratios compared
with skeletal muscle proteins, and diets are formulated to meet
the requirements of skeletal muscle, which may mean that
during an immune response the appropriate amino acids are not
provided in the diet. Thus, skeletal muscle may act as an amino
acid reservoir and be catabolized to free amino acids needed for
sufficient immune function (17). In the face of present challenges
of ABF broiler production, it is aware that knowledge is lacking
in the areas of broiler GIT development and immunology that
may aid in revealing and evaluating appropriate AGP alternatives
and improving broiler performance in an ABF environment.
Therefore, the major objectives of this study were to establish
an experimental model where 2 major GIT development and
local immune parameters could be measured and simultaneously
assess how dietary protein source and litter condition influence
these variables in young broilers. The success of the methods and
changes over time described here will aid in the future study of
GIT development and health in ABF broilers.

MATERIALS AND METHODS

All procedures involving the use of live birds in this work were
approved by the Auburn University Institutional Animal Care
and Use Committee under protocol 2017-3146.

Dietary and Litter Treatments
This experiment was a randomized complete block design (n =

50 blocks, each comprised of 6 pens, with each pen representing a
different treatment) with a 3× 2 factorial treatment arrangement.
Three diets were fed, differing primarily in the dietary protein
source included. The dietary protein sources were soybean meal
(SBM), porcine meat and bone meal (MBM), and a 50:50%
poultry by-product and feathermealmix (PFM). These diets were
formulated based on diets typically fed in the broiler industry,
therefore, each of the diets contained some SBM, but the MBM
and PFM diets included 4%MBMor PFM, respectively (Table 1).
Two different litter conditions were also used to imitate common
industry practices. Broilers were either reared on new litter (NL;
fresh pine shavings) or used litter (UL: pine shavings previously
used by 3 flocks). The UL was obtained from the Auburn
University Poultry Research Unit and was previously used in
nutrition experiments, not disease trials, making it a suitable
mimic of reused industry litter.

Bird Husbandry
On d of hatch, 1,500 Yield Plus × Ross 708 female broiler
chicks (Aviagen Group, Huntsville AL) were received from a
commercial hatchery. Each bird was tagged with a wing tag for
identification, individually weighed to determine d 0 bodyweight,
and randomly distributed to 300 pens (n = 5 birds per pen
at placement; 0.04 m2 per bird). On d 8, each pen was culled
to 3 birds per pen (0.07 m2 per bird). Each raised floor pen
was equipped with 1 feeder and 2 water nipples, providing ad
libitum access to feed and water. A crumbled starter diet was
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TABLE 1 | Composition of starter diets fed to broilers reared to 21 d-of-age.

Dietary protein source treatment

Ingredient, % MBMa PFMb SBMc

Corn 61.07 65.52 60.42

MBMa 4 - -

PFMb - 4 -

SBMc 32.29 27.79 35.54

Soybean oil 0.94 0.5 1.47

Dicalcium phosphate 0.55 0.95 1.34

Calcium carbonate 0.57 0.67 0.69

Salt 0.37 0.36 0.33

Phytase 0.01 0.01 0.01

Vitamin and mineral premixd,e 0.2 0.2 0.2

aMBM, porcine meat and bone meal.
bPFM, 50% poultry by-product and 50% feather meal.
cSBM, soybean meal.
dVitamin premix provided the following per kilogram of diet: Vitamin A (Vitamin A

acetate), 9,370 IU; Vitamin D (cholecalciferol), 3,300 IU; Vitamin E (DL-alpha tocopheryl

acetate), 33 IU; menadione (menadione sodium bisulfate complex), 2mg; Vitamin B12

(cyanocobalamin), 0.02mg; folacin (folic acid), 1.3 mg: D-pantothenic acid (calcium

pantothenate), 15mg; riboflavin (riboflavin), 11mg; niacin (niacinamide), 44mg; thiamin

(thiamin mononitrate), 2.7mg; D-biotin (biotin), 0.09mg; and pyridoxine (pyridoxine

hydrochloride), 3.8mg.
eMineral premix includes per kg of diet: Mn (manganese sulfate), 120mg; Zn (zinc sulfate),

100mg; Fe (iron sulfate monohydrate), 30mg; Cu (tri-basic copper chloride), 8mg; I

(stabilized ethylenediamine dihydriodide), 1.4mg; Se (sodium selenite), 0.3mg.

supplied throughout the experiment (1–21 d). At placement,
ambient temperature was set at 30.5◦C and reduced to maintain
bird comfort as the birds aged, with a final set point of 24.5◦C
on d 21. From d 0–7, birds were exposed to 30 lux of light for
23 h, and from d 8 to 21, the lighting was adjusted to 18 h of
light at 10 lux with 6 h of darkness. Individual bird body weights
were recorded, and pen feeder weights were collected to calculate
individual bodyweight gain (BWG) and mortality corrected pen
feed intake (MCFI). Mortality was recorded daily, and FCR was
mortality corrected (Supplementary Table 1).

Tissue Sample Collection and Analysis
Bromodeoxyuridine Injection
Sample collection was performed on d 3, 8, 11, 15, and 21.
On each sampling day, 6 blocks were randomly selected, and
1 bird was randomly selected from each of the pens in those
blocks for sample collection (total n = 36 sampled per sampling
day). Birds were injected intraperitoneally with an aqueous
solution (25mg per mL) of 5’-bromo-2’-deoxyuridine (BrdU;
Alfa Aesar, Haverhill, MA; 100 µg of BrdU per g of body
weight) to label mitotically active cells, as described by Hutton
et al. (18). Following BrdU injection, birds were placed in
disposable containers for 1 h to allow BrdU to be incorporated
into mitotically active cells. BrdU is incorporated into the DNA
of proliferating cells in S-phase of mitosis, providing a label that
can be detected during later immunofluorescence microscopy
analysis. After the 1 h cell-labeling period, birds were euthanized
by CO2 asphyxiation, followed by immediate cervical dislocation.

Immediately following euthanasia, tissue samples were
collected from the proximal and distal small intestine,
duodenum, and ileum, respectively. The duodenal samples
were collected just distal to the duodenal loop to avoid accidental
inclusion of pancreatic tissue, and the ileal samples were collected
proximal to the ileocecal junction. After being excised, the small
intestine samples were flushed with phosphate buffered saline
(PBS; pH 7.4; Invitrogen, Carlsbad, CA) to remove intestinal
contents. The samples were then flash frozen in liquid nitrogen
and stored at −80◦C. Before freezing, the cylindrical samples
were cut lengthwise to better expose the mucosal surface to the
liquid nitrogen and promote rapid freezing, rather than slow
freezing which would damage the morphology of the tissue.

Cryohistological Analysis
Samples were held at −20◦C for 24 h to bring samples to
an appropriate temperature for cryosectioning. After being
embedded in frozen section compound (VWR International,
Westchester, PA), 5-µm thick cryosections were collected from
the intestinal samples, transverse to the length of the intestine,
using a Leica CM 1950 cryomicrotome. The cryosections were
mounted on positively charged glass slides (VWR International;
5 cryosections per slide) and stored at 4◦C for no more than 48 h
before immunofluorescence staining.

Immunofluorescence Staining
Cryosections were fixed and immunofluorescence stained
following previously publishedmethods with somemodifications
as described below (18–20). All procedures were conducted
at room temperature. Slides were first rehydrated in PBS for
10min and then fixed in paraformaldehyde (4% in PBS; VWR
International) for 10min, followed by 2 rinses in PBS. Next,
slides were treated with 0.5% Triton X-100 (VWR International)
for 10min to permeabilize the cell membranes. Following
permeabilization, slides were exposed to 1N hydrochloric acid
for 10min to denature the DNA and improve BrdU detection,
followed by a single rinse in PBS. The slides were then
incubated for 30min in a blocking solution containing 10%
horse serum (Sigma-Aldrich), 2% bovine serum albumin (VWR
International), and 0.2% Triton X-100 in PBS to prevent non-
specific antibody binding. Antibody reactions were conducted
in a dark, humidified box. Primary antibodies were diluted in
blocking solution and allowed to react with tissue cryosections
for 1 h, followed by rinsing 3 times for 5min per rinse in PBS.
Similarly, secondary antibodies were also diluted in blocking
solution and allowed to react with tissue cryosections for 30min,
followed by rinsing 3 times for 5min per rinse in PBS. Then,
the cryosections were exposed to 4’, 6-diamidino-phenylindol
(DAPI; 1 µg per mL; VWR International) to label all nuclei
within the tissue and immediately rinsed twice in PBS. Slides
weremounted using florescencemountingmedia with Tris buffer
(Fluoro-gel, Electron Microscopy Sciences, Hatfield, PA) and
thin glass coverslips (VWR International), then permanently
sealed with clear fingernail polish (Sally Hansen, New York, NY)
and allowed to dry at room temperature. All cryosections were
digitally imaged within 72 h of immunofluorescence staining.
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FIGURE 1 | Effect of dietary protein source and litter condition on

macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per

mm2 ) in the duodenum of 3-d-old broilers (n = 36 per sampling d, 6 birds per

treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and

50% feather meal blend; SBM, soybean meal; NL, new litter; UL, used litter.
a,bBars of the same color representing means from either dietary protein

source or litter condition with different superscripts differ at P ≤ 0.05.

Primary and Secondary Antibodies
Primary antibodies were as follows: mouse monoclonal
IgG1 anti-chicken monocyte/macrophage [KUL01, 1:500
dilution, Cat. No. SC52603, Santa Cruz Biotechnology,
Santa Cruz, CA, validated by Mast et al. (21)] and mouse
monoclonal IgG2a anti-BrdU (1:500 dilution, Cat. No. MA3-
071, Invitrogen, Thermo Fisher Scientific Inc., Waltham,
MA). Secondary antibodies (Invitrogen; 1:1000 dilution)
were: Alexa-Fluor 546 goat anti-mouse IgG1 (Cat. No.
A21123) and Alexa-Fluor 633 goat anti-mouse IgG2a (Cat.
No. A21136).

Fluorescence Photomicroscopy and Digital Image

Analysis
After immunofluorescence staining, cryosections were imaged
at 200X magnification using a semi-automated inverted
fluorescence microscope (Nikon Eclipse Ti-U; Nikon
Instruments, Inc., Melville, NY) equipped with a solid-state
LED light source (Lumencor SOLA Sm II 365 light engine).
Images were captured and analyzed using an Evolve 512 EMCCF
camera (Photometrics, Tuscon, AZ) and the Basic Research
version of Elements software (Nikon Instruments, Inc.). Two
representative images were captured from each slide (1 slide
per bird), focusing on the crypt region of the tissue section.
The area of mucosa in each image was measured, and BrdU+
mucosal nuclei and macrophages located within the lamina
propria were counted to calculate mitotically active cell and
macrophage density, which are reported as the number of
positive cells per square millimeter. All nuclei determined

to be positive for BrdU were also labeled with DAPI, a
nuclear counterstain. Representative digital images illustrating
detection of KUL01+ macrophages, including pro-inflammatory
and anti-inflammatory macrophages, and mitotically active cells
in duodenal and ileal cryosections of 21-d-old broilers are shown
in Figure 1.

Statistical Analysis
All data were subjected to 2 and 3-way analysis of variance
using the GLIMMIX procedure of SAS version 9.4 (SAS Institute,
Cary, NC), which is suitable for both normally and non-normally
distributed datasets. For the 2-way ANOVA dietary protein
source and litter condition served as the fixed effects with bird
as the experimental unit with 6 replicates per treatment per
sampling time point. For the 3-way ANOVA, dietary protein
source, litter condition, and time (bird d-of-age) served as the
fixed effects to assess their impact on cell populations over time.
The Satterthwaite adjustment was used to correct the degrees of
freedom and the PDIFF option was used to conduct the pairwise
least square means separation analysis. For all variables, the
means were separated at P ≤ 0.05.

RESULTS AND DISCUSSION

The major goal of this work was to establish experimental
procedures to assess GIT developmental (mitotically active cell
density) and local immune (total macrophage density) responses
while simultaneously determining how dietary protein source,
litter condition, and time (bird age) impact these variables.
The ability to successfully evaluate local cellular responses
will improve our overall understanding of what is required
to successfully feed and manage broilers in ABF production
systems. Interestingly, no 2 or 3-way interactions among the fixed
effects of dietary protein source, litter condition, and time (broiler
d-of-age) were observed for either mitotically active cell density
or macrophage density (P > 0.05). Therefore, the results are
presented as fixed effects within a sampling age time point and
over time by tissue (duodenum and ileum).

Mitotic activity of GIT cells is required for maintenance and
growth of intestinal villi but increases in mitotically active cell
density may also be needed to replace villus cells that were
damaged due to some type of insult or in response to changes
in enterocyte migration rate. In this study, on d 3 and 15 (P ≤

0.0126; Figures 2, 3, respectively) and d 21 in the ileum (P ≤

0.0009; Figure 4), broilers reared on UL had greater duodenal
mitotically active cell density than those reared on NL (1,481
vs. 1,202 on d 3 and 1,540 vs. 1,298 on d 15 in the duodenum;
1,484 vs. 1,244 on d 21 in the ileum). Chickens are often
observed scratching, pecking, and consuming litter, and in the
case of used litter, which can contain microorganisms shed by
past flocks, litter consumption could expose chicks to pathogens
or other microorganisms that they are not immunologically
mature enough to manage or defend against. Previous research
has indicated that UL can alter the profile of the intestinal
microbiota toward more intestinal derived microbes (12). The
microbiota may play a role in regulating intestinal epithelial
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FIGURE 2 | Effect of dietary protein source and litter condition on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the

duodenum of 15-d-old broilers (n = 36 per sampling d, 6 birds per treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and 50% feather meal

blend; SBM, soybean meal; NL, new litter; UL, used litter. a,bBars of the same color representing means from either dietary protein source or litter condition with

different superscripts differ at P ≤ 0.05.

FIGURE 3 | Effect of dietary protein source and litter condition on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the ileum of

21-d-old broilers (n = 36 per sampling d, 6 birds per treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and 50% feather meal blend; SBM,

soybean meal; NL, new litter; UL, used litter. a,bBars of the same color representing means from either dietary protein source or litter condition with different

superscripts differ at P ≤ 0.05.

proliferation (22). Although it cannot be definitively stated based
on the parameters measured in this study, the higher density
of mitotically active cells may be due to an altered intestinal
microbiota in broilers reared on UL. Parker et al. suggested that
under the influence of TNF-induced intestinal inflammation,
murine villi decrease in size due to apoptosis of enterocytes of
the villus body but a change in proliferation rate was not observed

(23). However, changes in proliferation rate during the resolution
of inflammation were not studied, and changes may occur during
this time to return the tissue to its homeostatic state.

Neither dietary protein or litter condition altered mitotically
active cell or macrophage densities on d 11 and 21 in the
duodenum (P ≥ 0.1016; Figures 5, 6, respectively) or on d 3, 8,
11, and 15 in the ileum (P ≥ 0.059; Figures 7–10, respectively).
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FIGURE 4 | Effect of dietary protein source and litter condition on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the

duodenum of 11-d-old broilers (n = 36 per sampling d, 6 birds per treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and 50% feather meal

blend; SBM, soybean meal; NL, new litter; UL, used litter.

FIGURE 5 | Effect of dietary protein source and litter condition on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the

duodenum of 21-d-old broilers (n = 36 per sampling d, 6 birds per treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and 50% feather meal

blend; SBM, soybean meal; NL, new litter; UL, used litter.

Though macrophage density was greater in the duodenum of
broilers fed MBM on d 8 (781 vs. 682 and 686 macrophages
per mm2, MBM, PFM, and SBM, respectively; P ≤ 0.0401;
Figure 11). An increase in local macrophage density could be
the result of a local, mild immune response which would
recruit proinflammatory macrophages to the area. There is some
evidence suggesting that diets containing high levels of glycine,
such as those including MBM, support the proliferation of

Clostridium perfringens, which is the primary causative agent of
necrotic enteritis. Wilkie et al. established a positive correlation
among dietary and ileal glycine content with C. perfringens
numbers in the ileum and ceca in broilers orally inoculated
with C. perfringens and fed a variety of protein sources (13).
Necrotic enteritis lesions typically affect the lower portions of
the small intestine, but lesions can occur in the duodenum (24).
Dahiya et al. (25) found that in broilers orally challenged with C.
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FIGURE 6 | Effect of dietary protein source and litter condition on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the ileum of

3-d-old broilers (n = 36 per sampling d, 6 birds per treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and 50% feather meal blend; SBM,

soybean meal; NL, new litter; UL, used litter.

FIGURE 7 | Effect of dietary protein source and litter condition on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the ileum of

8-d-old broilers (n = 36 per sampling d, 6 birds per treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and 50% feather meal blend; SBM,

soybean meal; NL, new litter; UL, used litter.

perfringens higher inclusion of glycine in the diet increased the
C. perfringens populations in the ceca, and they also noted the
occurrence of duodenal lesions (25). Higher glycine content in
the MBM diet could predispose broilers to necrotic enteritis and
be the cause of the higher macrophage density observed in this
study; however, this result was only observed at one timepoint
and occurred in the duodenum, which can be, but is not typically
affected by C. perfringens.

Mitotically active cell density changed in both the duodenum
and ileum over time. Mitotically active cell density of the
duodenum increased on d 8 to 1,694 mitotically active cells per
mm2, decreased on d 15 to 1,444 mitotically active cells per
mm2, and increased again on d 21 to 1,746 mitotically active cells
per mm2 (P ≤ 0.0001; Figure 12), and in the ileum, mitotically
active cell density increased to its highest value on d 11 at 2,016
mitotically active cells per mm2, decreased on d 15 to 1,755
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FIGURE 8 | Effect of dietary protein source and litter condition on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the ileum of

11-d-old broilers (n = 36 per sampling d, 6 birds per treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and 50% feather meal blend; SBM,

soybean meal; NL, new litter, UL, used litter.

FIGURE 9 | Effect of dietary protein source and litter condition on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the ileum of

15-d-old broilers (n = 36 per sampling d, 6 birds per treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and 50% feather meal blend; SBM,

soybean meal; NL, new litter; UL, used litter.

mitotically active cells per mm2 and decreased again, to its lowest
value of 1,364 mitotically active cells per mm2, on d 21 (P ≤

0.0001; Figure 13). The GI tract of chicks quickly develops, both
in maturity and overall size, post-hatch to facilitate rapid ability
to digest and absorb nutrients from ingested feed, and this must
be accomplished by mitotic activity. Geyra et al. described the
development of chick enterocytes as occurring in 2 periods (26).
During the first 24 h post-hatch, enterocytes differentiated from

small, round cells lacking a well-defined brush border to the
polar shape of mature enterocytes with a distinct brush border.
During the second period, from d 3–6, the enterocytes in the
duodenum increased in cell length; however ileal enterocytes did
not undergo significant morphological change post-hatch. In a
study by Iji et al. it was observed that duodenum and ileum length
increased until d 7 but not after d 14, with similar results of villus
surface area (27). Therefore, the timepoints selected in this study
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FIGURE 10 | Effect of dietary protein source and litter condition on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the

duodenum of 8-d-old broilers (n = 36 per sampling d, 6 birds per treatment). MBM, meat and bone meal; PFM, 50% poultry by-product and 50% feather meal blend;

SBM, soybean meal; NL, new litter; UL, used litter. a,bBars of the same color representing means from either dietary protein source or litter condition with different

superscripts differ at P ≤ 0.05.

FIGURE 11 | Effect of bird age on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the duodenum of broilers (n = 36 per

d-of-age). a−d and A−DBars of the same color with different superscripts differ at P ≤ 0.05.

likely did not capture the early development of the intestine and
changes observed as the birds aged may be in response to some
type of environmental stimuli rather than efforts to increase the
overall volume of intestinal mucosa.

Macrophage density was lowest on d 3 in the duodenum
(453 macrophages per mm2) and followed a pattern of
increasing and decreasing with each timepoint thereafter
(P ≤ 0.0001; Figure 12). In the ileum, macrophage density

was also lowest on d 3 at 411 macrophages per mm2 but
increased until d 15 to 610 macrophages per mm2 and
decreased on d 21 to 558 macrophages per mm2 (P ≤ 0.0001;
Figure 13). There is a lack of literature discussing changes
in macrophage density in the intestines of a growing and
developing animal. Therefore, it is possible that the changes
in macrophage density observed over time represent changes
that typically occur rather than an influx of macrophages
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FIGURE 12 | Effect of bird age on macrophage (KUL01+) and mitotically active (BrdU+) cell densities (cells per mm2 ) in the ileum of broilers (n = 36 per d-of-age). a−d

and A−DBars of the same color with different superscripts differ at P ≤ 0.05.

FIGURE 13 | Representative digital images illustrating immunofluorescence detection of macrophages (KUL01+), including pro-inflammatory and anti-inflammatory

macrophages, and mitotically active (proliferating; BrdU+) cells in duodenal (A,B) and ileal (C,D) cryosections of 21-d-old broilers. (A,C) Total macrophages (red,

KUL01+). (B,D) Mitotically active cells (pink, BrdU+). Scale bar = 100µm.

in response to some type of enteric insult. This could be
further studied by differentiating pro and anti-inflammatory
macrophages as intestinal resident macrophages express
an anti-inflammatory profile while macrophages recruited

to the intestines during an immune response express a
proinflammatory profile (28).

In conclusion, this study establishes an experimental model

to evaluate 2 important GIT and local immune developmental
parameters while simultaneously evaluating how dietary protein

source and the condition of the litter influence these parameters

in an ABF environment. Ultimately, increased mitotically active
cell density observed in broilers reared on UL and increased
macrophage density in broiler fed MBM represent a use of
energy and amino acids, which must be supplied through
the diet, not directly utilized to support lean muscle growth.
As producing lean meat products is the primary goal of
the broiler industry, the underlying mechanisms producing
these results warrants future study. This model will allow
these questions, along with others related to ABF broiler
production and enteric diseases, to be further explored in an
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effort to continue improving the efficiency and sustainability of
animal agriculture.
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Alma Vázquez-Durán 1, María de Jesús Nava-Ramírez 1, Guillermo Téllez-Isaías 2 and

Abraham Méndez-Albores 1*

1Unidad de Investigación Multidisciplinaria L14 (Alimentos, Micotoxinas, y Micotoxicosis), Facultad de Estudios Superiores

Cuautitlán, Universidad Nacional Autónoma de México, Mexico City, Mexico, 2Department of Poultry Science, University of

Arkansas, Fayetteville, AR, United States

Aflatoxins are the most hazardous fungal-generated secondary metabolites produced

by toxigenic Aspergillus species. These toxins are frequently detected in food and

feed and impose either acute or chronic effects in humans and animals, causing

great public concern. Because of the adverse effects of aflatoxins, many physical,

chemical, and biological decontamination approaches have been developed. However,

the most commonly used procedure is the addition of adsorbent materials into

aflatoxin-contaminated diets to reduce toxin absorption and distribution to blood and

target organs. In recent times, sorption technology with agro-waste-based materials has

appeared as a promising alternative over conventional binding agents with the benefits

of low cost, higher rentability, feasibility, and exceptional efficiencies. This review is mainly

focused on discussing the most important agro-waste-based materials able to adsorb

aflatoxins such as pomaces, seeds, stems, hulls, peels, leaves, berries, lignins, fibers,

weeds, and various horticultural byproducts. Further data of the in vitro, in vivo, and

in silico efficacy of these biomaterials to adsorb and then desorb aflatoxins are given.

Besides, an overview of the main characterization techniques used to elucidate the most

important physical and chemical mechanisms involved in the biosorption is presented.

Finally, conclusions and future research necessities are also outlined.

Keywords: aflatoxins, agro-waste-based materials, biosorption, characterization techniques, decontamination

INTRODUCTION

Mycotoxins are a group of low molecular weight substances synthesized during the secondary
metabolism of toxigenic fungi. These metabolites vary from simple compounds like moniliformin
to very complex chemical structures such as the macrocyclic hexapeptide mycotoxins (1). Up
to now, approximately 400 mycotoxins are known (2); however, scientific attention is mainly
focused on those of greatest public health and agro-economic importance, such as aflatoxins,
ochratoxins, patulin, fumonisins, trichothecenes (nivalenol, deoxynivalenol, T-2 and HT-2 toxins),
and zearalenone. These mycotoxins account for millions of dollars in annual losses because these
compounds may exert severe adverse health effects in both humans and animals.
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FIGURE 1 | 3D visualization of the chemical structure of aflatoxin B1 (AFB1),

aflatoxin B2 (AFB2), aflatoxin G1 (AFG1 ), and aflatoxin G2 (AFG2). Created with

BioRender.com.

Aflatoxins are furanocoumarin derivatives produced
by several species of Aspergillus section Flavi (3). Four
principal aflatoxins are produced (Figure 1); Aspergillus
togoensis synthesize aflatoxin B1 (AFB1) only; A. flavus and
A. pseudotamarii synthesize aflatoxin B1 (AFB1) and aflatoxin
B2 (AFB2); while A. aflatoxiformans, A. arachidicola, A.
austwickii, A. cerealis, A. luteovirescens, A. minisclerotigenes,
A. mottae, A. nomius, A. novoparasiticus, A. parasiticus, A.
pipericola, A. pseudocaelatus, A. pseudonomius, A. sergii, and A.
transmontanensis produce AFB1, AFB2, aflatoxin G1 (AFG1),
and aflatoxin G2 (AFG2) (4). AFB1 has a range of biological
activities such as acute toxicity, teratogenicity, mutagenicity,
and carcinogenicity (5); consequently, aflatoxins, including
AFB1, AFB2, AFG1, AFG2, and aflatoxin M1 (AFM1) have
been classified as carcinogenic to humans (Group 1) by the
International Agency for Research on Cancer (6). As many
excellent reviews on aflatoxins already exist in the literature
that outline the biosynthesis, ecology, metabolism, chemical
structure, biological effects, toxicity, occurrence, detection,
control, detoxification, and legislation, only these few lines will
be presented herein.

The increasing number of reports on the presence of aflatoxins
in food and feedstuffs dictates the necessity of safe, practical, and
economic decontamination procedures (7). Such procedures can
be categorized into physical, chemical, and biological (Figure 2).
In general, physical strategies are most effective than the other
methods. Among these, the adsorption of aflatoxins onto various
types of materials appears to be the most extensively used
procedure. In this context, inorganic binders have been reported
as the most efficient materials to remove aflatoxins in vitro and
in vivo (8); however, facing the relative inefficacy of inorganic
binders toward other mycotoxins, biosorption has been also
suggested (9). Biosorption is a property of certain biomaterials

to bind and concentrate selected ions or molecules from aqueous
solutions (10). One of the major advantages of biosorption is
its efficacy to remove aflatoxins—totally or up to satisfactory
levels—(Figure 3) along with the recycling and/or usage of waste
materials and byproducts. Biosorption technology for removing
mycotoxins is not new; in 1980, Smith (11) reported that alfalfa
and oat fibers significantly reduced the toxic effect of zearalenone
on female weanling rats. Ever since that date, an increasing
number of publications on the subject have appeared in the
scientific literature. Many of these articles have tried to prove
the in vitro and in vivo effectiveness of different biomaterials to
adsorb mycotoxins such as yeast cell wall, lactic acid bacteria,
activated carbon, and polymers. However, few of them have been
reported the use of agro-waste-based materials for the adsorption
of aflatoxins. In light of the growing interest in this rapidly
evolving subject area, we will attempt to provide an update on
the most important agro-waste-based materials used to adsorb
aflatoxins. Further data of the in vitro, in vivo, and in silico
experiments are also given. Moreover, a focus on the main
characterization techniques used to elucidate the most important
physical and chemical mechanisms involved in the adsorption
process is presented. Finally, conclusions and future research
necessities are also outlined.

TYPES OF AGRO-WASTE-BASED
ADSORBENTS

Grape and Olive (Pomaces, Seeds, and
Stems)
Grape (Vitis vinifera L.) is the largest fruit crop in the globe. In
2019, the grape production was over 98 million tons per year;
about eighty percent was used in the winemaking industry, and
the rest was for the preparation of juice, jams, and raisins (12).
For this reason, the wine industry produces millions of tons of
residues such as grape pomace (about 15million tons worldwide).
This plant-derived byproduct is inexpensive, available in large
quantities, and is also known to contain significant amounts of
valuable components that remain unexploited. Several processes
have been suggested for its utilization; however, few of them
have been focused on mycotoxin adsorption. The pomace (pulp
and skins) obtained from Primitivo grape has been demonstrated
to be an excellent aflatoxin adsorbent in vitro (13). In the
research, the adsorption experiments were carried out at 37◦C
with 1 µg AFB1/mL. In general, the authors found that
large particles yielded significantly lower adsorption uptakes;
however, adsorption slightly increased by decreasing particle size
(<500µm). The maximum adsorption value recorded for AFB1
was 82% (Table 1). Moreover, the rate of aflatoxin adsorption
was accomplished in a short period of time, 50% of adsorption
occurred in 3min, and the maximum was achieved in 15min.
Furthermore, the biomaterial was capable of adsorbing AFB1 to
the same proportion in all tested pH values (from 3 to 9), and
aflatoxin adsorption was significantly affected by the adsorbent
dosage, the percentage of mycotoxins removed from neutral pH
increased with increasing dosages of the biosorbent. By using the
Langmuir model, the authors theoretically estimated the C50 (the
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FIGURE 2 | The most important physical, chemical, and biological decontamination technologies for aflatoxin control. Created with BioRender.com.

FIGURE 3 | Biosorbents and their mode of action. Created with BioRender.com.
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adsorbent dosage to accomplish a 50% reduction of the toxin);
thus, the C50 value for AFB1 was 1.2 mg/mL. Five years later, in
another study from the same research group, Greco et al. (14)
evaluated the ability of 51 agricultural byproducts (including fruit
and grape pomaces) to adsorb AFB1. Biomaterials containing
high levels of lignin, cellulose, and polyphenols were evaluated
at a dosage of 10 mg/mL toward an aflatoxin working solution
containing 1µg/mL (Table 1). Significant AFB1-adsorption
uptakes were reported for pomegranate byproducts (seeds and
peels), artichoke, plantain peels, almond hulls, and carobs
(up to 100% removal). In general, byproducts obtained from
grapefruits (seeds and pomaces) adsorbed most aflatoxin. The
mycotoxin-binding efficacy of grape pomaces is mainly related
to the presence of micronized fibers and phenolic compounds.
As the pH influences, the interaction between mycotoxin and
biosorbent, Greco et al. (14) also conducted a desorption study
to evaluate whether a change of pH can cause toxin release.
The setup was as follows: AFB1 was adsorbed at pH 3, and
then the aflatoxin-loaded biomaterials were washed withmedium
at pH 7. In general, grape pomaces and almond hull released
<21% of the adsorbed AFB1. Additionally, Fernandes et al. (15)
reported the in vitro adsorption of AFB1 by dry micronized olive
pomace and grape stems. In the experiment, the biomaterials
(20 mg/mL) were tested in buffer solutions containing aflatoxins
(0.05, 0.5, 1, 2, 4, 6, and 10µg/mL). Significant AFB1 adsorption
efficiencies were observed (olive pomace 74% and grape stems
96%) in all tested pHs (2, 5, 7, and 8). In general, 30 mg/mL
of olive pomace and 10 mg/mL of grape stems were necessary
to achieve substantial adsorptions. Regarding desorption studies
with buffer at pH 7, olive pomace was the biomaterial with the
lowest capacity to retain the mycotoxin since desorption for
AFB1 was as high as 40%. Grape stems retained the mycotoxin
better; AFB1 was released only in a small amount,<5% (Table 1).
Commonly, grape and olive pomaces, as well as grape stems,
have good efficiencies in adsorbing mycotoxins at acid pH, and
these biomaterials are also capable of retaining the adsorbed
toxins when pH increases to 7. Consequently, the efficacy of two
of these biomaterials (pomace from white and red grapes and
almond hull) toward AFB1 was confirmed in an in vivo trial using
urinary biomarkers as indicators of the absorbed mycotoxin in
pigs (16). White grape pomace was the most effective biomaterial
since it reduced 67% of the urinary biomarker AFM1 (Table 2).
Recently, Taranu et al. (17) showed the efficacy of a grape seed
waste in counteracting the toxic effects induced by AFB1 (320
ng/g) on productive parameters, plasma levels, liver damage,
and intestinal tissues of pigs after weaning. The inclusion of
grape seed in the aflatoxin-contaminated diet (8%w/w) enhanced
the phase-I antioxidant enzymes activity, restored the pro-
inflammatory cytokines and thiobarbituric acid reactive species
(TBARS) levels, and improved the growth performance of the
AFB1-intoxicated pigs (Table 2). These findings suggest that
grape pomace and grape seed wastes are promising biomaterials
in counteracting the harmful effects of AFB1 in pigs at higher
inclusion levels (without adverse side effects). Unfortunately, the
in vivo efficacies of olive pomace and grape stems have not been
confirmed yet.

Banana Peel
Banana (Musa sapientum L.) is considered the world’s fourth
most important agricultural crop, with a worldwide production
of about 102 million tons per year (12). It is then not surprising
that banana peel —which constitutes about 30–40% of the
total fruit weight— is a widely available byproduct (over 40
million tons per year worldwide). Several processes have been
proposed for banana peel utilization; however, few of them
have been focused on mycotoxin adsorption. In this context,
Shar et al. (18) showed the effectiveness of banana peel for
the in vitro elimination of aflatoxins (AFB1, AFB2, AFG1, and
AFG2) at a concentration of 0.5µg/mL of each toxin. In general,
oven-dried banana peel was found to be more effective in
removing aflatoxins. The optimum adsorbent dosage was 60
mg/mL, and most of the adsorption occurred in 10min, while
the maximum was reached in 30min. The sorption capacity
of banana peel increased with increasing pH (from 3 to 9).
At pH 8, the maximum adsorption uptakes for AFB1, AFB2,
AFG1, and AFG2 were 74.9, 63.1, 76.1, and 92.8%, respectively
(Table 1). Desorption studies were also conducted, adsorptions
were carried out at pH 3 and 8 and desorption at pH 8
and 3, respectively. In both cases, <10% of the adsorbed
toxin was desorbed; thus, the adsorption of aflatoxins onto
this biomaterial was strong enough to sustain pH changes.
Recently, our research group showed—for the first time—
the effectiveness of unripe banana peel in removing AFB1
using a laboratory setup simulating the in vivo environment
of the poultry gastrointestinal tract (19). The gastrointestinal
tract compartments simulated were the crop (pH 5.2), the
proventriculus (pH 1.7), and the intestinal section (pH 6.7).
A typical maize-soybean meal diet contaminated with 100 µg
AFB1/kg was utilized, and the biosorbent was added into the
diet at 1.5% w/w (Table 1). In general, when using this multi-
compartmental model, banana peel presented a low AFB1-
removal capacity (28%). This considerable variation in the
efficiency of the biomaterial might bemainly due to the adsorbent
dosage, the differences in banana species/cultivar, the maturity
stage, the feed matrix effect, the consecutive incubation periods
at different pHs, as well as the enzymatic activities utilized
in the multi-compartmental model. In general, the efficacy of
banana peel in removing aflatoxins is related to the presence of
surface functional groups, the heterogeneousmicrostructure, and
pigment content (chlorophylls, carotenoids, and anthocyanins).
Further in vitro studies regarding toxin desorption and in vivo
trials to evaluate the effectiveness of banana peel, however, need
to be conducted.

Formosa Firethorn (Leaves and Berries)
Formosa firethorn [Pyracantha koidzumii (Hayata) Rehder] is a
spiny perennial shrub endemic in Taiwan. In many parts of the
world, this one and some related species of the Rosaceae family
are cultivated for decorative and walls purposes. Commonly,
this plant is used in conventional medicine due to the diuretic,
cardiac, and stimulant properties of its berries (27); however,
limited evidence exists about other possible applications. In
the scientific literature, some studies have been focused on the

Frontiers in Veterinary Science | www.frontiersin.org 4 May 2022 | Volume 9 | Article 89730246

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


V
á
zq

u
e
z-D

u
rá
n
e
t
a
l.

B
io
so

rb
e
n
ts

fo
r
A
fla
to
xin

s
A
d
so

rp
tio

n

TABLE 1 | In vitro effectiveness of different agro-waste-based materials to adsorb and desorb aflatoxins and the most important characteristic of the material related to the sorption.

Biosorbent Assay Inclusion

(%, w/w)

AFB1

(µg/mL)

Temperature

(◦C)

pH Adsorption

(%)

Desorption

(%)

Characteristic related to the sorption References

Grape pomace (pulp and skins) In vitro 0.5 1 37 3–8 range 82 4 NR (13)

Almond hull In vitro 1 1 37 7 87 6.4 High levels of lignin, cellulose, and polyphenols. (14)

Carobs 100 NR

Grape seeds 83 NR

Grape pomace 94 Up to 8.6

Pomegranate seeds 51 NR

Pomegranate peel 55 NR

Stalks and leaves of artichoke 55 21.2

Plantain peel 67 NR

Micronized grape stems In vitro 2 1 37 2, 5, 7, and

8

96 < 5 NR (15)

Micronized olive pomace 74 40

Oven-dried banana peel In vitro 6 0.5 22 3–9 range Up to 74.9 < 13.6 Surface functional groups and the heterogeneous

microstructure.

(18)

Unripe banana peel In vitro (simulated

poultry GIT conditions)

1.5 0.1 40 1.7, 5.2, and

6.7

28 NR Surface functional groups and pigment content

(chlorophylls, carotenoids, and anthocyanins).

(19)

Pyracantha leaves 46 NR

Aloe vera 69 NR

Pyracantha leaves In vitro 0.5 0.1 40 4.8–5.4 86 NR Surface functional groups, porosity and density

(formation of agglomerates).

(20)

Pyracantha berries 46 NR

Combination (leaves + berries) 82 NR

Lignins from:

Rhododendron tomentosum

In vitro 0.1 1 37 2 79.6 5.3 The total number of acidic hydroxyl groups and

the capillary-porous structure.

(21)

Althaea Officinalis 80.2 1.3

Helianthus tuberosus 71.7 14.3

Pícea 50.4 12

Lavatera 50.2 50.5

Durian peel (Durio zibthinus) In vitro/simulated GIT

digestion process

0.5 1 37 3 and 7 Up to 46 NR Porous structure, larger surface area, and higher

surface charge.

(22)

Durian peel (acid-treated) Up to 98.4 0

Cellulose A In vitro/simulating the

digestion procedure of

pigs

0.5 0.01 39 2 and 6.8 −31 NR NR (23)

Cellulose B 4 NR

Lettuce (Lactuca sativa L.) In vitro 0.5 and 0.1 0.19 40 2, 5, and 7 95 NR Surface functional groups and the formation of

AFB1-chlorophyll complexes.

(24)

Field horsetail (Equisetum arvense L.) 71 NR

Pyracantha leaves 60 NR

Lettuce (Lactuca sativa L.) In

vitro/Dynamic Gastrointestinal

Tract-Simulated Model

0.5 0.1 40 2, 5 and 7 84 NR Non-electrostatic interactions (hydrophobic

interactions, dipole-dipole interactions, and

hydrogen bonding) and electrostatic interactions

(ionic attractions) together with the formation of

AFB1-chlorophyll complexes.

(25)

Kale (Brassica oleracea L.) 94 NR

Lithothamnium calcareum In vitro 0.2 1 37 3 and 6 78 NR NR (26)

GIT, gastrointestinal tract; NR, not reported.
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TABLE 2 | In vivo efficacy of agro-waste-based materials in counteracting the harmful effects of aflatoxins.

Biosorbent Specie Total animal

number/(per

experimental

group)

Inclusion

(%, w/w)

AFB1 (µg/g) Efficacy References

White grape pomace Weaned piglets 28/(4) 2.8 0.02 67% reduction for biomarker of

AFB1 (AFM1 ).

(16)

Red grape pomace None

Pod pea None

Almond hull None

Grape seed meal Weaned piglets 24/(6) 8 0.32 Ameliorated growth

performance, decreased

pro-inflammatory cytokines and

TBARS levels, and enhanced the

total capacity antioxidant in

plasma and organs.

(17)

Lithothamnium

calcareum

Male broiler

chickens

64/(4) 0.2 1.018 Improved productive

parameters, reduced the relative

weight of the liver and

macroscopic and microscopic

changes, and improved some

biochemical parameters.

(26)

AFM1, aflatoxin M1; TBARS, thiobarbituric acid reactive species.

efficacy of P. coccinea berries for removing synthetic dyes (28–
30). To date, there are only three studies —from our research
group— regarding the biosorption potential of P. koidzumii
against aflatoxins. Ramales-Valderrama et al. (20) reported the
in vitro adsorption of AFB1 and AFB2 onto leaves, berries,
and the combination of leaves and berries of P. koidzumii.
The biosorbents were employed at 0.5% (w/v) in samples
contaminated with 100 ng B-aflatoxins/mL. In the experiment,
the ratio of AFB1 to AFB2 tested was 7:3, and adsorption
was evaluated at 40◦C up to 24 h. In general, the highest
aflatoxin adsorption values were 86 and 82% using leaves and
the combination of leaves and berries, respectively. A modest
biosorption uptake (46%) was reported when using berries
(Table 1). Unfortunately, most of the adsorption occurred in
a long period of time (up to 6 h). Following this line, Zavala-
Franco et al. (19), using a laboratory setup simulating the in
vivo environment of the poultry gastrointestinal tract, showed
the effectiveness of Pyracantha leaves in removing AFB1 (in
this work, berries and the mixture of leaves/berries were not
evaluated). All conditions used in the adsorption experiments
were identical to those described in section Banana Peel. Using
this multi-compartmental model, the authors indicated that the
efficacy of the biomaterial was moderate; the biosorption uptake
achieved was 46% (Table 1). However, neither desorption studies
nor the in vivo effectiveness of these biosorbents have been
reported yet. Very recently, using a theoretical perspective with
density functional theory (DFT), Méndez-Albores et al. (31)
showed the interaction of the AFB1 molecule and the chemical
functional groups present in the surface of the P. koidzumii
adsorbent. Hydroxyl, amino, carboxyl, and carbonyl groups were
used as the characteristic functional groups on the biosorbent
surface. In silico results showed that the carboxylate ion has

the maximum binding energy with the AFB1 molecule (up to
−40.2 kcal/mol); thus, the authors suggested that carboxylate
ion-enriched adsorbents could be a very good option for AFB1
removal in in vitro and in vivo trials.

Lignins and Micronized Fibers
Lignin is the main constituent of the xylem of almost all
species of terrestrial plants. Several processes have been suggested
for lignin application; however, few studies on the adsorption
of mycotoxins have been reported. Until today, three in
vivo studies demonstrate the effectiveness of dietary lignin in
alleviating the adverse effects of deoxynivalenol and zearalenone
in broiler chickens (32–34). Additionally, two in vitro studies, one
regarding the structure and properties of lignin as an adsorbent
for T-2 toxin (35) and the other concerning the adsorption-
desorption of AFB1 on lignins (21), have been reported. In
the context of this review, Karmanov et al. (21) showed the
adsorption potential of lignins isolated from five medicinal
plants (Helianthus tuberosus, Atriplex patula, Rhododendron
tomentosum, Althaea Officinalis, and Lavatera) and lignins from
the wood of spruce Pícea using an in vitro setup simulating
the operational conditions of the digestion in the stomach of
animals. In the experiment, the sorbents were utilized at 0.1%
(w/v) in samples spiked with 1 µg AFB1/mL, which were
incubated at 37◦C for 30min at pH 2. In general, lignins
from R. tomentosum and A. officinalis exhibited the highest
AFB1-adsorption capacities. In these samples, the AFB1-uptakes
reached 79.6 and 80.2%, respectively (Table 1). Lignins from
Atriplex patula presented the lowest ability to adsorb AFB1 (up
to 41%). Furthermore, desorption studies conducted at pH 8
confirmed that lignins from R. tomentosum and A. Officinalis
adsorbed irreversible the mycotoxin (<5.3% desorption). The
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selectivity of certain functional groups (OH) and the capillary-
porous structure of lignins were responsible for their strong
association with the AFB1 molecule. Although lignins have been
proven in vivo to be effective in alleviating the adverse effects
of deoxynivalenol, zearalenone, and T-2 toxin, there are no
reports of their use in reducing the negative effects of aflatoxins
using in vivo models. Furthermore, micronized fibers consisting
mainly of cellulose, hemicellulose, and lignin, have also been
reported as effective mycotoxin binders. It has been reported that
micronized wheat fibers (up to 2% inclusion in diet) decrease
the levels of ochratoxin-A in plasma, kidney, and liver of piglets
and rats (36, 37). Very recently, Adunphatcharaphon et al. (22)
showed the in vitro potential of the acid-treated durian (Durio
zibthinus) peel for the adsorption of AFB1. Higher adsorption
efficiency toward AFB1 (98.4%) was found for this biomaterial
(Table 1). The acid-treated durian peel (mainly composed of
47.2% cellulose, 9.63% hemicellulose, and 9.89% lignin) was
considered a promising byproduct for aflatoxin biosorption. In
general, the porous structure, larger surface area, and higher
surface charge were the principal physical characteristics of
the acid-treated durian peel to remove aflatoxins. Nevertheless,
other authors have suggested that the efficiency of cellulose
products to adsorb AFB1 resulted not significant when proven
in an in vitro model simulating the digestion of pigs (23)
(Table 1).

Aloe Vera
Aloe vera (A. barbadensis Miller) is a drought-resistant plant
of the Liliaceae family. This plant has been used for medicinal
purposes for over 5,000 years. Aloe vera gel is the mucilaginous
extract of the leafy pulp, which is usually separated by scratching.
It is well-known that the gel contains many phytochemicals
(vitamins, minerals, enzymes, polysaccharides, and phenolic
compounds) and has been claimed to have several curative
and therapeutic properties (38). Although Aloe vera gel has
been reported to exhibit several attractive properties (virucidal,
bactericidal, and fungicidal) as well as the adsorbent ability
against organic and inorganic pollutants, in the literature,
there is only one report—from our research group—of its
use as a biosorbent against AFB1 (19). In the work, the gel
of matured leaves of A. barbadensis Miller was separated,
pasteurized, and further concentrated to get a fine powder.
The effectiveness of this powder in removing AFB1 was tested
in a laboratory setup simulating the in vivo environment of
the poultry gastrointestinal tract (all conditions used in the
adsorption experiments were identical to those described in
section Banana Peel). In general, Aloe vera powder limited
the availability of AFB1 in the intestinal segment up to
69% (Table 1). The high negative-charged surface on the
biosorbent was linked to the high sorption uptake due to
enhancements of attractive forces between AFB1 and the
biomaterial. However, further in vivo trials are needed to
demonstrate its efficacy in reducing the toxic consequences
of aflatoxins. Also, desorption studies will provide valuable
information about the potential benefits of Aloe vera powder as a
mycotoxin adsorbent biomaterial.

Horticultural
Facing the relative inefficacy of some biosorbents toward
mycotoxins, Nava-Ramírez et al. (24) investigated—for the
first time—the in vitro potential of lettuce (Lactuca sativa L.)
wastes and field horsetail (Equisetum arvense L.) in removing
AFB1. The adsorption of AFB1 (190 ng/mL) was explored
at two sorbent contents (0.5% and 0.1% w/v) and three pHs
(3, 5, and 7). Adsorption was carried out at 40 ◦C for 2 h
(Table 1). In general, at 0.5% (w/v), AFB1 was well-adsorbed
by both biomaterials (70 to 100%). However, at 0.1% (w/v),
lettuce showed the highest ability against AFB1 removal,
the AFB1 biosorption percentage was 95% (at neutral pH).
Adsorption was mainly due to the interaction of the AFB1
molecule with the functional groups of the biosorbents as well
as to the formation of AFB1-chlorophyll complexes. Thus, the
authors concluded that lettuce wastes could have significant
potential for the removal of AFB1 in some gastrointestinal
tract compartments at low inclusion levels. One year later, in
another study by the same research group, Vázquez-Durán
et al. (25) evaluated the adsorbent capacity of agricultural
residues from kale (Brassica oleracea L.) using a dynamic in
vitro model that simulated the conditions of the gastrointestinal
tract of poultry. The biosorbent was added to a contaminated
poultry feed (100 µg AFB1/kg) at a content of 0.5% (w/w).
According to the adsorption results, the maximum adsorption
capacity of kale was 93.6% in the intestinal section (Table 1).
A biosorbent prepared from lettuce agro-waste was used as a
reference, presenting a significantly lower adsorption percentage
(83.7%). The researchers pointed out that adsorption of AFB1
may be mediated by simultaneous mechanisms, such as:
non-electrostatic interactions (hydrophobic interactions, dipole-
dipole interactions, and hydrogen bonds) and electrostatic
interactions (ionic attractions). In addition, the authors
also concluded that the formation of AFB1-chlorophyll
complexes improved the rate of AFB1 adsorption. However, as
recommended by Ramales-Valderrama et al. (20), biosorbents
with high binding affinity for AFB1 in vitro need to be further
tested in vivo to validate their efficacy to reduce the toxic effects
of aflatoxins.

Miscellaneous
Perali et al. (26) investigated the efficiency of the seaweed
Lithothamnium calcareum (Pallas) Areschoug to remove AFB1.
The study was conducted using two models, one in vitro
and the other in vivo; the latter focused on evaluating the
capacity of the adsorbent to prevent the toxic effects of AFB1
in broilers. The adsorption of AFB1 (1 µg AFB1/mL) was
explored in vitro at four sorbent contents (0.05, 0.1, 0.15 and
0.2%) and two pHs (3 and 6). In general, highest percentages
of AFB1 removal were achieved at a content of 0.2% in both
evaluated pHs. In these samples, the AFB1-uptakes reached
77.6 and 77.4%, respectively (Table 1). Regarding the in vivo
experiment, it was observed that the seaweed (0.2% inclusion)
improved productive parameters (live weight, weight gain, and
feed conversion ratio), reduced the relative weight of the liver
and the macroscopic and microscopic changes caused by the
AFB1 intoxication, and improved some biochemical parameters
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in birds that received a diet contaminated with 1,018 µg AFB1/g
feed (Table 2).

THE MOST IMPORTANT
CHARACTERIZATION TECHNIQUES FOR
BIOSORBENT CHARACTERIZATION
BEFORE AND AFTER AFLATOXIN
ADSORPTION

Fourier Transform Infrared (FTIR)
Spectroscopy
FTIR spectroscopy is one of the most used techniques to
characterize biosorbents, usually before and after mycotoxin
adsorption. This methodology is relatively simple, reproducible,
non-destructive, and only small quantities of biomaterials—
without any further preparation—are required. Generally, FTIR
spectroscopy provides information at the molecular level
allowing investigation of functional groups, bonding types, and
molecular conformations. In the FTIR spectra, most of the
FTIR bands are relatively sharp and can be correlated with
single bonds or particular functional groups. The position of
a band is expressed into a plot with wavenumber (cm−1)
on the x-axis and intensity on the y-axis. Intensity could
be measured both in transmittance or absorbance modes. In
the literature reviewed, most of the spectra were collected to
recognize the main functional groups of the tested biosorbents.
However, in the work of Ramales-Valderrama et al. (20),
the FTIR spectra were acquired in order to elucidate the
possible interaction mechanism between the AFB1 molecule
and the biosorbents. In general, the authors indicated that
a shift in the frequency (associated to an energy change) or
a change in the band intensity confirm the involvement of
a specific functional group in the aflatoxin binding. Table 3
summarizes the band assignments of the principal vibrational
modes in the biomaterials used to remove aflatoxins. Biosorbents
are mainly constituted of proteins, carbohydrates, lipids, and
phytochemicals (curcuminoids, flavonoids, alkaloids, steroids,
terpenoids, saponins, phenolics, glucosides, and chlorophylls).
All of these components have several functional groups
(hydroxyl, amino, carboxyl, carboxylate, amide, phosphate,
ester, and ketone), which can be partially responsible for the
biosorption of aflatoxins (Table 3). For instance, it has been
reported that the hydroxyl, amino, carboxyl, and ester groups can
efficiently establish hydrogen bonds with the oxygen atoms of the
ether, carbonyl, and methoxy groups in the AFB1 molecule (25).
Recently, theoretical infrared spectrophotometric studies of the
adsorption of B-aflatoxins onto Pyracantha biosorbents showed
that the carboxylate ion has the maximum binding energy with
the AFB1 molecule. These in silico results imply—but do not
yet prove—that an enriched biosorbent with carboxylate groups
could increase the AFB1 adsorption (31). Finally, as an important
remark, researchers might take into consideration that the main
disadvantage of the FTIR technique is that several materials
completely absorb IR radiation; therefore, it may be impossible
to get reliable results.

UV-Vis Diffuse Reflectance Spectroscopy
(DRS)
The UV-Vis diffuse reflectance spectroscopy (DRS) is a useful
technique for the characterization of biomaterials. Diffuse
reflectance occurs as UV-Vis-light enters the sample, interacts
with its components, and scatters backward. As a consequence,
this technique provides information related to structural,
physical, and chemical properties of the biomaterials and offers
exceptional versatility because of its high sensitivity. Diffuse
reflectance measurements make it possible to quickly and non-
destructively evaluate—in situ—the content of chlorophylls,
carotenoids, and anthocyanins in certain biomaterials. The most
representative pigment in biosorbents is chlorophyll, of which
the most common and abundant species are chlorophylls a and
b. By wet chemical methods, a complex destructive procedure
based on extraction and separation with organic solvents
and spectrophotometric analysis is necessary for chlorophyll
estimation. However, reflectance spectroscopy has been widely
used for non-destructive estimation of chlorophylls in plant
tissues. Limited information is available in the literature on the
use of UV-Vis reflectance spectroscopy for pigment assessment
in biosorbents used for aflatoxin removal. To date, there are
only two reports using Pyracantha leaves, banana peel, Aloe
vera, lettuce, and kale biosorbents (Table 1). Zavala-Franco
et al. (19) and Vázquez-Durán et al. (25) found that almost
all of the biosorbents presented the characteristic absorption
bands at 677 and 650 nm, which correspond to chlorophyll
a and chlorophyll b, respectively. Biosorbents also showed
absorbance bands from 425 to 485 nm and at 550 nm indicative
of the presence of carotenoids and anthocyanins, respectively.
Furthermore, many studies have indicated that chlorophylls
can form strong non-covalent complexes in vitro with AFB1
independent of temperature or pH. Consequently, the formation
of a complex with the aflatoxins (via electrostatic, π-π orbital
interactions, and/or hydrogen bonding) may be expected to
improve the rate of AFB1 uptake by the biosorbents containing
significant amounts of chlorophylls (24, 25).

Zeta Potential (ζ) or Electrokinetic Potential
The adsorption of mycotoxins to a biomaterial surface in
aqueous media could be based on a set of chemical and
physical mechanisms, including hydrogen bonding, electrostatic
attraction, ion exchange, chelation, precipitation, complexation,
among others. Apparently, electrostatic interaction is the
most important phenomenon during mycotoxin adsorption.
Thus, zeta potential is important for the characterization
of electrochemical surface properties since the electrokinetic
potential at the electrical double layer is associated with the
surface charge of colloidal suspensions. Both surface charge
and environmental conditions—pH and ions in the medium—
influence the zeta potential. Commonly, the zeta potential is
determined by the micro-electrophoresis technique. In this
procedure, a voltage is applied across a pair of opposite gold-
plated electrodes; as a result, charged particles are attracted to
the oppositely charged electrode and their velocitymeasured. The
SI unit for electrophoretic mobility is µm cm/V s, since it is a
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TABLE 3 | Overview of the most relevant chemical functional groups responsible for the biosorption of aflatoxins.

Biomaterial Aflatoxin

removed

Wavenumber

(cm−1)

Functional group References

Banana peel AFB1, AFB2,

AFG1, AFG2

3,500–3,200 OH stretching (18)

2,922 C–H stretching

1,734 C=O

1,600 COOR

1,380–1,300 C–H of the methyl, methylene, and methoxy

1,255–1,000 C–O stretching of carboxylic acids and alcohols

Pyracantha koidzumii (leaves and

berries)

AFB1, AFB2 3,360 OH and NH stretching (20)

1,738–1,638 C=O

1,070 PO4

832 and 765 –CH out of plane deformation in substituted

aromatic hydrocarbons

630 C–CO–C bend in ketones

Banana peel, Pyracantha leaves,

and Aloe vera powder

AFB1 3,685–3,240 OH and NH stretching (19)

1,738–1,721 C=O stretching

1,091–1,073 (PO2) symmetric stretching

894–830 C–H out of plane deformation, NH2 wag

639–610 C–CO–C bend

Durian peel AFB1 3,300 OH stretching (22)

1,730 C=O stretching

1,622 (–CONH2)

1,500–1,200 Carboxylic, methyl, aromatic amines, and C–O

stretching of carboxylic acids

Lignin AFB1 1,716 OH (21)

3,700–3,100 C=O in ester, aldehydes, and ketones

Lettuce and field horsetail AFB1 3,674–3,282 OH stretching (24)

1,733–1,608 C=O and COOR

1,315 C=O–N

1,242–1,027 PO4

Lettuce and kale AFB1 3,688–3,000 OH (25)

1,777–1,487 C=O and COOR

1,487–1,274 C=C

1,192–933 C-O

velocity (µm/s) per field strength (V/cm). The electrophoretic
mobility is the direct measurement from which zeta potential can
be derived using the Helmholtz-Smoluchowski, Debye-Hückel,
or Henry functions. Biosorbents with a zeta potential value
between −10 and +10mV are neutral, while those with zeta
potentials > +30mV or <-30mV are strongly cationic or
strongly anionic, respectively. In the literature, various research
groups have reported the zeta potential of different biosorbents
used for the removal of mycotoxins (19, 20, 22, 39). Table 4
summarizes the zeta potential values of the biomaterials used
to adsorb aflatoxins. Considering that the interaction between
aflatoxins and the biosorbent would be mainly electrostatic,
biosorbents exhibiting higher zeta potential values are most
adequate to be used in the adsorption due to the improvement
of attractive forces between aflatoxin molecules and the surface

of biomaterials. According to the reviewed literature, lettuce
and field horsetail were the biosorbents with the high negative-
charged surfaces (Table 4). However, up to now, none of the
biosorbents shown in Table 4 have been tested in vivo.

Point of Zero Charge (pHzpc)
The point of zero charge (pHpzc) gives useful information about
the surface charge of the biosorbents. It is well-known that pH
influences sorption, mainly because pH governs the ionization of
functional groups. In consequence, the pH at which the sorbent
surface charge become equal to zero is defined as the point of zero
charge. In other words, the charge of the positive surface sites is
equal to that of the negative ones. It has been suggested that if pH
< pHpzc, the surface of the biomaterial will be positively charged,
and if pH > pHpzc, the surface will be negatively charged (40).
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TABLE 4 | Zeta potential values of the agro-waste-based materials used for

aflatoxins adsorption.

Biomaterial Zeta potential (– mV) pH Aflatoxin

removed

References

Pyracantha

koidzumii:

Leaves 21.8 4.8–5.4 AFB1 AFB2 (20)

Berries 17.2

Leaves + Berries 23.2

Banana peel 13.5 6.7 AFB1 (19)

Pyracantha leaves 28.0

Aloe vera powder 17.5

Durian peel 2.55 3 AFB1 (22)

Acid-treated

durian peel

23.2

Lettuce 30.0 7 AFB1 (24)

Field horsetail 40.0

Lettuce 24 7 AFB1 (25)

Kale 18

TABLE 5 | Point of zero charge (pHpzc) values of the agro-waste-based materials

used for aflatoxins adsorption.

Biomaterial pHpzc Aflatoxin removed References

Banana peel (oven-dried) 5.5 AFB1, AFB2, AFG1, AFG2 (18)

Banana peel 6.7 AFB1 (19)

Pyracantha leaves 4.5

Aloe vera powder 4.1

Lettuce 5.7 AFB1 (24)

Field horsetail 5.7

Lettuce 6.3 AFB1 (25)

Kale 6.2

Several methodologies have been reported for the determination
of pHpzc, such as the potentiometric mass titration, the mass
titration, and the immersion technique. In the literature, all
of the biosorbents used for the adsorption of aflatoxins were
characterized relative to its pHpzc by using the immersion
technique. As an example, Akar et al. (39) reported pHpzc values
of 1.9 and 2.7 for natural and modified sugar beet pulp wastes,
respectively. The chemically modified biosorbent was used as an
efficient material for zearalenone removal. Table 5 summarizes
the pHzpc values of the biomaterials used for the in vitro
adsorption of aflatoxins. Most of the biomaterials summarized
in Table 5 have good efficiencies in adsorbing aflatoxins in vitro,
but none of them have confirmed their effectiveness in in vivo
trials. Considering the pH in the different compartments of the
gastrointestinal tract of poultry, biosorbents with low pHpzc
could be the most suitable to be used for the adsorption of
aflatoxins when using in vivo models. Consequently, it would be
interesting to study the in vivo effectiveness of the modified sugar
beet pulp waste to remove aflatoxins since this biomaterial has
the lowest pHpzc reported in the literature.

Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-Ray Spectroscopy
(EDS)
It is well-known that the adsorption properties of biomaterials
may also be associated with both the structural and chemical
features. In this context, the scanning electron microscopy
(SEM) is one of the most versatile techniques available for the
examination and analysis of the microstructure and morphology.
Commonly, dried biosorbents must be mounted on special
holders using a conductive carbon double-sided sticky tape.
To increase image contrast and to avoid undesirable charging
effects, it is necessary to coat the sample with a thin layer of a
high electrical and thermal conductivity material such as gold,
platinum, or carbon. Studies reporting the utilization of the SEM
analysis for comparing the surface of biosorbents before and
after aflatoxin adsorption are still meager (20). In the literature,
most of the studies only report the morphological structure
of the developed biosorbents previous aflatoxin exposure (18,
22). In general, more pores or cavities on the surface of the
biomaterials provide higher capacities for aflatoxin adsorption.
On the other hand, energy dispersive X-ray spectroscopy (EDS)
is a chemical microanalysis technique typically performed in
conjunction with SEM. In this technique, the atoms on the
surface are excited by an electron stream, causing X-rays to be
emitted. The energy of the X-ray is distinctive of the element
from which the X-ray was produced. The chemical composition
of certain biomaterials has been reported. Zavala-Franco et al.
(19) evaluated the elemental composition of three biosorbents
used for the removal of AFB1. The authors found that the main
elements of banana peel, Pyracantha leaves, and Aloe powder
were C and O, corresponding to 97.3, 99.2, and 85.7% of the total
weight, respectively. They also observed other minor elements
such as Na, Mg, Al, Si, P, S, Cl, K, and Ca. Adunphatcharaphon
et al. (22) showed the elementary composition of the acid-treated
durian peel employed as an aflatoxin binder. EDS analysis also
revealed that C and O were the main elements that constitute the
pristine biomaterial. However, the acidic treatment affected the
elemental composition increasing the proportion of C, enhancing
its AFB1 binding efficacy. Summarizing, surface characterization
(morphology and microstructure) can be accomplished by
SEM. When scanning electron microscope is accessorized with
EDS, chemical microanalysis can also be conducted with 1–3%
accuracy (41).

X-Ray Diffraction (XRD)
X-ray diffraction (XRD) is another non-destructive
characterization technique suitable to study phase, structure,
orientation, and other structural features such as crystallite
size, unit cell dimensions, crystallinity, and crystal defects. In
this technique, diffraction patterns are formed by constructive
interference of a monochromatic beam of X-rays scattered at
different angles. In the analyzed samples, amorphous regions
generate broad peaks, whereas crystalline regions produce sharp
peaks. In general, X-ray diffractograms are collected using CuKα

radiation (λ = 0.15406 nm) over the 2θ range (10 to 100 degrees)
with a fixed power source. The XRD patterns of biosorbents are
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rarely presented in the literature due to the fact that most of
the biomaterials used for mycotoxin adsorption are essentially
carbonaceous. However, the XRD patterns for banana peel and
Pyracantha leaves showed a distinctive amorphous structure
based on broad diffraction peaks (19). Both biosorbents showed
a strong diffraction peak at 20◦ (2θ) and few small diffraction
peaks at around 5.6◦, 14.8◦, 17.3◦, 22.8◦, and 24.0◦. These
diffraction peaks were associated with the structure of semi-
crystalline starch. Aloe powder also presented an amorphous
phase and crystalline peaks for sylvite (KCl) and halite (NaCl).
Moreover, the authors reported the degree of crystallinity
of the three tested biosorbents. In general, the degree of
crystallinity of banana peel, Pyracantha leaves, and Aloe powder
differed significantly, yielding values of 19.1, 10.9, and 44.7%,
respectively. In the sorption experiments, Aloe vera powder—the
biomaterial with the highest crystallinity index—showed the
maximum efficiency against AFB1 removal (68.5%). Although
reduction in crystallinity leads to more reactive samples (42),
the adsorption of aflatoxins depends on several characteristics
of the biosorbents such as the functional group/type (amount),
pigment content, surface charge, microstructure, morphology,
elemental composition, degree of crystallinity, among others.

CONCLUSIONS AND FUTURE RESEARCH
NECESSITIES

Aflatoxins are inevitable contaminants of food and feed. Because
of the adverse effects of aflatoxins on human and animal health,

effective, practical, and inexpensive decontamination protocols
are highly desirable. Recently, biosorption has received extensive
attention among scientists for aflatoxin decontamination due to
the low cost and the extraordinary efficiency of the biosorbents.
Byproducts such as grape and olive (pomaces, seeds, and
stems), banana peel, Formosa firethorn (leaves and berries),
lignins, micronized fibers, durian peel, seaweeds, Aloe vera
powder, lettuce, kale, and field horsetail have received particular
attention for the removal of aflatoxins owing their abundance
worldwide. As a result, several in vitro, in vivo, and in silico
methodologies have been applied to evaluate the potential
of these biosorbents in removing or reducing the impact of
aflatoxins. A number of factors influencing the adsorption such
as physical or chemical modification of the biomaterials, particle
size, contact time, pH, temperature, biosorbent dosage, and
the aflatoxin concentration, were further reviewed. We found
the following:

• Structural changes following physical or chemical
modifications of the biosorbents may explain their higher
efficiencies in adsorbing aflatoxins.

• Biosorbents with large particles yielded lower adsorption
uptakes. However, aflatoxin adsorption significantly increased
by decreasing particle size.

• Generally, the rate of aflatoxin adsorption was accomplished in
a short period of time (from 3 up to 30min). This fast kinetic
is highly desirable for practical and commercial applications.

• Various kinds of biosorbents have good efficiencies in
adsorbing aflatoxins at acid pHs and were also capable of

FIGURE 4 | The effectiveness of some biosorbents to remove aflatoxins. Adsorption efficiency: red (low), yellow (moderate) and green (high). Created with

BioRender.com.
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retaining most of the toxins when pH increases to 7, although
some exceptions were observed.

• The biosorbents were efficient at temperatures between 37 and
40◦C, which is indicative of their ability to adsorb aflatoxins
when using in vivo trials.

• Further increments in the amount of biosorbents improve
the uptake of aflatoxins due to the existence of more
adsorption sites.

• Some biosorbents exhibited higher percentages of aflatoxin
removal at lower toxin concentrations and considerable
uptake capacities at higher aflatoxin concentrations
(Figure 4).

• Generally, when using in vitro digestion procedures simulating
the environment in the gastrointestinal tract, the tested
biosorbents showed low removal efficiencies toward aflatoxins.

• In in vivo trials, some biosorbents counteracted the harmful
effects of AFB1, but these were used at higher inclusion levels
(up to 8% w/w).

• Several characterization techniques such as FTIR, UV-Vis
DRS, ζ-potential, pHzpc, SEM, EDS, and XRD have been
successfully used to explain the possible mechanisms involved
in the biosorption of aflatoxins.

Despite the effectiveness of the biosorbents for the
decontamination of aflatoxins, future research should be
concentrated on the following topics:

• The effectiveness of biosorbents for removing aflatoxins
needs to be extensively studied using dynamic models that
simulate the conditions in the gastrointestinal tract on ways
of minimizing the use of experimental animals.

• Biosorbents can be tested (in vitro) at low inclusion levels
(0.1%, w/v) and challenged with more realistic levels of
aflatoxins to make these materials very competitive in the
commercial sorbent market.

• Taking into account that multi-exposure to mycotoxins
is the most likely scenario, multi-mycotoxin adsorption
experiments should be conducted in order to evaluate
competitive biosorption.

• Because of the complex nature of the biosorbents, highly
selective and sensitive analytical characterization techniques
are necessary for a systematic characterization (before and
after aflatoxin adsorption).

• Agro-waste-based sorbents such as cereal fibers as well as
pulp and peels of some fruits may contain mycotoxins;
consequently, these biomaterials need to be further analyzed
before using them as mycotoxin binders.

• Novel approaches for the preparation of biosorbents from
other agricultural wastes or byproducts are highly encouraged.

• Finally, in screening for new biosorbents, larger amounts of
hydroxyl and carboxyl groups, high number of hydrophobic
groups, higher amounts of pigments (chlorophylls), higher
negative surface charge, lower pHpzc values, porous
microstructure, and larger surface area seem to be the
most important particularities to predict the ability of
agro-waste-based materials to bind aflatoxins.

Considerations on these topics would help advance the search
for near-term future commercial applications of unconventional,
eco-friendly, and efficient aflatoxin binders of natural origin.
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Mexico, 5Department of Health, Faculty of Vocational Studies, Airlangga University, Surabaya, Indonesia

Pretreatment of lignocellulose agricultural biomass with iron prior to ensiling is required

to accelerate biomass breakdown during fermentation, which could result in functional

microorganisms and chemicals that reduce nutrition loss, harmful substances, and

improve animal performance. The objective of this study was to investigate the effects

of increasing dilutions of ferrous sulfate heptahydrate (FS) pretreatment at fresh matter

concentrations of 0, 0.015, and 0.030% on the fermentation quality of black cane (BC)

silage, anthocyanin stability, ruminal biogas, rumen fermentation profile, and microbial

community. Pre-ensiled and silage materials were evaluated. High moisture, fiber,

anthocyanin, and lignification of biomass, as well as undesirable ensiling microorganisms,

were found in BC’ pre-ensiled form. Increasing dilutions of FS incorporated into silages

were observed to linearly decrease dry matter, anthocyanin, and nutritive value losses.

The lignin values decreased linearly as the percentage of FS increased up to 0.030%.

Given that the ruminants were fed pre-ensiled materials, BC silage treated with 0.030%

FS dilution had comparable results to pre-ensiled BC in terms of increasing in vitro

volatile fatty acid concentrations, maintaining total gas production, and reducingmethane

production, when compared to other FS-treated silages. In addition, BC silage treated

with a 0.030% FS dilution inhibited methanogenic bacteria and regulated cellulolytic

bacteria in rumen fluid. Overall, the anthocyanin content of BC remained constant

throughout the rumen fermentation process after increasing dilutions of FS, indicating

that BC is a viable ruminant feedstock and that pretreatment of BCwith dilute FS-assisted

ensiling at 0.030% could be used to generate ruminant diets.

Keywords: anthocyanin, cellulolytic bacteria, ferrous sulfate heptahydrate, gut microbiota, iron-treated silage,

potential feedstuff, ruminant performance
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INTRODUCTION

Black cane (BC: Saccharum sinensis Robx.; Figure 1), often
known as noble cane, is a complex interspecific hybrid of
Saccharum spontaneum and Saccharum officinarum, a fast-
growing grass (Poaceae) native to mainland Southeast Asia (1).
Despite its stiffer stalks than sugarcane (Saccharum officinarum),
BC was often employed in sugar manufacturing because of its
high sucrose concentration. For instance, BC has recently gained
recognition in Thailand for its quick growth, high fiber content,
abundant protein content, and high anthocyanin content. All
of these are compelling arguments for cultivating BC and
considering it as a source of roughage for ruminant animals.
Notably, anthocyanin’s functional characteristics as a beneficial
coloring molecule have been investigated in cattle; it controls
heat stress relief, increases antioxidant activity, and stimulates
the rumen microbiota (2, 3). As a result, it has the potential to
enhance the quality of rumen-derived products (4). However,
input from farmers suggests that feeding BC alone cannot
entirely cover the production requirements of ruminants because
of the poor palatability of anthocyanin and low dry matter
intake. Generally, anthocyanins in plants have a bitter taste, and
certain species, particularly sinensis, have a high concentration
of lignocellulosic components (5). This has a negative impact on
the availability of soluble carbohydrates during rumen digestion
(6). It is therefore underutilized and undertreated by the majority
of farmers. It is thus either left to rot in the field or burned
in the open, both of which have substantial environmental
consequences. For this reason, ensiling has been recommended as
a viable means of preserving roughage and so supplying animals
with a nutritious feed source (7).

Pretreatment of lignocellulose agricultural biomass or
materials with inorganic salts prior to ensiling production has
been identified in previous research as a viable strategy for
recovering the nutritional content of highly lignified materials
(8–10). Pretreatment with inorganic salts serves the overall
purpose of increasing the efficiency with which hemicellulose
and cellulose in biomass are hydrolyzed during fermentation. To
accelerate the breakdown of hemicellulose and cellulose sugars
in agricultural biomass, several inorganic salts such as sodium
chloride, potassium chloride, calcium chloride, magnesium
chloride, ferrous chloride, ferrous sulfate, iron (III) chloride and
ferric sulfate were utilized as catalysts. Ferric sulfate was shown
to improve the pretreatment efficiency of hemicellulose- and
cellulose-rich materials at lower thresholds (8). The positive
qualities of ferrous sulfate as a source of iron and for improving
enzymatic hydrolysis and fermentation were investigated in
that study largely via biomass biorefining. In general, ferrous
sulfate is a kind of iron (Fe) and is a safe addition to feedstuffs.
Iron is a key trace element required for animal health and
productivity. In a previous study, increased ferrous sulfate
monohydrate in diets (up to 1,000mg Fe/kg) showed no adverse
effect on growth performance in sheep, but improved nutrient
digestibility, blood iron measurements, rumen fermentation,
and bacterial populations (11). The recent FEEDAP panel
concluded that 450mg Fe/kg complete feed (ferrous sulfate
monohydrate and/or ferrous sulfate heptahydrate formed in

powder) with a moisture content of 12% is safe for bovines (12).
However, no comparable research on the use of ferrous sulfate
heptahydrate (FS) supplementation in small ruminants, such as
goats, is available.

The use of iron supplements such as FS as silage additives
may be an innovative strategy. However, the influence of FS
on hemicellulose and cellulose sugar breakdown as well as
the function of silage quality in ruminant performance in
response to dietary ensiling have received little attention. In this
study, the present study hypothesized that ensiled BC silages
containing FS will improve ensiling properties, anthocyanin
stability, rumen fermentation profile, and microbial populations.
Therefore, the present study aimed to assess the effects of FS
on fermentation quality, anthocyanin stability, ruminal biogases,
rumen fermentation profile, and the microbial community
of BC silages. The results from the study may provide an
insight into the nature of the silage generation process and
the importance of incorporating additives such as FS at the
appropriate concentration for optimization. To date, references
to BC’s performance are fairly scanty. As a consequence, BC’s
pre-ensiled form or material was used as a negative control.

MATERIALS AND METHODS

Silage Preparation
BC was developed and produced on a 500 m2 plot with
a predetermined plot size of 75 × 75 cm at the Suranaree
University of Technology (SUT) goat and sheep research
farm in Nakhon Ratchasima Province, Thailand (14◦52’49.1“N,
102◦00’14.9”E, 243m above sea level). An experimental field
study was conducted from August 2017 to January 2018 during
the monsoon season. Basal dressings of N:P:K (50:50:50; Hydro
Thai Limited, Bang Kruai, Thailand) and goat manure were
applied at 150 and 6,250 kg/ha, respectively, with urea (46:0:0)
split administered at 30 kg/ha. Fresh BC was sampled on the
60th d following 120 d of regrowth by cutting well above the
soil surface (10 cm above ground level). The fresh materials
were sampled six times from random spots in the field. The
obtained materials were then chopped with a crop cutter to
a length of 2–3 cm and homogenized well. The biomass from
each plot was kept separate for the ensiling trial. As a negative
control, 1,000 g of chopped BC from each plot was stored at
−20◦C in sealed plastic bags (untreated or pre-ensiled material,
n = 6). Similarly, 1,000 g of each ensiling material was treated
with commercial ferrous sulfate heptahydrate (FS, FeSO4·×H2O;
Merck KGaA, Darmstadt, Germany) at 0, 0.015, and 0.030% fresh
matter separately for the biomass from each plot. Pre-ensiled
and silage materials were evaluated; thereby four experimental
treatments were pre-ensiled materials (FBC); ensiled FBC + 0%
FS (SZF); ensiled FBC+ 0.015% FS (SLF); ensiled FBC+ 0.030%
FS (SHF). The dosage level was chosen based on past research and
animal safety assessments (11, 12). The additives were sprayed
onto 1 kg of ensiling material and mixed thoroughly. Each fixed
treatment was then vacuum sealed into a silo polyethylene bag
(Hiryu KN type, Asahi Kasei Pax Corp., Tokyo). Each treatment
was carried out in six silos. Ensiling took place for 21 d in the dark
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FIGURE 1 | Black cane (BC: Saccharum sinensis Robx.) is a fast-growing grass (Poaceae) endemic to mainland Southeast Asia. It is a viable ruminant feedstock

owing to its high concentration of soluble carbohydrates and anthocyanins. However, it needs pretreatment prior to ensiling due to the high amount of lignocellulose

agricultural biomass.

at 15–25◦C. At the silo opening, the treated silage was sampled
and homogeneously blended. Subsamples of BC silages and FBC
were compared for evaluation of chemical and anthocyanin
compositions, microorganisms, and fermentation quality.

Chemical and Anthocyanin Compositions,
Microorganisms, and Fermentation Quality
Each of six replications of pre-ensiled materials and silage
materials at silo opening were divided into three subsamples. The
first subsample was oven-dried at 55◦C for 24 h to a consistent
weight (about 2.0 g), air equilibrated, and then ground with a
mesh size of 1mm (Retsch SM 100 mill; Retsch Gmbh, Haan,
Germany). The ground samples were evaluated for dry matter
(DM; AOAC#934.01), ash (AOAC#942.05), and crude protein
(CP; total N 6.25; AOAC#988.05) using the Association of Official
Analytical Chemists procedures (13). The organic-matter content
(OM) was calculated as 100% minus the ash percentage obtained
after 5 h of incineration in a muffle furnace at 550◦C. The Van
Soest et al. (14) technique was employed successively to identify
neutral detergent fiber (NDF; with heat stable +/– amylase; ash
included), acid detergent fiber (ADF; ash included), and acid
detergent lignin (ADL). Hemicellulose content was determined
as NDF minus ADF, while cellulose content was calculated as
ADF minus ADL. The WSC content was determined using
peak detection and high-performance liquid chromatography
(HPLC), as reported in a recent work (15).

Furthermore, the second subsample was lyophilized, ground,
and extracted at 50◦C for 24 h with 0.01N hydrochloric
acid (HCl) dissolved in an 80% methanol solution, and
the supernatant was collected and transferred into a 50-
mL volumetric flask for HPLC determination of anthocyanin
composition (16–18). The remaining silage substrates were
utilized to evaluate fermentative quality by extracting silages

as previously reported (17) with a modest modification. Forty-
gram amounts of each silage were put in a 500-mL beaker,
filled with 200mL of distilled water, and mixed for 30 mins
at 27–28◦C. Filter paper (WhatmanTM No. 1441-125, GE
Healthcare Life Sciences, Marlborough, MA, USA) was used
to strain the mixture. Following that, the pH was measured
using a portable pH meter (Oakton pH 700, Long Branch, New
Jersey, NJ, USA). Lactic acid and VFAs were measured using
HPLC (Agilent Technologies 1260 Infinity, Santa Clara, CA,
USA) according to a previously established technique (19), with
peak detection compared and computed as stated by Purba
et al. (20). Ammonia nitrogen (NH3-N) was measured using
a spectrophotometer (Varioskan-LUX multimode microplate
reader, Thermo Scientific, Waltham, MA, USA) according to the
previously reported procedures (21, 22).

The final subsample was utilized for microorganism count
by creating pre-ensiled materials and silage forms using the
plate count technique (23) with a slight modification. In a 500-
mL beaker, about 20 g of subsample was covered with 180mL
sterilized distilled water, and beakers were shaken vigorously
at 30◦C for 2–3 h on a rotary shaker at 200 rpm; successive
dilutions (10−1-10−5) were conducted correctly in sterilized
distilled water. Without bubbles, a volume of 20 µL of each
created dilution was poured and placed on agar plates. The plates
were then incubated for 48 h in an anaerobic jar at 30◦C. For
microbiological assessment, incubated plates of de Man, Rogosa,
and Sharpe (MRS) agar (Himedia, Mumbai, India) were used
to count the number of lactic acid bacteria; incubated plates
of blue light broth agar (Sigma-Aldrich, Gillingham, UK) were
used to count the number of coliform bacteria; incubated plates
of nutrition agar (Difco, St. Louis, MO, USA) were used to
count the number of aerobic bacteria; and incubated plates
of potato dextrose agar (Titan Biotech, Rajasthan, India) were
used to count the number of yeasts and molds. The yeasts
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were distinguished from molds and bacteria using techniques in
colony appearance and cell shape.

In vitro Ruminal Fermentation
The incubation fluid was a 1:2 (v/v) mixture of rumen fluid
and artificial buffer solution. Rumen fluid was collected from
three Thai-native Anglo-Nubian male goats (20.2 ± 1.6 kg live
weight) before morning feeding using a stomach tube attached
to a manual pump (6, 24). The experimental procedure was
authorized by Suranaree University of Technology Animal Ethics
Committee (SUT 4/2558); animal health care was consistent with
our earlier work (25). The goats were given a total mixed ration
containing cassava hay (470 g/kg DM), rice stubble (350 g/kg
DM), urea (30 g/kg DM), and constant components (150 g/kg
DM) at 07:00 and 15:00 h and had full access to drinking water.
Constant component components were cassava pulp (7.5% DM),
cassava chip (39% DM), mineral mix (1.6% DM), palm meal
(28% DM), premix (2.4% DM), rice bran (11% DM), soybean
meal (8% DM), sulfur (2.5% DM), and sunflower oil (2% DM).
In this study, the rumen fluid combination was filtered through
four layers of nylon (400 µm; Fisher Scientific S.L., Madrid,
Spain), mixed with buffer solution, and maintained at 39◦C in
a water bath while being constantly flushed with CO2. Anaerobic
buffer solution was created in the same manner as stated in the
methodology for in vitro gas production (26).

In order to gain a better understanding of how silage quality
affects ruminant performance in response to dietary ensiling,
in vitro ruminal fermentation was performed in this study. A
100mL calibrated Hohenheim glass syringe (Toitu, TOP Surgical
Manufacturing Co., Ltd., Tokyo, Japan) was filled with 500mg of
dry pre-ensiled materials and silage materials and incubated in a
water bath shaker (39◦C) for 24 h with 30mL of rumen fluids-
buffer mixture. Within the incubation, 4 treatments or incubated
materials were evaluated in 18 repetitions, and the incubation
was repeated 3 periods (3 runs). For each run, three syringes
were made and supplied as blanks (rumen fluids–buffer mixture
alone). After 6, 12, and 24 h of incubation, the gas volume
was measured. The cumulative volume of gas production was
calculated using the fitted model of Orskov and Mcdonald (27),
with the equation: y= a+ b (1−e(−ct)), where a (mL/g DM) is gas
production from the soluble fraction, b is gas production from
the insoluble fraction (mL/g DM), c (/h) is the gas production
rate constant for the insoluble fraction (b), t (h) is the incubation
time, (a+ b) (mL/g DM) is the potential gas production, and y is
the gas produced at time t (mL/g DM).

Analysis of Fermentation Characteristics,
DNA Extraction, and Quantitative
Real-Time PCR (QPCR)
Methane and carbon dioxide gases, fermentation end products,
and microbiological analyses were all taken from six replicated
glass syringes during the gas yield analysis. This was carried out
for incubation times of 6, 12, and 24 h, respectively. In order
to quantify the amounts of methane and carbon dioxide, 10mL
of gas was transferred into a disposal syringe with three-way
stopcocks (Agilent 7890A, Agilent Technologies). Calibration

and chromatographic conditions were previously published (28–
30). When the glass plungers of the syringes were opened, the
pH was instantly measured using a pH meter (Oakton 700, Cole-
Parmer, Vernon Hills, IL). A volume of 10mL of rumen fluids
was generated for measuring anthocyanin, ammonia nitrogen,
and volatile fatty acids (VFAs) and examined in a way similar
to the procedure described above for pre-ensiled materials and
silage forms. The remaining contents of each culture syringe
were collected for microbiological detection using a quantitative
real-time PCR (qPCR) reaction.

Each culture sample was harvested for genomic DNA using
the technique outlined by Yu and Morrison (31). Total genomic
DNA was extracted using the QIAamp DNA Stool Mini Kit
(Qiagen, Hilden, Germany) from 1mL of homogenized rumen
fluid. DNA yield was assessed using the NanoDrop NanoVue
spectrophotometer (GE Healthcare Bio-Sciences, Pittsburgh, PA,
USA) at an absorbance ratio of 260:280. To protect the DNA, it
was eluted with suitable dilutions (volume of nuclease-free water)
and kept at−20◦C until further analysis.

Quantification of the relative abundances of selected
primers in genomic DNA extracted from rumen fluids
was performed using a QuantiTect SYBR Green RT–PCR
Kit (full master mix; Qiagen) equipped with the selected
primer set and a Roche Lightcycler 480-II (Roche Applied
Science, Basel, Switzerland), using the previously described
amplification and qPCR settings (32). References for the relative
abundance of total bacteria, Ruminococcus albus, Ruminococcus
flavefaciens, Fibrobacter succinogenes, Butyrivibrio fibrisolvens,
Megasphaera elsdenii, Streptococus bovis, Methanogen, and
protozoa were purchased from Vivantis Technologies Sdn
Bhd (Selangor Darul Ehsan, Malaysia) for use as a guide for
the experiment [Supplementary Table 1; (33–35)]. Prior to
performing qPCR experiments, a sixfold serial dilution of pooled
DNA was generated to establish a standard curve. To ensure
reproducibility, the qPCR assays for each chosen species or
group of bacteria were carried out in triplicate using both
standards and genomic DNA samples. The LightCycler 480
software version 1.2.9.11 was used to transform the Ct data into
normalized relative numbers, compensated for PCR efficiency
(Roche Applied Science). The absolute abundances of each
chosen species or group of microorganisms were represented as
rrs gene copies/mL of culture materials.

Statistical Analysis
The average of data for silage fermentation quality from 6
prepared silos, were processed as a completely randomized design
and submitted to one-way ANOVA using the MIXED procedure
of SAS 9.4. The statistical model used was: Yij = µ + Bi + ij,
where Yij is the observation, µ is the overall mean, Bi is the BC
forms or substrates (i = 1–4, FBC, SZF, SLF, SHF), and ij is the
error. The results are shown as mean values and standard errors
of the means. Orthogonal polynomials were used to analyze the
effects of FS addition as well as the comparison of pre-ensiled vs.
ensiledmaterials. The significance level was set at P< 0.05, which
represents statistically significant differences.

The average of data for anthocyanin stability observed at 6,
12, and 24 h of post-incubation from 3 incubated runs were
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analyzed using the MIXED procedure in SAS 9.4 as a completely
randomized design with repeated measurements. The following
statistical model was used: Yijkl = µ + Bi + Tj + Ck (B) + (B ×

T)ij + εijkl, where Yijkl is the observation, µ is the overall mean,
Bi is the fixed BC form effect or substrate (i = 1–4, FBC, SZF,
SLF, SHF), Tj is the fixed effect of the sampling time (j = 1–3,
post-incubation at 6, 12, and 24 h), Ck is the random effect of the
rumen fluid nested within the period of observation (k = 1–3, run
1, 2, and 3), (B × T)ij is the interaction between substrate used
and sampling time, and εijkl is the residual error. The compound
symmetry of the covariance structure was verified using Akaike’s
information criterion in SAS’s mixed model. To determine if
the data were normally distributed, the Kolmogorov–Smirnov
test was utilized. According to the repeated measures design, the
statistical significance of the substrate effect was assessed against
the variance of the gas syringe nested inside the substrate used.
Tukey’s HSD test was performed to determine which factors had
a different influence on the dependent variable. Significance was
defined as P < 0.05, and the trend was defined as 0.05< P < 0.10.

Because data from three consecutive runs of incubation and
data collected at 6, 12, and 24 h post-incubation were comparable,
data for ruminal biogases, rumen fermentation profile, and
microbial community observed at 6, 12, and 24 h of post-
incubation from 3 incubated runs were processed as a completely
randomized design and submitted to one-way ANOVA using the
MIXED procedure of SAS 9.4. The statistical model used was:
Yij = µ + Bi + ij, where Yij is the observation, µ is the overall
mean, Bi is the BC forms or substrates (i = 1 to 4, FBC, SZF, SLF,
SHF), and ij is the error. The results are presented in the form
of mean values and standard errors of the means. The effects
of FS addition were analyzed using orthogonal polynomials, as
well as the comparison of pre-ensiled vs. ensiled materials. The
significance level was set at P> 0.05, which represents statistically
significant differences.

RESULTS

Pre-ensiled Black Cane Chemical
Composition, Anthocyanin Content, and
Microorganism Count
The chemical compositions of black cane (BC) pre-ensiled
materials, anthocyanin concentrations, and pH values are listed
in Table 1. The DM of BC prior to ensiling was 15.28%,
and OM, CP, NDF, ADF, and ADL were 88.65, 6.54, 51.17,
31.71, and 3.78% DM, respectively. The HC, CEL, and WSC
of BC were 194.61, 279.33, and 26.17 g/kg DM, respectively.
Additionally, BC had a high concentration of anthocyanin
at a slightly acidic pH: 4.28% cyanidin-3-glucoside (C3G),
8.49% pelargonidin-3-glucoside (P3G), 7.23% delphinidin (Del),
12.52% peonidin-3-O-glucoside (Peo3G), 10.44% malvidin-3-O-
glucoside (M3G), 14.25% cyanidin (Cya), 7.23% pelargonidin
(Pel), and 35.55% malvidin (Mal) of total anthocyanin (Table 1).
However, pre-ensiled BC appeared to have a low lactic acid
bacteria content (2.42 × 104 CFU/g FM), with undesirable
ensiling microorganisms such as coliform bacteria, aerobic
bacteria, and yeast predominating (Table 2).

Black Cane Chemical Composition,
Anthocyanin Content, and Ensiling
Characteristics
BC pre-ensiled materials and silages treated with ferrous
sulfate heptahydrate (FS) after 21 d exhibited different
chemical compositions, anthocyanin concentration, and
pH value (Table 1). Increasing the dilution concentrations of
FS incorporated into silages was observed to linearly decrease
DM, anthocyanin, and nutritive value losses (P < 0.001). The
CP content of the BC silages was not affected (P > 0.253) by
increasing the dilution concentrations of FS to the BC silages.
However, the lignin values decreased linearly as the percentage
of FS increased up to 0.030%. Compared to other FS-treated
silages, BC silage treated with 0.030% FS dilution appeared to
have optimum biomass conservation of cellulose content during
ensilage. The WSC also linearly increased (P < 0.001) with
increasing the dilution concentrations of FS incorporated into
silages (Table 1).

In comparison to pre-ensiled BC, 21 d of ensilage resulted in a
positive effect on pH values; all BC silages had a pH range of 4.25–
4.81 (Table 1; P = 0.002). These desirable pH values resulted in
increased lactic acid bacteria and decreased coliform bacteria,
aerobic bacteria, and yeast content in all BC silages (Table 2; P <

0.001). As expected, increasing the dilution concentrations of FS
added to silages increased the lactic acid bacteria content linearly
(P < 0.001) and decreased the coliform bacteria, aerobic bacteria,
and yeast content of all BC silages (P < 0.001). Despite the fact
that the ammonia content remained unchanged after ensiling BC
silages, the levels of lactic acid and acetic acid increased linearly
as the dilution concentration of FS incorporated into silage was
increased (P < 0.001). Mold, propionic acid, and butyric acid
were also undetectable in all BC silages.

Anthocyanin Stability of Incubated Black
Cane
To determine the stability of anthocyanins in rumen fluid, we
quantified anthocyanins in pre-ensiled BC materials and silages
at three time points (6, 12, and 24 h) during in vitro rumen
incubation (Figure 2). After 24 h of ruminal fermentation, the
anthocyanin content of BC remained constant. There was no
interaction between the substrate used and the incubation time
(P > 0.10). Notably, prior to in vitro rumen incubation, each
concentration of anthocyanin in BC pre-ensiled materials and
silages has been reported (Table 1).While there were someminor
discrepancies between the values in Table 1 and Figure 2, their
magnitudes were quite similar.

In vitro Rumen Fermentation Profile and
Ruminal Biogases of Incubated Black Cane
After 24 h of ruminal fermentation, the concentrations of
ammonia nitrogen and pH of incubated pre-ensiled materials
(FBC) and FS-treated silages (SZF, SLF, and SHF) were
comparable, but not the concentrations of total VFAs (Figure 3).
Increased dilution concentrations of FS in silages as providing
substrate incubation consistently resulted in a decrease in total
VFAs at 6, 12, and 24 h post-incubation (P < 0.05), but not
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TABLE 1 | Chemical composition, anthocyanin content, and pH value of black cane prior to ensiling (pre-ensiled materials) and silages treated with ferrous sulfate

heptahydrate after 21 d.

Item1 Treatment SEM P-value

FBC SZF SLF SHF T L Q

Chemical composition

DM, g/kg FM 152.80d 153.97c 154.57b 159.81a 0.192 0.003 <0.001 <0.001

OM, g/kg DM 886.52a 885.93a 881.08b 874.61c 0.220 <0.001 0.021 <0.001

CP, g/kg DM 65.38 64.79 64.66 65.31 0.323 0.414 0.836 0.253

NDF, g/kg DM 511.74 510.78 509.59 509.09 0.714 0.082 0.124 0.918

ADF, g/kg DM 317.13 315.58 313.52 313.69 0.763 0.063 0.087 0.551

ADL, g/kg DM 37.80a 39.38a 27.47b 25.29c 0.301 <0.001 <0.001 0.009

HC, g/kg DM 194.61 195.20 196.07 195.41 0.363 0.130 0.092 0.222

CEL, g/kg DM 279.33c 276.19c 286.05b 288.39a 0.663 <0.001 <0.001 0.002

WSC, g/kg DM 26.17a 10.32d 11.67c 13.58b 0.145 <0.001 <0.001 <0.001

Anthocyanin content

Total anthocyanin, mg/g DM 0.926a 0.245d 0.339c 0.403b 0.007 <0.001 <0.001 <0.001

C3G, mg/g DM 0.047a 0.014b 0.015b 0.015b 0.003 0.001 <0.001 0.003

P3G, mg/g DM 0.093a 0.021b 0.026b 0.027b 0.008 0.002 <0.001 0.002

Del, mg/g DM 0.079a 0.049c 0.060a 0.071a 0.004 0.012 0.634 0.005

Peo3G, mg/g DM 0.137a 0.047c 0.058c 0.071b 0.009 0.001 0.003 0.004

M3G, mg/g DM 0.114a 0.041d 0.079b 0.088b 0.003 <0.001 0.033 <0.001

Cya, mg/g DM 0.156a 0.073b 0.076b 0.080b 0.012 0.004 0.005 0.026

Pel, mg/g DM 0.079a 0.005b 0.005b 0.007b 0.011 0.005 0.004 0.044

Mal, mg/g DM 0.389a 0.040c 0.081b 0.118b 0.006 <0.001 <0.001 <0.001

pH value 5.47a 4.81b 4.73b 4.25c 0.179 0.002 0.001 0.467

1 DM, dry matter; FM, fresh matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; HC, hemicellulose;

CEL, cellulose; WSC, water-soluble carbohydrate; C3G, cyanidin-3-glucoside; P3G, pelargonidin-3-glucoside; Del, delphinidin; Peo3G, peonidin-3-O-glucoside; M3G, malvidin-3-O-

glucoside; Cya, cyanidin; Pel, pelargonidin; Mal, malvidin; FBC, pre-ensiled materials; SZF, ensiled FBC + 0% ferrous sulfate heptahydrate; SLF, ensiled FBC + 0.015% ferrous sulfate

heptahydrate; SHF, ensiled FBC + 0.030% ferrous sulfate heptahydrate; SEM, standard error of mean. T, effect of pre-ensiled vs. ensiled materials; L, linear effect of ferrous sulfate

heptahydrate additions; Q, quadratic effect of ferrous sulfate heptahydrate additions.
a−dMeans with a different superscript in the same row differ significantly (P < 0.05).

TABLE 2 | Microbiological count and organic component concentration of black cane prior to ensiling (pre-ensiled materials) and silages treated with ferrous sulfate

heptahydrate after 21 d.

Item1 Treatment SEM P-value

FBC SZF SLF SHF T L Q

Microorganism, CFU/g FM

Lactic acid bacteria 2.42 × 104d 5.35 × 107c 8.48 × 107b 1.11 × 108a 0.348 <0.001 <0.001 <0.001

Coliform bacteria 2.22 × 107a 2.53 × 104b 2.22 × 104c 2.12 × 104d 0.209 <0.001 <0.001 <0.001

Aerobic bacteria 4.55 × 106a 8.89 × 105b 2.02 × 105c 6.36 × 104d 0.214 <0.001 <0.001 <0.001

Yeasts 2.63 × 108a 4.14 × 106b nd nd 0.161 <0.001 <0.001 <0.001

Molds nd nd nd nd 0.000 0.000 0.000 0.000

Organic compound, g/kg DM

Lactic acid nd 34.81c 42.94b 47.86a 0.231 <0.001 <0.001 <0.001

Acetic acid nd 26.44c 28.00b 29.36a 0.222 <0.001 <0.001 <0.001

Propionic acid nd nd nd nd 0.000 0.000 0.000 0.000

Butyric acid nd nd nd nd 0.000 0.000 0.000 0.000

Ammonia nitrogen nd 0.31 0.27 0.25 0.198 0.792 0.514 0.745

1 DM, dry matter; CFU, colony-forming unit; FM, fresh matter; nd, not detected; FBC, pre-ensiled materials; SZF, ensiled FBC + 0% ferrous sulfate heptahydrate; SLF, ensiled FBC

+ 0.015% ferrous sulfate heptahydrate; SHF, ensiled FBC + 0.030% ferrous sulfate heptahydrate; SEM, standard error of mean. T, effect of pre-ensiled vs. ensiled materials; L, linear

effect of ferrous sulfate heptahydrate additions; Q, quadratic effect of ferrous sulfate heptahydrate additions.
a−d Means with a different superscript in the same row differ significantly (P < 0.05).
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FIGURE 2 | The anthocyanin concentration of black cane prior to ensiling (pre-ensiled materials) and silages treated with ferrous sulfate heptahydrate, at three time

points (6, 12, 24 h) during the in vitro rumen incubation (means ± SEM; n = 18). C3G, cyanidin-3-glucoside; P3G, pelargonidin-3-glucoside; Del, delphinidin; Peo3G,

peonidin-3-O-glucoside; M3G, malvidin-3-O-glucoside; Cya, cyanidin; Pel, pelargonidin; Mal, malvidin; FBC, pre-ensiled materials; SZF, ensiled FBC + 0% ferrous

sulfate heptahydrate; SLF, ensiled FBC + 0.015% ferrous sulfate heptahydrate; SHF, ensiled FBC + 0.030% ferrous sulfate heptahydrate. Overall, substrate effect,

P < 0.05; incubation time, P < 0.05; interaction, P < 0.05.
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FIGURE 3 | Selected ruminal biogas of black cane prior to ensiling (pre-ensiled materials) and silages treated with ferrous sulfate heptahydrate, at three time points (6,

12, 24 h) during the in vitro rumen incubation (means ± SEM; n = 18). FBC, pre-ensiled materials; SZF, ensiled FBC + 0% ferrous sulfate heptahydrate; SLF, ensiled

FBC + 0.015% ferrous sulfate heptahydrate; SHF, ensiled FBC + 0.030% ferrous sulfate heptahydrate. a−c A different superscript in similar sampling time indicates a

significantly different mean (P < 0.05).

for the SHF (0.030% FS-treated silage). We noticed that FBC
and SHF consistently had higher VFA concentrations than SZF
and SLF at 6, 12, and 24 h after post-incubation (P < 0.05).
Acetic acid concentrations were also observed to be higher in
this circumstance (P < 0.05). However, increasing the dilution
concentrations of FS to the BC silages had no effect on the
concentrations of propionic acid or butyric acid (Figure 3; P
> 0.05).

As illustrated in Figure 3, residual FS in BC influenced
ruminal biogases 24 h after incubation. Incubation of SZF (0%

FS-treated silage) and SLF (0.015% FS-treated silage) as providing
substrate incubation resulted in a greater decline in carbon
dioxide production (P < 0.05), whereas incubation of SHF
(0.030% FS-treated silage) resulted in a positive trend similar
to that of FBC, releasing carbon dioxide for 24 h. Nonetheless,
increasing the dilution concentrations of FS incorporated into
silages as providing substrate incubation was found to linearly
reduce methane production after 24 h post-incubation (P <

0.05). Among the FS-treated silages incubated, SHF had the
highest total production for 24 h, but it was still lower than FBC.
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FIGURE 4 | Microbial population of black cane prior to ensiling (pre-ensiled materials) and silages treated with ferrous sulfate heptahydrate, at three time points (6, 12,

24 h) during the in vitro rumen incubation (means ± SEM; n = 18). FBC, pre-ensiled materials; SZF, ensiled FBC + 0% ferrous sulfate heptahydrate; SLF, ensiled FBC

+ 0.015% ferrous sulfate heptahydrate; SHF, ensiled FBC + 0.030% ferrous sulfate heptahydrate. a−cA different superscript in similar sampling time indicates a

significantly different mean (P < 0.05).

Microbial Community of Incubated Black
Cane
After 24 h of ruminal fermentation, the major microbial
communities, including R. flavefaciens, F. succinogenes, B.
fibrisolvens, M. elsdenii, S. bovis, and protozoa, from incubated
pre-ensiled materials (FBC) and FS-treated silages (SZF, SLF,
and SHF) as providing substrate incubation, were similar, but
not the R. albus and methanogen (Figure 4). Incubation of
SZF (0% FS-treated silage) and SLF (0.015% FS-treated silage)
led to a greater decrease in R. albus abundance (P < 0.05),
whereas SHF (0.030% FS-treated silage) resulted in a positive
trend similar to that of FBC, increasing R. albus abundance
in rumen incubation for 24 h. Additionally, increasing the
dilution concentrations of FS in silages was found to linearly
decrease the abundance of methanogen in rumen incubation for
24 h (P < 0.05).

DISCUSSION

Black Cane Has a High Proportion of
Moisture, Fiber, Anthocyanin, and Lignin,
as Well as Undesirable Ensiling
Microorganisms
To the best of our knowledge, the chemical makeup of black
cane (BC, S. sinensis) has not yet been determined in its
entirety. Our data indicate that BC has a greater fiber content
than other tropical roughages or grasses, which may make it a
useful carbohydrate-rich nutritional feed for ruminant animals
(36). More intriguingly, the current investigation discovered
that BC has a lot of anthocyanin. Anthocyanins are naturally
occurring pigments found in a broad variety of plants. They are
not only employed as a food colorant addition, but they can
also be utilized to reduce the risk of numerous illnesses and
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have several functional and biological properties for ruminants,
such as antioxidant activity (4, 7). Within a slightly acidic
pH range, the overall anthocyanin and anthocyanin levels
were comparable to those found in Chinese sugarcane (16,
37), but particular anthocyanin amounts, such as cyanidin-3-
glucoside (C3G), pelargonidin-3-glucoside (P3G), delphinidin
(Del), peonidin-3-O-glucoside (Peo3G), malvidin-3-O-glucoside
(M3G), cyanidin (Cya), pelargonidin (Pel), and malvidin (Mal)
were higher in BC. However, it should be noted that BC in
the current research was shown to have a significant level of
lignification or silicification of lignocellulosic biomass, resulting
in a lower nutritional value. Silage fermentation or pretreatment
of lignocellulose is therefore advised as a strategy to recover the
nutritional value of BC (8–10), and it may be extended, at least
qualitatively, to realistic feeding settings (6). Silage generated
by the anticipated BC processing might potentially be used to
mitigate some of the current environmental concerns. Despite
an abundance of CP content (ranged of 6.5–7%), the current
research also showed that the DM, OM, NDF, ADF, ADL, HC,
CEL, and WSC BC pre-ensiled materials are generally adequate
for additional roughage ensiling. This conclusion was reached
because of FBC’s (pre-ensiled BC materials) somewhat high
ensilability index (EI; +12), which was utilized to anticipate
the ensilage process (38). Despite this, FBC seems unable to
develop microorganisms that facilitate the process of ensiling.
The suggested experimental additives, including FS, may also
be used to control the quantity of FBC microorganisms
during silage fermentation, at either low FS (SLF) or high FS
(SHF) levels.

Ferrous Sulfate Heptahydrate Enhanced
Black Cane Chemical Composition,
Anthocyanin Content, and Ensiling
Characteristics
The present results suggested that FS enhanced the amount of
biodegradable lignocellulose in BC during ensiling. This was
expected, since increasing the concentration of FS caused a
change in the degraded organic content of BC during ensiling.
These findings were supported by data from previous biorefining
of lignocellulosic biomass study (8), which discovered that FS
may act as a catalyst for the breakdown of hemicellulose and
cellulose sugars in corn stover. In general, hemicellulose degrades
faster than cellulose during ensiling. However, it was shown
that FS effectively degraded cellulose in BC, resulting in a shift
in the amount of non-structural and structural carbohydrates.
The present results were congruent with those of Fly et al.
(39), who discovered that hemicellulose remained constant as an
impact on iron bioavailability in animals. A precise explanation
is unknown; nevertheless, it is possible that the reason is
related to certain cellulase activities in the FS pretreatment
substrate. The metal ions in the FS ingredients may enhance the
activity of cellulose rather than hemicellulose, increasing enzyme
accessibility to cellulose and aiding cellulose enzymatic stability
(8). Thus, the explanation for the rise in WSC after FS addition
among ensiled materials in our study might be related to an
increase in lignocellulosic component breakdown (5), resulting

in better effects on non-structural carbohydrate and degradation
of structural carbohydrate. It is probable that increasing theWSC
content of BC silage resulted in a decrease in DM loss and
energy recovery because of the homolactic acid bacteria’s use of
WSC (e.g., glucose) for development and generation of lactic acid
during fermentation (40).

According to the findings of this study, BC ensiling
seems to be beneficial when FS recovered more quickly to
reduce DM loss in this research. It has been suggested that
a successful application of silage production is dependent
on the stability of ensiled materials, which have a higher
recovery of DM, energy, and highly digestible nutrients than
pre-ensiled materials (41). This might be accomplished by
maintaining a constant moisture content throughout silage
fermentation. Previously, it was hypothesized that moisture
content may explain whether fermentation was good, average,
or poor—excess moisture content resulted in a larger loss
of DM content and low-quality silages (41). Nevertheless,
adding FS to the BC ensiling process resulted in a slight
reduction of OM. Our findings indicated that the use
of FS for grass silage is incomplete and that additional
preservatives or substrates should be provided. For instance,
the most frequent method is utilizing molasses, which has the
capacity to significantly limit the loss of chemical properties
of ensiled materials throughout the preservation process
by reducing both respiration and fermentation (42). More
research is required to understand how FS and molasses work
together to alter the lignocellulose chemical composition of
agricultural biomass.

It is critical to investigate the quantitative changes in
anthocyanin content during preservation in order to accurately
provide anthocyanin to ruminant animals via ensiled BC. It
is expected that most of the anthocyanin will be lost during
silage fermentation. The present findings demonstrated that
ensiling BC results in a decrease in anthocyanin, but adding
FS to BC linearly reversed this nutrition loss. Hosoda et al.
(43) reported that high pH and temperature as well exposure
to oxygen and light promoted anthocyanin degradation. Our
finding of higher silage pH coinciding with greater anthocyanin
reduction is in line with that. Interestingly, more previous
research (17, 19, 43) concluded that the rate of anthocyanin
loss was positively correlated with the pH value under similar
ensilage conditions. Following up on the findings of the present
study, it was discovered that all silages had a lower pH value
after 21 d of ensilage, indicating that FS provided a more
favorable environment for the stability of anthocyanins. As a
result, the range of anthocyanins in ensiled BC alone was reduced
to a greater extent than the range of anthocyanins in ensiled
BC treated with FS. This implied that FS was responsible for
the decreased pH in FS-treated silages (4.73–4.25). Another
possible explanation is that, as previously stated, FS may promote
the breakdown of the lignin fraction in BC, increasing the
availability of sugar and, as a result, promoting fermentation
acid production. The current findings were consistent with
previous research, which found that ∼42% of anthocyanin was
preserved in colored barley (19) and ∼52% in anthocyanin-
rich purple corn stover silage (17). Our findings also indicated
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that pH-increasing anthocyanin had a superior effect on all
anthocyanins, with the exception of peonidin-3-O-glucoside BC,
which was consistent with findings from previous studies (17, 44,
45).

To our knowledge, this is the first research to describe
the systematic influence of FS on the quality and content of
silage fermentation. The results of this study demonstrated
that FS improved the ensiling properties of BC, including
the microbiological count and the concentration of organic
components. In all silages treated with FS, FS significantly
increased the number of lactic acid bacteria and inhibited yeast
and mold growth. These occurrences may be due to an acidic
environment generated by the additament of FS, which promotes
the growth of beneficial microbial silages and results in the
production of more lactic acid and acetic acid in the silages rather
than propionic acid and butyric acid. As previously stated, within
the lowered pH as an FS effect on BC, our findings validated
the evidence of Kung et al. (41) that the decreased pH may be
linked to the concentration of buffering capacity and lactic acid.
Thus, all improvements in lactic acid bacteria in this research
may be due to adjusting the pH during the ensiling of BC. As
is well known, lactic acid is the primary product of crop or
grass preservation because of the capacity of lactic acid bacteria
to exercise metabolic control over water availability for growth.
Furthermore, results from the present study indicated that acetic
acid levels were mild, suggesting that yeasts were not discovered
in our silages during BC preservation with FS. Previously, it was
thoroughly described that moderate amounts (3–4%) of acetic
acid in silage had the advantage of suppressing yeasts during
fermentation, hence enhancing silage stability when exposed to
air (41). Here, the present study used FS to make silage that
was well-fermented, and it had very low levels of propionic
acid and butyric acid. Furthermore, clostridial organisms are
responsible for the metabolism of soluble sugars or organic
(lactic) acids to produce butyric acid, resulting in significant DM
losses and inadequate energy recovery (40). Indeed, the current
investigation demonstrated that conserving BC with FS inhibited
the development of coliform bacteria, suggesting a greater
effect for Clostridium in silages. The restricted development
of Clostridium in silages might explain why certain silages in
the current investigation exhibited undetectable amounts of
propionic acid and butyric acid (41). Overall, FS has been
proven to suppress undesirable organic pollutants and may be
associated with sulfate-reducing bacteria such as Clostridium
through oxidation processes involving ferrous ions (Fe2+) and
hydrogen peroxide [H2O2; Soudham et al. (9)]. The current
findings implied that the use of FS for ensiling lignocellulose
agricultural biomass is critical because it has the potential
to improve fermentative quality without significantly altering
the chemical composition and to promote the development of
beneficial ensiling bacteria by suppressing undesired ensiling
bacteria. The most plausible explanation is that FS degrades
those undesired ensiling microorganisms via cell wall or nucleic
acid production. However, the mechanism by which these
activities occur remains unknown, and further research is needed
to understand how FS behaves in the presence of undesired
ensiling microorganisms.

In general, a 21-day ensiling duration seems insufficient
to achieve a steady silage quality. Practically, ensiling tropical
grass can be carried out at least once a month to achieve
silage quality stability (46). Additional in vitro research to
acquire a better knowledge of the stability of iron sulfate with
or without other natural or synthetic additives with a longer
period of ensiling may provide more favorable results than
this study.

Anthocyanin in Black Cane Is Stable
Throughout Rumen Fermentation
In general, using feedstuffs as a source of carbohydrate, protein,
and fat, as well as oligomers and polymers of polyphenols
(including anthocyanin), results in greater degradation of the
compounds themselves during rumen incubation. Despite the
contradictory findings in this study, our findings support
Hosoda et al.’s conclusion that the unresponsive anthocyanin
during rumen fermentation may be similar to anthocyanin-rich
corn (43). That said, anthocyanin-rich corn is shielded from
ruminal digestion as well and may therefore be absorbed by
ruminant animals. Additional data from in vivo trials revealed
that anthocyanin-rich purple corn stover silage improved the
antioxidant status of goats as well as transferring anthocyanin
composition to the milk and meat of the animals (4, 47). It is
possible that the molecular weight of anthocyanin in feedstuffs
has a functional effect on the performance of ruminant animals
(4, 24). Similarly, our findings showed that incubating BC in
fresh or ensiled form with ruminal fluid from small ruminants
did not degrade the anthocyanin. It is clear that anthocyanin-
rich corn, anthocyanin-rich purple corn stover silage, and BC
in both its fresh and ensiled forms have different molecular
weights. Our findings backed up the conclusions of the previous
research (43). On the basis of these and other findings, the
present study concluded that the anthocyanin in the BC is
shielded from ruminal digestion and, as a consequence, might
be absorbed by small ruminants. However, an in vivo trial
employing small ruminants is essential to confirm the outcomes
of these in vitro tests utilizing FS alone or in combination with
additional additives.

Ferrous Sulfate-Treated Silage Enhanced
Total VFA Concentrations as Well as
Contributes to Sustainable Mitigation of
Ruminal Biogas Methane
The present study shown that after 24 h of ruminal fermentation,
the concentrations of ammonia nitrogen and pH of incubated
pre-ensiled materials and BC silages were consistent, but not the
concentrations of total VFAs (Figure 3). FBC and SHF showed
greater VFA concentrations after 24 h of ruminal fermentation
than SZF and SLF. Despite the fact that both pre-ensiledmaterials
and BC silages generated the same amount of propionate and
butyrate, only FBC and SHF enhanced the amount of acetic
acid in the rumen after 24 h of incubation when compared
to SZF and SLF. This resulted in an increase in the acetic to
propionic acid ratio, as with FBC and SHF (Figure 3). Our
findings were consistent with prior studies (2, 7), indicating that
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FS has a minor residual influence and that BC may maintain
an acceptable acid-base environment without inducing rumen
acidosis (pH = 6.70–6.86). Greater substrate breakdown led to
higher VFA concentrations in rumen fluids. Ruminant animals
require VFAs as energy sources since they are essential organic
acids for their survival. It is well known that flavonoid-rich
biomass may change rumen VFAs in goat rumen fluids (25). The
twomost often synthesized VFAs are acetate and butyrate. This is
due to the fact that the hydroxyl groups in anthocyanins are the
principal functional groups metabolized in the rumen through
glycoside hydrolysis and heterocyclic compound cleavages (3).
As a result, our findings may be compatible with previous
studies (2, 43), which demonstrated that anthocyanin-rich plants
or biomass altered VFA fermentation by degrading substrate
fermentation and accumulating largely as acetic acid. However,
our data indicated that no change in fermentation occurred for
propionic acid or butyric acid, which might account for the
rise in total VFAs as a result of increased acetic acid causing a
larger degree of soluble carbohydrates breakdown, particularly
cellulose degradation. Consistent with our findings, Hosoda
et al. (43) and Tian et al. (2) revealed that ruminal fluid acetic
acid increased in response to anthocyanin-rich maize feeding
in ruminant animals. This might be explained by anthocyanins’
role in bacterial population regulation, as shown by shifting VFA
production and other fermentation gases such as ruminal biogas
methane and carbon dioxide, as well as an alternate hydrogen
sink (2, 29, 30). According to a recent study, optimizing VFAs
production might be accomplished by matching the needs of
the rumen host to the needs of the rumen microbiome and
the availability of fermentable substrate in rumen fluids (48).
Overall, our findings, in conjunction with previously published
data, showed that differences in VFA production were caused
by anthocyanin sources, anthocyanin delivery, fermentation
substrates, and animal physiological phases.

Rumen bacteria’s anaerobic breakdown of cellulolytic and
hemicellulolytic feedstuffs is intimately related to the presence
of enteric ruminal gases such as hydrogen, methane, and carbon
dioxide (48). In this study, Figure 3 shows that residual FS
in BC had an influence on ruminal biogases. Incubation of
ensiled forms (SZF) and ensiled forms with low FS ensiling
(SLF) resulted in a higher drop in total gas production,
whereas incubation of ensiled forms with high FS ensiling
(SHF) resulted in a positive trend nearly identical to that of
FBC, generating total gas for 24 h. Simultaneously, SHF and
FBC did not produce significantly different amounts of carbon
dioxide, suggesting that they produced similar patterns of total
fermentable substrate in addition to carbon dioxide yields.
This was not unexpected, considering that the carbohydrate
and glucose levels of SHF and FBC were essentially identical
throughout substrate fermentation (Table 1). Our results were
comparable with those of a previous study (49) that investigated
the addition to carbon dioxide yields of many tropical and
temperate forages with high nonfibrous carbohydrate content
and low lignin concentration.

Moreover, after a 24-h rumen fermentation, SHF produced
less methane gas than FBC or SZF in this study (Figure 3). Our
findings suggested that the residual effect of FS on BC silage may

be due to rumen methanogenesis interference. Methanogenesis
is the primary biochemical mechanism that converts the
metabolic hydrogen generated during carbohydrate fermentation
in the rumen into methane gas. One of the most effective
strategies to limit methane emissions is employing a chemical
substance and the appropriate amount of hydrogenotrophs
that use the hydrogen-electron sink route, such as nitrate
and sulfate (50, 51). SHF, as previously stated, generated
higher total VFAs and acetic acid from more fermentable
carbohydrates in the rumen fluids. Because of the residual
impact of FS, existing rumen acetogen populations seemed
to utilize more carbon dioxide and hydrogen during the
hydrogen-using metabolic pathway. Methanogenesis in the
rumen may have outcompeted reductive acetogenesis or the
conversion of carbon dioxide and hydrogen to acetate, with
acetogens having a functional advantage overmethanogens in the
rumen since acetogens survive predominantly by metabolizing
carbohydrates (51).

Other research on employing anaerobic digestion to
clean up sulfate-containing waste has been published.
Iron seems to impede methanogenesis by making electron
exchange more difficult for iron-reducing bacteria and
methanogens containing Fe oxides (52). According
to our findings, residual sulfate combined with plant
polyphenols effectively limits methane generation in vitro
by rumen cultures while not interfering with feed digestion,
fermentation, or microbial populations (53–55). Surpassing
the sulfate threshold (0.3–0.4% sulfur as sulfate) has been
demonstrated to have a more detrimental influence on animal
performance (55). Based on the findings presented, BC
containing 0.030% FS (SHF) seems to have the capacity to
suppress methane emissions, but additional in vivo testing
is required.

Ferrous Sulfate-Treated Silage Modulates
Cellulolytic Bacteria, and Suppresses
Methanogenic Bacteria in Rumen Fluid
The present study shown that raising the number of R.
albus, lowering the number of methanogenic bacteria, and
maintaining the proportion of total bacteria, F. succinogenes,
B. fibrisolvens, M. elsdenii, S. bovis, and protozoa resulted in
equivalent performance for both FBC and SHF at three time
periods (6, 12, 24 h) during in vitro rumen incubation. Our
findings corroborated a previous study (2), in which it was
shown that fermented substrates rich in anthocyanin had a
beneficial effect on cellulolytic activity in relation to modulating
major fiber-degraders in the rumen harbor. The absence of
anthocyanin BC impacts on R. flavefaciens and F. succinogenes
might be attributed to differences in the substrate fermentation
employed, anthocyanin molecular weight, feedstuff processing,
and animal type. For example, Niu et al. (56) observed that
the average abundances of R. albus and R. flavefaciens in the
rumen fluid of finishing steers were largely similar, while the
average abundance of F. succinogenes was significantly greater
in ensiled mulberry leaves or sun-dried mulberry fruit pomace
richer in flavonoids and anthocyanins compared with the normal
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mixed diet (no anthocyanins). However, Yusuf et al. (57)
observed that Andrographis paniculata leaves rich in plant active
substances (lactones, anthocyanin, flavonoids, sterols) in goats’
diet had a propensity to enhance the number of ruminal R.
albus and R. flavefaciens while leaving the ruminal fluid total
bacteria unaltered, allowing goats to improve their nutrient
digestibility. As a consequence, our results revealed that the
availability of larger quantities of digestible carbohydrates and/or
total soluble solids (particularly glucose, sucrose, and fructose)
in FBC and SHF compared with those in SZF and SLF may
have contributed to a higher number of R. albus, resulting in
variations in VFA concentrations (shown above). However, most
of the cellulolytic-degraders’ effects were found only in R. albus
throughout the 24 h of incubation, showing that anthocyanin
could modify only R. albus during cellulolytic activity in the
rumen harbor throughout the experiment. This was validated
by multi-omic studies using gnotobiotic sheep where R. albus,
R. flavefaciens, and F. succinogenes competed for cellulosic
biomass (58).

By focusing on protozoa-associated methanogens, (55)
reviewed a thorough knowledge base of ruminal methanogens
and their responses to ruminal bacteria. The decreased amount
of 16S Methanobacterium rRNA gene sequences identified from
protozoa suggested that protozoa-associated methanogens are
not linked to Methanobacterium (e.g., methanogenic bacteria).
Essentially, plant flavonoid-anthocyanin has been found to
have substantial antibacterial activity by interfering with the
semipermeable barrier of methanogens during intercellular
contacts; however, the efficiency of that plant flavonoid-
anthocyanin is dependent on molecular weight, dosages, type,
sources, and the basal substrate employed (2, 16, 25). Over
the last several years, iron-reducing bacteria have been widely
utilized to inhibit methane producers, particularly methanogens,
during anaerobic digestion, and this method has become
more effective (52). The possibility of direct electron transfer
between iron-reducing bacteria and methanogens through
iron oxides might explain why methanogens were eradicated.
Therefore, our findings employing FS as residual iron in
SLF and SHF may have an impairing impact on free-
living ruminal methanogens and might be deemed anti-
methanogenic characteristics.

CONCLUSIONS

Black cane (BC, Saccharum sinensis Robx.) is a potential
ruminant feedstock because of its high concentration of soluble
carbohydrates and anthocyanins, along with high lignification or
silicification of biomass. Increasing dilutions of ferrous sulfate
heptahydrate (FS) added to silages resulted in a linear decrease
in dry matter, anthocyanin, and nutritional value losses when
ensiling BC for 21 d of aerobic exposure. The lignin values
decreased linearly as the proportion of FS increased up to
0.030%. The addition of FS up to 0.030% resulted in an ideal
balance of ensiling properties in ruminants, with no negative
effect on rumen fermentation with lowering ruminal methane
gases. The findings of this study can facilitate the creation of

a strategy for developing ruminant diets based on roughage.
This will be beneficial to the environment as well. Since the
present study was performed over a short ensiling time, further in
vitro research to gain a better understanding of the combination
of iron sulfate with other natural or synthetic additives over a
longer period of ensiling may yield better results; in vivo studies
and feeding trials in ruminants and/or small ruminants are
required to understand the mechanism by which anthocyanins
alter digestibility, fermentation, antioxidant property, rumen
microscopic and rumen-derived products in the absence or
presence of residual FS.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Ethics Committee of Suranaree University of Technology issued
a statement approving the experimental protocol (SUT 4/2558).
The research was carried out in accordance with regulations
on animal experimentation and the Guidelines for the Use of
Animals in Research as recommended by the National Research
Council of Thailand (U1-02632-2559).Written informed consent
was obtained from the owners for the participation of their
animals in this study.

AUTHOR CONTRIBUTIONS

NS: conceptualization, methodology, formal analysis,
investigation, resources, data curation, writing—review
and editing, visualization, and project administration. SP:
conceptualization, methodology, writing—review and editing,
supervision, project administration, and funding acquisition.
AS: conceptualization, methodology, and writing—review
and editing. PP: conceptualization, methodology, formal
analysis, resources, data curation, writing—review and editing,
supervision, project administration, and funding acquisition. RP:
conceptualization, methodology, formal analysis, investigation,
resources, data curation, writing—original draft preparation,
writing—review and editing, visualization, supervision, project
administration, and funding acquisition. All authors contributed
to the article and approved the submitted version.

FUNDING

This research was funded by Suranaree University of Technology
(SUT; contract no. Full-time 61/02/2021), Thailand Science
Research and Innovation (TSRI), National Science Research
and Innovation Fund (NSRF; project codes: 90464; 160368;
FF3-303-65-36-17), National Research Council of Thailand
(NRCT; project code: 900105), and Nakhon Ratchasima Rajabhat
University (NRRU).

Frontiers in Veterinary Science | www.frontiersin.org 13 May 2022 | Volume 9 | Article 89627068

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


Suong et al. Fermented Cane for Potential Diet

ACKNOWLEDGMENTS

The Suranaree University of Technology farm, Siriwan
Phetsombat, and Thara Wongdee employees, as well as the
Center for Scientific and Technological Equipment and the
Section of Goat and Sheep SUT farm, are all thanked for their
support in using the farm’s research facilities and managing
animals. We appreciate Thansamay Vorlaphim, May Phonvisay,
Nittaya Taethaisong, Krung Wilachai, Jariya Surakhunthod,
Weerada Meethip, Kanokwan Kamkajon, Narawich Onjai-uea
and Sorasak Thongpea for assisting with animal feeding and

sampling. NS gratefully recognizes the Suranaree University of
Technology scholarship for ASEAN phase II (MOE5636/320) as
a source of funding. Figure 1 was created with BioRender.com
(license number II23TIPKJ8).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2022.896270/full#supplementary-material

REFERENCES

1. Grivet L, Glaszmann JC, D’Hont A. 3. Molecular Evidence of Sugarcane

Evolution and Domestication. In: Darwin’s Harvest. Columbia University

Press (2006). p. 49-66. doi: 10.7312/motl13316-004

2. Tian XZ, Li JX, Luo QY, Zhou D, Long QM, Wang X, et al. Effects

of purple corn anthocyanin on blood biochemical indexes, ruminal fluid

fermentation, and rumen microbiota in goats. Front Vet Sci. (2021)

8:715710. doi: 10.3389/fvets.2021.715710

3. Purba RAP, Paengkoum S, Yuangklang C, Paengkoum P, Salem AZM, Liang

JB. Mammary gene expressions and oxidative indicators in ruminal fluid.

Blood, milk, and mammary tissue of dairy goats fed a total mixed ration

containing piper meal (Piper betle L). Ital J Anim Sci. (2022) 21:129–

41. doi: 10.1080/1828051X.2021.2007173

4. Tian XZ, Lu Q, Zhao S, Li J, Luo Q, Wang X, et al. Purple corn

anthocyanin affects lipid mechanism, flavor compound profiles, and related

gene expression of longissimus thoracis et lumborummuscle in goats.Animals.

(2021) 11:2407. doi: 10.3390/ani11082407

5. Xu P, Cheng S, Han Y, Zhao D, Li H, Wang Y, et al. Natural variation of

lignocellulosic components in miscanthus biomass in china. Front Chem.

(2020) 8:1028. doi: 10.3389/fchem.2020.595143

6. Vorlaphim T, Paengkoum P, Purba RAP, Yuangklang C, Paengkoum S,

Schonewille JT. Treatment of rice stubble with Pleurotus ostreatus and urea

improves the growth performance in slow-growing goats. Animals. (2021)

11:1053. doi: 10.3390/ani11041053

7. Suong NTM, Paengkoum S, Schonewille JT, Purba RAP, Paengkoum

P. Growth performance, blood biochemical indexes, rumen bacterial

community, and carcass characteristics of goats fed anthocyanin-rich black

cane silage. Front Vet Sci. (2022) 9:880838. Available online at: https://www.

frontiersin.org/articles/10.3389/fvets.2022.880838

8. Zhao J, ZhangH, Zheng R, Lin Z, HuangH. The enhancement of pretreatment

and enzymatic hydrolysis of corn stover by FeSO[[sb]]4[[/s]] pretreatment.

Biochem Eng J. (2011) 56:158–64. doi: 10.1016/j.bej.2011.06.002

9. Soudham VP, Brandberg T, Mikkola JP, Larsson C. Detoxification of acid

pretreated spruce hydrolysates with ferrous sulfate and hydrogen peroxide

improves enzymatic hydrolysis and fermentation. Bioresour Technol. (2014)

166:559–65. doi: 10.1016/j.biortech.2014.05.096

10. Bao H, Sagues WJ, Wang Y, Peng W, Zhang L, Yang S, et al.

Depolymerization of lignin into monophenolics by ferrous/persulfate reagent

under mild conditions. ChemSusChem. (2020) 13:6582–93. doi: 10.1002/cssc.

202002240

11. Wang Y, Jiang M, Zhang Z, Sun H. Effects of over-load iron on nutrient

digestibility, haemato-biochemistry, rumen fermentation and bacterial

communities in sheep. J Anim Physiol Anim Nutr. (2020) 104:32–

43. doi: 10.1111/jpn.13225

12. FEEDAP. Safety and efficacy of iron compounds (E1) as feed

additives for all animal species: ferrous carbonate; ferric chloride,

hexahydrate; ferrous fumarate; ferrous sulphate, heptahydrate; ferrous

sulphate, monohydrate; ferrous chelate of amino acids, hydrate;

ferrous chelate of glycine, hydrate, based on a dossier submitted

by FEFANA asbl. EFSA J. (2016) 14:4396. doi: 10.2903/j.efsa.2016.

4396

13. AOAC. Official Methods of Analysis. Gaitherburg, Maryland. USA: AOAC

International Suite (2005). p. 500.

14. Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral

detergen fiber, and nonstarch polysaccharides in relation to animal nutrition.

J Dairy Sci. (1991) 74:3583–97. doi: 10.3168/jds.S0022-0302(91)78551-2

15. Cai Y, Du Z, Yamasaki S, Nguluve D, Tinga B, Macome F, et al. Community

of natural lactic acid bacteria and silage fermentation of corn stover and

sugarcane tops in Africa. Asian-Australas J Anim Sci. (2020) 33:1252–

64. doi: 10.5713/ajas.19.0348

16. Li X, Yao S, Tu B, Li X, Jia C, Song H. Determination and comparison

of flavonoids and anthocyanins in Chinese sugarcane tips, stems, roots and

leaves. J Sep Sci. (2010) 33:1216–23. doi: 10.1002/jssc.200900567

17. Tian XZ, Paengkoum P, Paengkoum S, Thongpea S, Ban C. Comparison of

forage yield. Silage fermentative quality, anthocyanin stability, antioxidant

activity, and in vitro rumen fermentation of anthocyanin-rich purple corn

(Zea mays L) stover and sticky corn stover. J Integr Agric. (2018) 17:2082–

95. doi: 10.1016/S2095-3119(18)61970-7

18. Purba RAP, Paengkoum P. Bioanalytical HPLC method of Piper betle L.

for quantifying phenolic compound, water-soluble vitamin, and essential

oil in five different solvent extracts. J Appl Pharm Sci. (2019) 9:033–

9. doi: 10.7324/JAPS.2019.90504

19. Song TH, Han OK, Park T, Kim DW, Yoon C, Kim KJ, et al. Anthocyanin

stability and silage fermentation quality of colored barley. J Kor Grassl Forage

Sci. (2012) 32:335–42. doi: 10.5333/KGFS.2012.32.4.335

20. Purba RAP, Paengkoum S, Paengkoum P. Development of a simple

high-performance liquid chromatography-based method to quantify

synergistic compounds and their composition in dried leaf extracts of Piper

sarmentosum Robx. Separations. (2021) 8:152. doi: 10.3390/separations

8090152

21. Fawcett JK, Scott JE. A rapid and precise method for the determination of

urea. J Clin Pathol. (1960) 13:156. doi: 10.1136/jcp.13.2.156

22. Paengkoum S, Tatsapong P, Taethaisong N, Sorasak T, Purba RAP,

Paengkoum P. Empirical evaluation and prediction of protein requirements

for maintenance and growth of 18–24 months old thai swamp buffaloes.

Animals. (2021) 11:1405. doi: 10.3390/ani11051405

23. Kozaki M, Uchimura T, Okada S. Experimental manual of lactic acid bacteria.

Asakurasyoten, Tokyo, Japan. (1992). p. 34–7.

24. Paengkoum S, Petlum A, Purba RAP, Paengkoum P. Protein-binding affinity

of various condensed tannin molecular weights from tropical leaf peel. J Appl

Pharm Sci. (2021) 11:114–20. doi: 10.7324/JAPS.2021.110314

25. Purba RAP, Yuangklang C, Paengkoum S, Paengkoum P. Milk fatty acid

composition, rumen microbial population and animal performance in

response to diets rich in linoleic acid supplemented with Piper betle leaves

in Saanen goats. Anim Prod Sci. (In Press). doi: 10.1071/AN20182

26. Menke KH, Steingass H. Estimation of the energetic feed value obtained from

chemical analysis and in vitro gas production using rumen fluid Anim. Res

Dev. (1988) 28:7–55.

27. Orskov ER, Mcdonald I. The estimation of protein degradability in the rumen

from incubation measurements weighted according to rate of passage. J Agric

Sci, Camb. (1970) 92:499–503. doi: 10.1017/S0021859600063048

28. Purba RAP, Paengkoum S, Yuangklang C, Paengkoum P. Flavonoids

and their aromatic derivatives in Piper betle powder promote in

Frontiers in Veterinary Science | www.frontiersin.org 14 May 2022 | Volume 9 | Article 89627069

https://www.frontiersin.org/articles/10.3389/fvets.2022.896270/full#supplementary-material
https://doi.org/10.7312/motl13316-004
https://doi.org/10.3389/fvets.2021.715710
https://doi.org/10.1080/1828051X.2021.2007173
https://doi.org/10.3390/ani11082407
https://doi.org/10.3389/fchem.2020.595143
https://doi.org/10.3390/ani11041053
https://www.frontiersin.org/articles/10.3389/fvets.2022.880838
https://www.frontiersin.org/articles/10.3389/fvets.2022.880838
https://doi.org/10.1016/j.bej.2011.06.002
https://doi.org/10.1016/j.biortech.2014.05.096
https://doi.org/10.1002/cssc.202002240
https://doi.org/10.1111/jpn.13225
https://doi.org/10.2903/j.efsa.2016.4396
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.5713/ajas.19.0348
https://doi.org/10.1002/jssc.200900567
https://doi.org/10.1016/S2095-3119(18)61970-7
https://doi.org/10.7324/JAPS.2019.90504
https://doi.org/10.5333/KGFS.2012.32.4.335
https://doi.org/10.3390/separations8090152
https://doi.org/10.1136/jcp.13.2.156
https://doi.org/10.3390/ani11051405
https://doi.org/10.7324/JAPS.2021.110314
https://doi.org/10.1071/AN20182
https://doi.org/10.1017/S0021859600063048
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Suong et al. Fermented Cane for Potential Diet

vitro methane mitigation in a variety of diets. Cienc Agrotec. (2020)

44:e012420. doi: 10.1590/1413-7054202044012420

29. Purba RAP, Yuangklang C, Paengkoum P. Enhanced conjugated

linoleic acid and biogas production after ruminal fermentation

with Piper betle L. supplementation Ciênc Rural. (2020)

50:e20191001. doi: 10.1590/0103-8478cr20191001

30. Purba RAP, Yuangklang C, Paengkoum S, Paengkoum P. Piper oil decreases

in vitro methane production with shifting ruminal fermentation in a variety

of diets. Int J Agric Biol. (2021) 25:231–40. doi: 10.17957/IJAB/15.1661

31. Yu Z, Morrison M. Improved extraction of PCR-quality community

DNA from digesta and fecal samples. Biotechniques. (2004) 36:808–

12. doi: 10.2144/04365ST04

32. Atikah IN, Alimon AR, Yaakub H, Abdullah N, Jahromi MF, Ivan M, et al.

Profiling of rumen fermentation, microbial population and digestibility in

goats fed with dietary oils containing different fatty acids. BMCVet Res. (2018)

14:344. doi: 10.1186/s12917-018-1672-0

33. Koike S, Kobayashi Y. Development and use of competitive PCR assays

for the rumen cellulolytic bacteria: Fibrobacter succinogenes, Ruminococcus

albus and Ruminococcus flavefaciens. FEMS Microbiol Lett. (2001) 204:361–

6. doi: 10.1111/j.1574-6968.2001.tb10911.x

34. Denman SE, McSweeney CS. Development of a real-time PCR

assay for monitoring anaerobic fungal and cellulolytic bacterial

populations within the rumen. FEMS Microbiol Ecol. (2006)

58:572–82. doi: 10.1111/j.1574-6941.2006.00190.x

35. Zhang CM, Guo YQ, Yuan ZP, Wu YM, Wang JK, Liu JX, et al. Effect

of octadeca carbon fatty acids on microbial fermentation, methanogenesis

and microbial flora in vitro. Anim Feed Sci Tech. (2008) 146:259–69.

doi: 10.1016/j.anifeedsci.2008.01.005

36. Oba M. Review: Effects of feeding sugars on productivity of lactating dairy

cows. Can J Anim Sci. (2011) 91:37–46. doi: 10.4141/CJAS10069

37. Li X, Ma Z, Yao S. Bioactivity-guided systematic extraction and purification

supported by multitechniques for sugarcane flavonoids and anthocyanins.

Food Bioprod Process. (2015) 94:547–54. doi: 10.1016/j.fbp.2014.

08.001

38. Fernández AM, Cabezuelo ABS, de la Roza Delgado MB, Arrojo MAG,

Gutiérrez AA. Modelling a quantitative ensilability index adapted to

forages from wet temperate areas. Span J Agri Res. (2013) 11:455–

62. doi: 10.5424/sjar/2013112-3219

39. Fly AD, Czarnecki-Maulden GL, Fahey Jr GC, Titgemeyer EC. Hemicellulose

does not affect iron bioavailability in chicks. J Nutr. (1996) 126:308–

16. doi: 10.1093/jn/126.1.308

40. Pahlow G, Muck RE, Driehuis F, Elferink SJWHO, Spoelstra SF.

Microbiology of ensiling. In Silage Science and Technology. (2003). p.

31–93. doi: 10.2134/agronmonogr42.c2

41. Kung L, Shaver RD, Grant RJ, Schmidt RJ. Silage review: Interpretation of

chemical, microbial, and organoleptic components of silages. J Dairy Sci.

(2018) 101:4020–33. doi: 10.3168/jds.2017-13909

42. Mordenti AL, Giaretta E, Campidonico L, Parazza P, Formigoni A. A

review regarding the use of molasses in animal nutrition. Animals. (2021)

11. doi: 10.3390/ani11010115

43. Hosoda K, Eruden B, Matsuyama H, Shioya S. Silage fermentative

quality and characteristics of anthocyanin stability in anthocyanin-

rich corn (Zea mays L.). Asian-Australas J Anim Sci. (2009)

22:528–33. doi: 10.5713/ajas.2009.80525

44. Pace E, Jiang Y, Clemens A, Crossman T, Rupasinghe HPV. Impact of thermal

degradation of cyanidin-3-o-glucoside of haskap berry on cytotoxicity

of hepatocellular carcinoma hepg2 and breast cancer mda-mb-231 cells.

Antioxidants. (2018) 7:24. doi: 10.3390/antiox7020024

45. Li W, Gu M, Gong P, Wang J, Hu Y, Hu Y, et al. Glycosides

changed the stability and antioxidant activity of pelargonidin. LWT. (2021)

147:111581. doi: 10.1016/j.lwt.2021.111581

46. Kaewpila C, Khota W, Gunun P, Kesorn P, Cherdthong A. Strategic

addition of different additives to improve silage fermentation,

aerobic stability and in vitro digestibility of napier grasses at late

maturity stage. Agriculture. (2020) 10:262. doi: 10.3390/agriculture

10070262

47. Tian XZ, Paengkoum P, Paengkoum S, Chumpawadee S, Ban C,

Thongpea S. Purple corn (Zea mays L.) stover silage with abundant

anthocyanins transferring anthocyanin composition to the milk and

increasing antioxidant status of lactating dairy goats. J Dairy Sci. (2019)

102:413–8. doi: 10.3168/jds.2018-15423

48. Newbold CJ, Ramos-Morales E. Review: ruminal microbiome and microbial

metabolome: effects of diet and ruminant host. Animal. (2020) 14:s78–

86. doi: 10.1017/S1751731119003252

49. Oliveira JGD, Henrique DS, Abreu MLC, Fluck AC, Mayer LRR, Costa

OAD, et al. Evaluation of mathematical models to describe gas production

kinetics of some tropical and temperate forages. Rev Bras Zootec. (2020)

49. doi: 10.37496/rbz4920190197

50. Greening C, Geier R, Wang CJ, Woods LC, Morales SE, McDonald

MJ, et al. Diverse hydrogen production and consumption pathways

influence methane production in ruminants. ISME J. (2019) 13:2617–

32. doi: 10.1038/s41396-019-0464-2

51. Ungerfeld EM. Metabolic hydrogen flows in rumen fermentation:

Principles and possibilities of interventions. Front Microbiol. (2020)

11:589. doi: 10.3389/fmicb.2020.00589

52. Jin Z, Zhao Z, Zhang Y. Insight into ferrihydrite effects on methanogenesis

in UASB reactors treating high sulfate wastewater: reactor performance

and microbial community. Environ Sci Water Res Technol. (2020) 6:1794–

803. doi: 10.1039/D0EW00154F

53. Patra AK, Yu Z. Combinations of nitrate, saponin, and sulfate additively

reduce methane production by rumen cultures in vitro while not adversely

affecting feed digestion, fermentation or microbial communities. Bioresour

Technol. (2014) 155:129–35. doi: 10.1016/j.biortech.2013.12.099

54. Patra AK, Yu Z. Effects of adaptation of in vitro rumen culture to

garlic oil, nitrate, and saponin and their combinations on methanogenesis,

fermentation, and abundances and diversity of microbial populations. Front

Microbiol. (2015) 6. doi: 10.3389/fmicb.2015.01434

55. Patra AK, Park T, Kim M, Yu Z. Rumen methanogens and mitigation of

methane emission by anti-methanogenic compounds and substances. J Anim

Sci Biotechnol. (2017) 8:13–13. doi: 10.1186/s40104-017-0145-9

56. Niu Y, Meng Q, Li S, Ren L, Zhou B, Schonewille T, et al. Effects

of diets supplemented with ensiled mulberry leaves and sun-dried

mulberry fruit pomace on the ruminal bacterial and archaeal

community composition of finishing steers. PLoS ONE. (2016)

11:e0156836. doi: 10.1371/journal.pone.0156836

57. Yusuf AL, Adeyemi KD, Samsudin AA, Goh YM, Alimon AR, Sazili AQ.

Effects of dietary supplementation of leaves and whole plant of Andrographis

paniculata on rumen fermentation, fatty acid composition and microbiota in

goats. BMC Vet Res. (2017) 13:349. doi: 10.1186/s12917-017-1223-0

58. Yeoman CJ, Fields CJ, Lepercq P, Ruiz P, Forano E, White BA, et al. In vivo

competitions between Fibrobacter succinogenes, Ruminococcus flavefaciens,

and Ruminoccus albus in a gnotobiotic sheep model revealed by multi-omic

analyses.MBio. (2021) 12:e03533–03520. doi: 10.1128/mBio.03533-20

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 © 2022 Suong, Paengkoum, Salem, Paengkoum and Purba. 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 15 May 2022 | Volume 9 | Article 89627070

https://doi.org/10.1590/1413-7054202044012420
https://doi.org/10.1590/0103-8478cr20191001
https://doi.org/10.17957/IJAB/15.1661
https://doi.org/10.2144/04365ST04
https://doi.org/10.1186/s12917-018-1672-0
https://doi.org/10.1111/j.1574-6968.2001.tb10911.x
https://doi.org/10.1111/j.1574-6941.2006.00190.x
https://doi.org/10.1016/j.anifeedsci.2008.01.005
https://doi.org/10.4141/CJAS10069
https://doi.org/10.1016/j.fbp.2014.08.001
https://doi.org/10.5424/sjar/2013112-3219
https://doi.org/10.1093/jn/126.1.308
https://doi.org/10.2134/agronmonogr42.c2
https://doi.org/10.3168/jds.2017-13909
https://doi.org/10.3390/ani11010115
https://doi.org/10.5713/ajas.2009.80525
https://doi.org/10.3390/antiox7020024
https://doi.org/10.1016/j.lwt.2021.111581
https://doi.org/10.3390/agriculture10070262
https://doi.org/10.3168/jds.2018-15423
https://doi.org/10.1017/S1751731119003252
https://doi.org/10.37496/rbz4920190197
https://doi.org/10.1038/s41396-019-0464-2
https://doi.org/10.3389/fmicb.2020.00589
https://doi.org/10.1039/D0EW00154F
https://doi.org/10.1016/j.biortech.2013.12.099
https://doi.org/10.3389/fmicb.2015.01434
https://doi.org/10.1186/s40104-017-0145-9
https://doi.org/10.1371/journal.pone.0156836
https://doi.org/10.1186/s12917-017-1223-0
https://doi.org/10.1128/mBio.03533-20
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: 18 May 2022

doi: 10.3389/fvets.2022.899148

Frontiers in Veterinary Science | www.frontiersin.org 1 May 2022 | Volume 9 | Article 899148

Edited by:

Bruno Solis-Cruz,

Universidad Nacional Autonóma de

México, Mexico

Reviewed by:

Arturo César García Casillas,

University of Colima, Mexico

Kampanat Phesatcha,

Nakhon Phanom University, Thailand

*Correspondence:

Guoqi Zhao

gqzhao@yzu.edu.cn

†These authors share first authorship

Specialty section:

This article was submitted to

Animal Nutrition and Metabolism,

a section of the journal

Frontiers in Veterinary Science

Received: 18 March 2022

Accepted: 19 April 2022

Published: 18 May 2022

Citation:

Jiang M, Datsomor O, Cheng Z,

Meng Z, Zhan K, Yang T, Huang Y,

Yan Q and Zhao G (2022) Partial

Substitution of Alfalfa Hay by Stevia

(Stevia rebaudiana) Hay Can Improve

Lactation Performance, Rumen

Fermentation, and Nitrogen Utilization

of Dairy Cows.

Front. Vet. Sci. 9:899148.

doi: 10.3389/fvets.2022.899148

Partial Substitution of Alfalfa Hay by
Stevia (Stevia rebaudiana) Hay Can
Improve Lactation Performance,
Rumen Fermentation, and Nitrogen
Utilization of Dairy Cows
Maocheng Jiang 1†, Osmond Datsomor 1†, Zhiqiang Cheng 1, Zitong Meng 1, Kang Zhan 1,

Tianyu Yang 1, Yinghao Huang 1, Qi Yan 1 and Guoqi Zhao 1,2,3*

1 Institute of Animal Culture Collection and Application, College of Animal Science and Technology, Yangzhou University,

Yangzhou, China, 2 Institutes of Agricultural Science and Technology Development, Yangzhou University, Yangzhou, China,
3 Joint International Research Laboratory of Agriculture and Agri-Product Safety, the Ministry of Education of China, Yangzhou

University, Yangzhou, China

The objective of this study was to determine the effect of replacing isonitrogenous

and isoenergetic basis alfalfa hay (AH) with stevia (Stevia rebaudiana) hay in dairy cow

diets on nutrient digestion, milk performance, rumen fermentation, and nitrogen (N)

utilization. In this study, 24 healthy Holstein lactating dairy cattle with a similar milk yield

of 33.70 ± 2.75 (mean ± SD) kg, days in milk 95.98 ± 23.59 (mean ± SD) days, and

body weight 587.75± 66.97 (mean± SD) kg were selected and randomly allocated into

three groups. The constituents of the three treatments were (1) 30.0% AH, and 0% stevia

hay (SH) for the AH group; (2) 24.0% AH, and 6% SH for the 6% SH group; (3) 18.0%

AH, and 12% SH for the 12% SH group. The substitution of AH with SH did not affect

dry matter intake (DMI), gross energy (GE), and other nutrients intake but increased the

digestibility of neutral detergent fiber (NDF) and acid detergent fiber (ADF). Compared

with the AH diet, the cows fed the 6% SH diet had a higher milk yield and concentration

of milk fat. Fecal and urinary nitrogen (N) were lower in cows fed a 6% SH diet than in

cows fed the AH diet. Milk N secretion and milk N as a percentage of N intake were

higher in cows fed a 6% SH diet than in cows fed AH diets. The concentration of ruminal

volatile fatty acids, acetic acid, and ammonia-N were higher in cows fed a 6% SH diet

than in cows fed an AH diet. By comparison, the 12% SH group did not affect milk yield,

milk composition, N utilization, and rumen fermentation compared with the AH and 6%

SH groups. In conclusion, it appears that feeding 6% SH, replacing a portion of AH, may

improve lactation performance and N utilization for lactating dairy cows.

Keywords: stevia, lactation performance, nitrogen utilization, rumen fermentation, partial substitution

INTRODUCTION

With the current surge in global forage crop prices, long-term dependence on alfalfa hay (AH)
imports cannot sustain the rapid development of the dairy industry in southern China. Thus,
there is an urgent need to investigate alternative, sustainable growing forage crops to promote
the sustainable development of dairy husbandry in southern China. Through the investigation of
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medicinal plant resources, stevia is known to grow in many
provinces in southern China, and the annual output is also
considerable. In recent years, the development and utilization of
stevia have mainly focused on its research as a sweetener, such
as stevioside (1, 2). However, there are few reports on stevia
in animal feeding experiments (3), and there are no reports
on ruminants.

Stevia is a perennial herb native to the subtropical regions
of South America (4). In China, stevia cultivation first began
in the 1970s using varieties introduced from Japan (5). At
present, it is planted in most parts of southern China, where
it grows easily like any other vegetable crop even in the
garden (6). In recent years, China has become one of the
major stevia planting countries in the world, accounting for
about 60–80% of the world’s total production (6). Therefore,
research on the development and utilization of stevia is also
increasing. It is a kind of plant with remarkable physiological
activity that has shown great value in the development and
utilization of medicinal plant resources. Previous studies have
found that stevia has the functions of regulating blood pressure
(7, 8), lowering blood lipids (9), lowering blood sugar (10),
anti-inflammatory and bactericidal (11), and antioxidant (12).
Both earlier and current studies not only confirm the safety
of stevia products but also find more and more benefits from
its consumption for human health (13, 14). Stevia is rich in
amino acids and protein (13). Wang et al. (15) added stevioside
to piglet feed, both average feed intake and average daily gain
increased throughout the experimental period. Geuns et al. (16)
conducted a chicken intubation experiment, adding stevioside
to the chicken feed at a dosage of 643–1,168mg per chicken.
Chicken excreta analysis found that most of the stevioside was
not metabolized in the chicken, only about 2% was converted
to steviol, and no stevioside and steviol were detected in
the blood. At the same time, a long-term feeding experiment
conducted on broilers showed that the feed intake and daily
weight gain of broilers supplemented with 667 mg/kg stevioside
tended to increase. In addition, broiler feeding experiments
conducted by Atteh et al. (17) showed that the addition of
stevioside significantly increased the daily gain of broilers.
The reports of these animal experiments have shown that the
beneficial chemicals contained in stevia have a positive effect on
animal health.

Few previous studies have scientifically evaluated how
stevia could be efficiently used in animal production,
especially in dairy production. This experiment was
conducted to investigate how the substitution of stevia
hay (SH) for AH in diets affects lactation performance,
nitrogen utilization, and rumen fermentation of
dairy cows.

MATERIALS AND METHODS

All Holstein bovines used in this research were strictly cared for
in accordance with the principles of the Institutional Animal Care
and Use Committee (IACUC) of Yangzhou University (SYXK
(Su) 2016-0019).

Animals, Experimental Design, and Diets
The stevia planted and subsequently utilized in this study did
not replace any crops on the farm, as it was the main cash crop

grown on a field located at 32◦51
′
N, 120◦19

′
W, and 4m above

sea level. Stems with leaves of stevia were collected at a height of
15–20 cm above ground during the full-bud growth stage. After
harvest, the stevia portion (stem and leaves) was naturally dried
to achieve a moisture content of <10% (on a dry matter basis).
SH was prepared by chopping the stevia stem with leaves to a
length of 3–4 cm using a manual forage chopper. The experiment
was conducted on the ruminant experimental farm of Yangzhou
University (Yangzhou city, Jiangsu province, China). Twenty-
four healthyHolstein lactating dairy cows with similarmilk yields
of 33.70 ± 2.75 (mean ± SD) kg, days in milk 95.98 ± 23.59
(mean ± SD) days, and body weight 587.75 ± 66.97 (mean ±

SD) kg were selected and randomly allocated into three groups.
The constituents of the three treatments were (1) 30.0% AH and
0% SH for the AH group (n = 8); (2) 24.0% AH and 6% SH for
the 6% SH group (n = 8); (3) 18.0% AH and 12% SH for the

TABLE 1 | Ingredients and nutrient composition of diets.

Item Teatment1

AH 6% SH 12% SH

Ingredient, % of DM

Alfalfa hay 30.0 24.0 18.0

Stevia hay 0.0 6.0 12.0

Corn silage 30.9 30.9 30.9

Ground corn 12.8 12.8 12.8

Soybean meal 13.7 13.7 13.7

Cottonseed meal 5.3 5.3 5.3

DDGS2 4.8 4.8 4.8

Slat 0.3 0.3 0.3

Premix3 2.2 2.2 2.2

Composition, % of DM

DM 52.7 52.7 52.7

OM4 88.9 88.6 88.2

CP 18.6 18.6 18.5

NDF 31.6 32.4 33.2

NFC5 37.9 36.9 35.7

ADF 21.7 22.3 22.9

EE 3.63 3.70 3.77

Starch 22.8 22.6 22.5

NEL,
6 Mcal/kg 1.58 1.54 1.56

1Teatments (DM basis): AH = 28.0% alfalfa hay (AH) and 0% Stevia hay (SH), 10% SH =

20.0% alfalfa hay (AH) and 10% Stevia hay (SH), and 18% SH = 12.0% alfalfa hay (AH)

and 18% Stevia hay (SH).
2DDGS = distillers dried grains with solubles.
3Premix was formulated to provide vitamin A, vitamin D3, vitamin E, manganese sulfate,

zinc sulfate, magnesium oxide, limestone, and sodium chloride. Chemical composition of

premix contained (DM basis) 2.6% Zn, 13.8% Ca, 11.7% Na, 17.4% Cl, 4.8% Mg, 0.4%

S, 0.1% K, 800 mg/kg Mn, 11,000 IU of Vitamin A; 54,500 IU of Vitamin D, and 1,000 IU

of Vitamin E.
4Organic matter (OM) = 100 - ash.
5Non-fibrous carbohydrate (NFC) calculated as NFC (%) = 100 - (% ash + % NDF + %

CP + % EE). EE = ether extract.
6Predicted values from the National Research Council (NRC) (2001) model (18).
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12% SH group (n = 8). At the start of the adaptation period, the
pre-experimental diet was replaced by the experimental diet. The
experiment lasted for 70 d, including a 10 d period for adaptation.
All diets were isonitrogenous, and isoenergetic and met the
nutritional requirements of the National Research Council NRC
(Table 1). Cows were housed in individual stall barns with free
access to drinking water, fed 3 times a day (07:00, 13:00, and
20:00 h) at 105% ad libitum intake, and were milked 3 times a
day at 08:00, 14:30, and 21:00 h.

Sample Collection and Analyses
The daily feed offered, orts, and spillages were collected and
weighed to determine dry matter intake (DMI). The offered and
refused feed amounts were recorded on the 3rd and 6th days
every other week throughout the entire experimental period. All
samples were dried in an oven at 65◦C for 48 h, ground using
a Wiley mill (1188Y, Thomaswiley, USA) with a 2-mm screen
size, and then stored for further analyses. Feed was milled and
analyzed for dry matter (DM), ash, crude protein (CP), neutral
detergent fiber (NDF), acid detergent fiber (ADF), total nitrogen
(N), starch, gross energy (GE), and ether extract (EE).

A 7-day digestion and metabolism test was conducted at the
end of the formal period, in which the first 2 days were the
adaptation period, and the last 5 days were sampled for data.
Total collection of feces and urine was performed as described
in Cherif et al. (18). Feces were dried and ground using a
pulverizer (WF - 20B, Zhenfeng, Jiangsu, China,) for subsequent
determination of DM, NDF, ADF, total N, starch, GE, ash, and
organic matter (OM) content. For both total mixed ration (TMR)
and fecal samples, DMwas detected using AOACmethod 930.15;
CP was tested using the method described by Kjeldahl, with an
azotometer (Scino KT260, FOSS, Hillerod, Denmark); NDF and
ADF were measured using the methods described by Van Soest
using a Fiber Analyzer (2000i, Ankom, New York, USA); total
N were measured using the methods as described in Santana et
al. (19), starch content was measured enzymatically (Megazyme,
K-TSTA, Ireland), and ash content was measured according to
AOAC method 942.05 (20).

Milk production was recorded every day and a 50ml sample
from the collected 3 consecutive milkings (6:00, 13:00, and
20:00 h) during weeks 1, 4, 8, and 12. Each sample was placed
in tubes with a preservative (0.05%, benzoic acid) and submitted
to Dairy One Cooperative Inc. (Shanghai, China) for analysis of
protein, fat, lactose, and total solids (TS) and somatic cell count
(SCC). Milk urea nitrogen (MUN) levels were measured with a
Beckman BUNAnalyzer 2 (Beckman Instruments Inc., Fullerton,
CA). The energy corrected milk (ECM) value was calculated
using the formula of Orth (21): ECM = (0.3246 × kg of milk)
+ (13.86 × kg of milk fat) + (7.04 × kg of milk protein). Feed
efficiency=Milk/DMI.

The total collection of ruminal fluid samples (approximately
200ml) was performed as described by Wang et al. (22). Briefly,
whole-rumen content samples collected from 4 locations in the
rumen were filtered through 2 layers of cheesecloth. The first
100–200ml of fluid were discarded to reduce the risk of saliva
contaminating the rumen fluid sample. Next, pH, volatile fatty
acids (VFA), and ammonia nitrogen (NH4-N) of the sampled

rumen fluid were detected. Following that, the pH (PB-21, Beijing
Sartorius Scientific Instrument Co., Ltd) value was determined
immediately afterward the samples were stored at −20◦C for
the determination of VFA and NH4-N. VFA was determined
by gas chromatography (Thermo Fisher Scientific, Waltham,
MA, USA), with the detection method based on the previous
research of Wu et al. (23). NH4-N was detected using the method
described by Lamminen et al. (24).

Statistical Analysis
Data are presented as the means and the standard error of
the mean (SEM). Significant differences were determined by
one-way ANOVA and Tukey’s multiple comparison tests. The
analysis was conducted using the SPSS Statistics software, version
20.0 (IBM Corp., Armonk, NY, USA) (25). Additionally, a T-
test was applied to analyze the chemical composition data of
hay. Statistical significance was defined at p < 0.05 with highly
significant values at p < 0.01; trends were declared at 0.05 <

p ≤ 0.1.

RESULTS

AH and SH Composition
Alfalfa hay in the diet was partially replaced by SH based on
isonitrogenous and isoenergetic. The composition of TMR and
hay ingredients is shown in Tables 1, 2. As shown in Table 1,
compared with the control group, AH was replaced by SH by 6%
and 12% in the treatment group. As can be seen from Table 2,
CP and non-fibrous carbohydrate (NFC) content were 8.2 and
44.3% lower for SH than for AH (p < 0.01). EE, NDF, ADF, and
ash content were 65.1, 54.9, 35.0, and 14.6% units higher in SH
than AH (p < 0.01).

Intake and Digestibility
The total amount of nutrient intake and apparent total-tract
nutrient digestibility of the three treatment diets are shown in
Table 3. Intake of DM, OM, CP, NDF, ADF, GE, and starch was
similar between the experimental diets as presented in Table 3.
Apparent total-tract digestibility of DM, OM, and CP was not
significant among the three treatment diets. Besides, apparent

TABLE 2 | Chemical composition of alfalfa hay (AH) and stevia hay (SH) used in

the diets (n = 7).

Item, % of DM Type of hay SEM P-value

Alfalfa Stevia

DM 90.88 92.30 0.41 0.16

CP 16.21 14.88 0.33 <0.01

EE 1.89 3.12 0.24 <0.01

NDF 32.7 50.65 0.44 <0.01

ADF 29.54 39.88 0.46 <0.01

Ash 11.42 13.09 0.40 <0.01

NFC 32.77 18.25 0.64 <0.01

NFC, non-fibrous carbohydrate.
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TABLE 3 | Effect of partial substitution of AH by SH on dry matter intake (DMI) and digestibility.

Item Treatment SEM P-value

AH 6% SH 12% SH

Intake, kg/d

DM 23.40 24.65 25.07 0.80 0.69

OM 21.44 22.70 22.96 0.52 0.47

CP 4.32 4.43 4.54 0.24 0.94

NDF 7.35 7.96 8.16 0.31 0.57

ADF 5.01 5.48 5.53 0.27 0.71

Starch 5.01 5.34 5.50 0.22 0.68

Gross energy (Mcal/d) 120.25 121.13 122.63 0.79 0.48

Digestibility, %

DM 66.05 67.58 66.36 0.71 0.67

OM 67.59 68.79 69.21 0.29 0.05

CP 66.65 67.55 67.33 0.26 0.38

NDF 38.99b 41.38a 40.66a 0.33 <0.01

ADF 32.32b 35.51a 36.19a 0.45 <0.01

Gross energy 69.00 70.88 70.75 0.51 0.25

a,bMeans within a row with different superscripts differ (p < 0.05).

TABLE 4 | Effect of partial substitution of AH by SH on milk yield and milk composition.

Item Treatment SEM P-value

AH 6% SH 12% SH

Yield, kg/d

Milk 34.03 35.80 35.51 0.34 0.07

Fat 1.35b 1.53a 1.46ab 0.03 0.02

Protein 1.20 1.27 1.16 0.02 0.12

Lactose 1.57 1.69 1.66 0.03 0.30

ECM 37.37 39.84 38.42 0.54 0.18

Feed efficiency 1.47 1.49 1.47 0.05 0.98

Composition, %

Fat 3.79 3.89 3.81 0.07 0.85

Protein 3.52 3.54 3.27 0.06 0.14

Lactose 4.62 4.73 4.67 0.07 0.79

MUN, mg/dL 12.14 12.76 12.03 0.18 0.22

a,bMeans within a row with different superscripts differ (p < 0.05).

total-tract digestibility of NDF, ADF, and GE was significantly
higher in the 6% SH and 12% SH group than the AH group
(p < 0.01).

Milk Production, Milk Composition, and
Feed Efficiencies
The milk production, milk composition, and feed efficiencies of
the three treatment diets are presented in Table 4. Compared
with AH, the yield of milk was significantly increased for cows
fed in the 6% SH group (p = 0.033). Fat yield in the 6% SH
group was significantly higher than that in the AH group (p
= 0.02). However, the two treatment groups had no significant
effect on milk composition compared with the control group.

Similarly, feed efficiency was similar between cows fed the three
treatment diets.

Nitrogen Utilization
As experimental diets were isonitrogenous, dietary inclusion of
SH (6 or 12%) had no effect on N intake between treatments
and averaged 660.21 g/days (Table 5). There was a significantly
increased in the N content of milk from the 6% SH group
compared with the AH group (p < 0.01). The retained N content
was significantly higher in the SH group than the AH group (p
= 0.02). However, the 6% SH group was significantly reduced
fecal N excretion compared with the AH group (p = 0.022).
Similarly, the urinary N secretion was significantly higher for
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TABLE 5 | Effect of partial substitution of AH by SH on nitrogen utilization.

Item Treatment SEM P-value

AH 6% SH 12% SH

N intake, g/d 657.75 660.38 662.50 4.54 0.92

Milk N secretion, g/d 194.25b 217.88a 207.87ab 3.28 < 0.01

% of N intake 29.57b 33.02a 31.40ab 0.52 0.02

Fecal N secretion, g/d 211.88 188.88 196.13 4.15 0.06

% of N intake 32.26a 28.57b 29.58ab 0.61 0.03

Urinary N secretion, g/d 208.38a 189.00b 199.01ab 3.10 0.03

% of N intake 31.65a 28.60b 30.05b 0.40 < 0.01

Retained N, g/d 43.25b 64.75a 59.50a 3.49 0.02

% of N intake 6.52b 9.81a 8.97a 0.52 0.02

a,bMeans within a row with different superscripts differ (p < 0.05).

TABLE 6 | Effect of partial substitution of alfalfa hay by stevia hay on ruminal pH, NH3, and volatile fatty acids (VFA).

Item Treatment SEM P-value

AH 6% SH 12% SH

pH 6.23 6.28 6.21 0.02 0.37

NH3, mg/dL 14.03 12.54 13.26 0.27 0.06

Total VFA, mM 89.77 96.67 92.13 1.29 0.08

VFA proportion, mM/100 mM

Acetic acid 57.37 63.55 59.62 0.73 0.06

Propionic acid 17.81 18.29 18.66 0.28 0.48

Butyric acid 12.33 12.14 11.65 0.36 0.74

Acetic: propionic acid 3.24 3.48 3.20 0.07 0.18

cows fed the AH diet than for those fed the 6% SH treatment
diets (p < 0.01).

Rumen Fermentation
Rumen fermentation characteristics of the AH and SH groups are
presented in Table 6. For ruminal NH3, the only change observed
was between cows fed 6% SH and those fed the AH diet (p =

0.02), and there were no differences between the 6 and 12% SH
diets (p= 0.21). Similarly, there was a significant increase in total
VFA and acetic acid from the 6% SH group compared with the
AH group (p = 0.028 and p = 0.021). There were no significant
differences in rumen pH value (p = 0.37), molar proportion of
propionic (p = 0.48), butyric acid (p = 0.74), and the ratio of
acetic to propionic acid between the SH and AH diets (p= 0.18).

DISCUSSION

Chemical Composition of SH
Stevia rebaudiana is a perennial herb of significant economic
value due to its high content of natural, dietetically valuable
sweeteners in its leaves (26, 27). The nutrient composition of
AH and SH was tested by our laboratory (Table 2). The stems
and leaves of stevia plants contain 14.88% CP, 3.12% EE, 50.65%
NDF, and 39.88% ADF. Several previous studies have shown
that SH contains between 10 and 20.42% of CP and between

2.7 and 5.0% of EE (28–31). This is overall consistent with
our results. Preliminary analysis based on present and past
results showed that the changes in CP and EE contents are also
affected by environment and regions. Comparing the nutritional
components of SH with AH, it was found that SH had relatively
good CP content and EE content. In addition, the NDF content
of SH was higher than AH, with preferable digestibility and
palatability. Therefore, SH was used to replace partial AH to
explore whether SH can be used as a feed source for lactating
dairy cows.

Feed Intake, Digestibility, and Milk
Production
In the present study, isonitrogenous and isoenergetic diets with
similar chemical compositions between the SH and AH diets
were fed (Table 1). The average CP and EE values of the three
diets were 18.57 and 3.7%, respectively. Compared with the AH
group, the average DMI of the 12% SH group increased by 7.14%.
However, there was no effect on DMI by the cows fed the three
diets. Thus, there was no significant difference in digestibility
(OM, CP, NDF, ADF, starch, and GE) of the three treatment
groups. Previous reports were only about the application of stevia
extract (stevioside) in animal production. Following reports of
Geuns et al. (16), the addition of stevia to diets had no significant
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effect on the DMI of broilers. In another study on weaning pigs,
feed consumption was increased by 4.4% and weight gain by
3.1% (32). Generally, stevia rebaudiana is regarded as a natural
sweetener, and sweeteners can promote animal feed intake (3).
However, the result of the present experiment did not align
with earlier feed intake results. This result may be due to the
higher NDF of SH increasing satiety. Similarly, apparent total-
tract digestibility of DM, CP, and GE averaged 66.66, 67.18, and
70.21%, respectively, and was not affected by dietary treatments.
In contrast, the total-tract digestibility of OM, NDF, and ADF
was higher for cows fed SH diets compared with cows fed an
AH diet. Previous studies have shown that stevia can increase
the abundance of beneficial bacteria and reduce the abundance
of harmful bacteria in the gastrointestinal tract (33). Stevioside
is one of the main chemical components of SH, accounting for
10% of the leaves. It may be forthis reason that the apparent
digestibility of NDF and ADF in the SH group was higher than
in the AH group.

For milk production, the yield of milk tended to be higher for
cows fed the 6% SH group compared with the AH group. Despite
the increased replacement ratio of stevia, the milk yield of the
12% SH group did not increase. Notably, milk fat content showed
the same trend. Acetic acid is the main lipogenic precursor in
the mammary gland during lactation has been reported (34).
Therefore, the level of acetic acid which indicates cattle rumen
fermentation could partially cause the variation in milk yield
and fat. DMI and milk yield were not significantly affected when
alfalfa was replaced with stevia in dairy cow diets. Similarly, feed
efficiency was not affected.

Nitrogen Metabolism
Previous studies have shown that the efficiency of converting
nitrogen in dietary N of dairy cows intomilk nitrogen is relatively
low; most of the nitrogen from food is excreted through feces and
urine, which also pollutes the environment (35). In the present
experiment, when expressed as a proportion of N intake, the
efficiency of N use for milk N secretion was higher for cows fed
a 6% SH diet vs. cows fed an AH diet. It is well known that urea
in the milk equilibrates rapidly with other body fluids, such as
plasma (36), reflecting not only protein metabolism but also the
inefficiency of N utilization (37). Previous studies have shown
that milk N secretion is associated with protein degradation
rate in the rumen (38). So it may also be due to the fact that
the degradable protein of SH was higher than AH. Besides,
more studies should be done with a wider range of dietary
CP to determine the value that captures the dietary situations
that maximize protein yield while minimizing urinary urea N.
Nitrogen in feces is mainly related to undigested feed nitrogen
and endogenous nitrogen (39). Overall, fecal N excretion and
concentration in the AH group were higher than in the 6% SH
group. This result also confirms that the protein degradation of
SH was higher than AH. In addition, nitrogen retention may
depend on the amount of digestible protein and the amino
acid (AA) composition of the protein, as well as the energy
available for the protein to accumulate in the body (40). In
conclusion, the changes in these values confirm that the protein

degradation rate of SH in the rumen was higher than AH in
this study.

Rumen Fermentation
Results of previous studies showed that a higher total
concentration of ruminal VFA was indicative of higher nutrient
digestibility (22). The higher ruminal total VFA concentration
in cows fed the 6% SH diet was indicative of higher nutrient
digestibility, which indirectly explains the increase in milk
production. Excessive concentrations of NH3 in the rumen
resulted in high levels of N excreted mainly in the urine (41).
Consistent with expectations, the ruminal NH3 concentrations
are well correlated with MUN and urinary N excretion. In this
study, NH3 content in the 6% treatment group was significantly
lower than that in the AH group. The same results were obtained
from urine nitrogen secretion. Similarly, Benchaar et al. (42)
reported that dietary treatments that increased ruminal NH3

concentration also increased urinary N excretion. Meanwhile,
replacing AH with SH in dairy cow diets did not change the
molar proportions of acetic and propionic acid. Although the
concentration of acetic acid tended to change in the three diets,
the ratio of acetic/propionic acid did not change. In short,
using a certain proportion of SH instead of AH is conducive to
the rumen fermentation of dairy cows, but it will not increase
the proportion.

Conclusions
Results of this study revealed that SH can partially substitute
AH in the diet of dairy cows on an isonitrogenous and
isoenergetic basis without adverse effects on intake. Cows
fed the 6% SH diet demonstrated a higher yield of milk
and milk fat content. Compared with the AH group, cows
fed the 6% SH diet had higher nutrient digestibility and
nitrogen utilization. However, the 12% SH group did not
get the corresponding effect. Thus, these results suggest
that feeding 6% SH, replacing a portion of AH, improves
lactation performance and nitrogen utilization for lactating
dairy cows.
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Fatty liver syndrome (FLS), a common metabolic disease in laying hens, caused by

excessive hepatic fat deposition is a bottleneck in the poultry industry. However, no

specific therapeutic methods have been developed. Evidence suggests that microRNAs

(miRNAs) are essential for liver lipid metabolism and homeostasis, providing strong

evidence for targeting miRNAs as a potential treatment option for liver diseases.

However, the roles of miRNAs in the pathogenesis of FLS remain unclear. In present

study, RNA-sequencing was performed to discern the expression patterns of miRNAs

in normal and fatty livers of laying hens. In total, 12 dysregulated miRNAs (2

down-regulated and 10 up-regulated) were detected between the normal and fatty

livers. Functional enrichment analysis showed the potential impacts of the dysregulated

miRNAs on lipid metabolism. Notably, miR-216a/b and miR-217-5p, which belong

to the miR-216/miR-217 cluster, were up-regulated in the sera and livers of FLS

chickens, as well as free fatty acid (FFA)-induced LMH cells. Oil-red O staining

revealed that up-regulation of the miR-216/miR-217 cluster induced lipid accumulation

in FFA-induced LMH cells. Furthermore, the dual luciferase gene reporter assay and

RT-qPCR analysis demonstrated that 3-hydroxyacyl-CoA dehydratase 2, F-box protein

8, and transmembrane 9 superfamily member 3 (TM9SF3) were directly targeted by

miR-216a/b and miR-217-5p, respectively, and suppressed in the fatty livers of laying

hens. Moreover, overexpression of the miR-216/miR-217 cluster or reduction in TM9SF3

levels led to activation of the proliferator-activated receptor/sterol regulatory-element

binding protein (PPAR/SREBP) pathway. Overall, these results demonstrate that the

miR-216/miR-217 cluster regulates lipid metabolism in laying hens with FLS, which

should prove helpful in the development of new interventional strategies.

Keywords: laying hens, fatty liver, miR-216/miR-217 cluster, lipid metabolism, fat deposition, interventional

strategy
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INTRODUCTION

Fatty liver syndrome (FLS), a common metabolic disease
and the most frequent non-infectious cause of mortality
in laying hens, is characterized by excess deposition of
triglycerides (TGs) in hepatocytes due to an imbalance between
hepatic lipogenesis and fatty acid (FA) oxidation, resulting in
reduced egg production and death (1–3). However, no specific
therapeutic methods have been developed after decades of
research. Increasing evidence indicates that miRNAs associated
with lipid metabolism are frequently dysregulated in human
non-alcoholic fatty liver disease (NAFLD) (4). For example,
inhibition of miR-21 through RNA interference was reported
to suppress synthesis of TGs (5). Moreover, inhibition of
miR-122 suppresses lipogenesis via targeting Sirtuin 1 (6),
while down-regulation of miR-34a increases the expression of
proliferator-activated receptor α (PPARα) and several target
genes of PPARα, suggesting that miR-34a is involved in
regulation of lipid metabolism (7), and hepatocyte-specific
inactivation of miR-379 reduced the concentration of plasma
TGs in healthy mice (8). These results provide strong
evidence for targeting miRNAs as a potential treatment option
for NAFLD.

Similar to NAFLD, dysregulation of miRNAs associated
with lipid metabolism has been reported in the livers of
commercial caged laying hens. For example, miR-122, which
targets the lipid metabolism-related gene fatty acid-binding
protein 5, and miR-101-2-5p, which targets the lipid transporter
apolipoprotein B, are reportedly highly expressed in the
chicken liver (9, 10), while miR-33 negatively regulates the
lipid oxidation regulator gene carnitine O-octanoyltransferase
(11). Moreover, overexpression of miR-34a-5p, which targets
acyl-CoA synthetase long-chain family member 1, promotes
hepatic TG deposition and increased cholesterol production
(12). However, the mechanisms of miRNAs associated with
FLS in laying hens remain unclear. Hence, further explorations
of these molecular mechanisms will be helpful for treatment
of FLS and even provide important data for the future
direction of treatments for patients with NAFLD, since
chicken fatty liver is considered a good model of human

NAFLD (13–15).
Therefore, the purpose of this study was to clarify the

expression profiles of miRNAs associated with FLS in laying

hens. The results showed that miR-216a/b and miR-217-5p,
which belong to the miR-216/miR-217 cluster, were up-regulated

in the sera and liver of a fatty liver chicken model. In
addition, miR-216a/b and miR-217-5p, were found to inhibit
expression of 3-hydroxyacyl-CoA dehydratase 2 (HACD2), F-

box protein 8 (FBXO8), and transmembrane 9 superfamily
member 3 (TM9SF3), respectively. Furthermore, in vitro studies

demonstrated that overexpression of the miR-216/miR-217
cluster in LMH cells promoted hepatic steatosis via regulation

of the PPAR/sterol regulatory-element binding protein (SREBP)
pathway. These findings will help to clarify the roles of
miRNAs in the pathogenesis of FLS in laying hens and NAFLD
in humans.

MATERIALS AND METHODS

Ethical Statement
The study protocol was approved by the Ethics and Animal
Welfare Committee of the Shanghai Academy of Agricultural
Sciences (Shanghai, China) and performed in accordance with
the Guide for the Care and Use of Laboratory Animals as
approved by the Ministry of Science and Technology of the
People’s Republic of China [Approval No. (2006) 398].

Construction of a Fatty Liver Chicken
Model
Hy-line Brown laying hens were raised under standard
commercial conditions with ad libitum access to water as
described in our previous study (16), and fed a corn-soy
diet containing 16.0% crude protein and 2,700 kcal/kg of
metabolizable energy. To identify the miRNAs differentially
expressed between normal and fatty livers, 15 laying hens were
killed at the ages of 25 and 52 weeks, respectively, and liver
samples were harvested to assess lipid accumulation and RNA
expression levels of selected biomarkers. At the age of 25
weeks, livers that were dark red with no hemorrhaging were
considered normal.

Histological Analysis
Livers were embedded in paraffin, cut into sections, and
stained with hematoxylin and eosin to assess the extent of
lipid accumulation. ImageJ software (version 1.80, National
Institutes of Health, Bethesda, MD, USA) was used to quantify
lipid droplets.

FA Composition
Lipids were extracted for FA analysis with a gas chromatograph
(model no. 6890; Agilent Technologies, Inc., Santa Clara, CA,
USA) coupled to a mass selective detector (model no. 5973;
Agilent Technologies, Inc.). Subsequently, the target compounds
(fatty acid methyl esters, FAMEs) were transesterified with HCl
in methanol. FAs were identified based on retention times with
reference FA standards (Supelco 37-Component FAME Mix;
Supelco Inc. Bellefonte, PA, USA). Individual FAs were calculated
from the peak areas relative to the total area (total FAs were set
at 100%). Three to five individual livers were pooled for four
biological replicates.

Small RNA Sequencing Analysis
Chicken liver RNA was purified using TRIzol R© Reagent. Five
individual livers were pooled for three biological replicates.
Small RNA sequencing was performed as described previously
(17). Briefly, total RNA was extracted from livers and
qualified on an Agilent 2100 Bioanalyzer System (Agilent
Technologies, Inc.). Small RNA libraries were constructed and
sequenced using a Hiseq 4000 Sequencing System (Illumina,
Inc.). After sequencing, the raw date were aligned and
mapped to the Gallus reference genome (https://ftp.ensembl.org/
pub/release-81/fasta/gallus_gallus/dna/) using Langmead and
Salzberg (18) and compared to miRBase (Release 21; https://
www.mirbase.org/) to identify mature miRNAs. Then, novel
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miRNAs were predicted by miRDeep2 (19) and RNAfold (20).
Differentially expressed miRNAs were obtained using the R
DESeq package (https://bioconductor.org/packages/release/bioc/
html/DESeq2.html). The raw sequencing data were deposited
to the Sequence Read Archive of the National Center for
Biotechnology Information (Accession no. PRJNA776040).

Target Gene Prediction
Target genes of themiRNAswere predicted withmiRnada (http://
www.microrna.org) and TargetScan (https://www.targetscan.
org/vert_80/) software as previously described (17). The 3′

untranslated regions (UTRs) of all known Gallus gallus genes
were download from http://asia.ensembl.org/Gallus_gallus/Info/
Index. Kyoto encyclopedia of genes and genomes (KEGG)
pathway enrichment analysis was performedwith reference to the
DAVID 6.8 bioinformatic database (https://david.ncifcrf.gov/).

Cell Culture and Cell Transfection
Chicken hepatocellular carcinoma (HCC) LMH cells (ATCC,
Manassas, VA, USA) or HEK 293T cells (ATCC, Manassas, VA,
USA) were cultivated in DMEM/F12 medium (GIBCO - Life
Technologies, Carlsbad, CA, USA) or DMEM (high glucose)
medium (GIBCO - Life Technologies) both containing 10% FBS
(GIBCO - Life Technologies), 1% penicillin and streptomycin
at 37 ◦C.

LMH cells (1.5 × 105/mL) were seeded in the wells
of 6-well-plates. LMH cells were transfected with mimics,
inhibitors, scrambled oligonucleotides, siRNA-HACD2, siRNA-
FBOX8, siRNA-TM9SF3, and control siRNA (40 nM, 10
pmol/mL) using Lipofectamine R© 2000 Transfection Reagent
(Invitrogen, Carlsbad, CA, USA) in Opti-MEM medium.
The oligonucleotides used in this study were synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China) and are listed
in Supplementary Tables 1, 2. At 24 h post-transfection, the
cells were collected for quantitative real-time polymerase chain
reaction (RT-qPCR) or protein analysis. The primers for RT-
qPCR analysis are listed in Supplementary Table 3. To establish
an in vitro fatty liver cell model, LMH cells were cultured in the
presence of 1mM free fatty acids (FFAs), containing oleic acid
and palmitic acid at a 2:1 volume ratio, for 24 h prior to use for
the indicated assays.

Oil-Red O Staining
Liver samples were frozen on dry ice, and cut into 8-µm-
thick sections, which were stained with an Oil Red O Stain
Kit (Beijing Solarbio Science and Technology Co., Ltd., Beijing,
China) in accordance with the manufacturer’s protocol. LMH
cells were transfected with mimics of miR-216a/b and miR-
217-5p or scrambled oligonucleotides (40 nmol/L), as described
above. At 24 h post-transfection, the cells were collected, fixed
with 4% paraformaldehyde solution for 30min, stained with oil
red O stain, as described above, and imaged under electron
microscope (Nikon Corporation, Tokyo, Japan). Meanwhile,
LMH cells cultured with 1mM FFAs for 24 h were used as a
positive control.

TG Contents Assay
The TG contents of culture media of LMH cells transfected with
either an miRNA mimic or control for 24 h and liver tissues
isolated from FLS chickens were measured using a commercial
TG assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to themanufacturer’s instructions and
normalized to the total protein concentration. The TG contents
of the culture media and liver tissues are expressed as nmol/mL
and mmol/µg protein, respectively. The culture medium of FFA-
treated LMH cells was used as a positive control.

Dual Luciferase Reporter Assay
Wild-type and mutated sequences of the 3′ UTR of the
target miRNA (miR-216a/b and miR-217-5p) binding sites were
synthesized and cloned into the plasmid psiCHECK-2 (Promega
Corporation, Madison, WI, USA). Recombinant plasmids were
co-transfected with miRNA mimic or scrambled control miRNA
into HEK293T cells as described above. At 30 h post-transfection,
luciferase activity was detected using the Dual-Glo R© Luciferase
Assay System (Promega Corporation) in accordance with the
manufacturer’s instructions.

RT-qPCR Analysis
Chicken liver, serum, and cell RNA was purified using TRIzol R©

Reagent (Invitrogen). Amplification of mRNA for expression
analysis was performed with SYBR Premix Ex Taq polymerase
(Takara Bio, Inc., Shiga, Japan) using an ABI Q5 Real-time
PCR System (Applied Biosystems, Foster City, CA, USA)
with glyceraldehyde-3-phosphate dehydrogenase as internal
references. ThemiRNAwas reverse-transcribed into cDNA using
the miScript II RT Kit (QIAGEN GmbH, Hilden, Germany)
and amplified by RT-qPCR using a miScript SYBR Green PCR
Kit (QIAGEN GmbH) with an ABI Q5 Real-time PCR System
(Applied Biosystems). ThemiScript primers for selected miRNAs
are the property of Qiagen. U6 was used as the internal control.

Western Blot Analysis
Total protein was homogenized with radioimmunoprecipitation
assay buffer (Roche Diagnostics GmbH, Mannheim, Germany),
separated by electrophoresis using 8–10% sodium dodecyl sulfate
gels, and transferred to polyvinylidene fluoride membranes
(EMD Millipore Corporation, Billerica, MA, USA), which were
blocked with 10% skim milk for 2 h and then probed with
antibodies against HACD2 (bs-4429R; Bioss, Inc., Woburn,
MA, USA), FBXO8 (bs-16053R; Bioss, Inc.), TM9SF3 (bs-
19944R; Bioss, Inc.), and β-actin (8227; Abcam, Cambridge, MA,
USA) and visualized with an enhanced chemiluminescence kit
(WBKLS0050; EMD Millipore Corporation). The bands were
imaged using a chemiluminescence imaging system (Syngene,
Frederic, MD, USA).

Statistical Analysis
The data were analyzed with a dependent sample t-test when the
data of two groups conformed to a normal distribution, otherwise
the nonparametric Mann-Whitney test was used. The data of
three or more groups were analyzed by one-way analysis of
variance and Tukey’s HSD comparisons using SPSS 16.0. Results
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were presented as the mean ± SEM. A P < 0.05 was considered
statistically significant.

RESULTS

Hepatic Lipid Accumulation and FA
Composition
Representative images of the pathological changes to the livers of
chickens in the experimental and control groups at the ages of 25
and 52 weeks are presented in Figure 1A. At the age of 25 weeks,
normal livers were dark red with no hemorrhaging. The livers of
laying hens at 52 weeks of age were fragile and yellow in color
with some hemorrhagic spots due to high lipid accumulation
(Figure 1A) and, thus, were considered as fatty livers. The
average weight of the fatty livers was relatively bigger than that of
the normal livers (P = 0.08), while the vacuolar area was greater
in the fatty livers as compared to the normal livers (P < 0.01)
(Figures 1B,C). The amount of saturated FAs (C14:0 and C17:0)
was significantly greater in the fatty livers as compared to the
normal livers, while the amount of unsaturated FAs (C18:2n6c),
especially omega-3 FAs, was relatively decreased in the fatty
livers, but this difference was not statistically significant (P =

0.07, Figure 1D). Serum and liver TG contents were markedly
increased in the fatty livers (Figure 1E, P < 0.05).

miRNA Profiles of Normal and Fatty Livers
As shown in Figures 2A,B, there was a >2-fold difference
in 12 miRNAs between the normal and fatty livers collected
at 25 and 52 weeks of age (Supplementary Table 4). Of
these, 10 miRNAs (miR-216a/b, miR-217-5p, miR-375, miR-
365-1-5p, novel91_mature, novel78_mature, novel159_mature,
novel37_mature, and novel135_mature) were up-regulated and
two (miR-10c-5p and miR-130a-5p) were down-regulated.
Notably, miR-216a/b and miR-217-5p belong to the miR-
216/miR-217 cluster.

The potential targets of the dysregulated miRNAs were
predicted using miRnada and TargetScan software. KEGG
pathway analysis showed that 31 pathways associated with the
predicted miRNA targets were significantly enriched (Figure 2C
and Supplementary Figure 1). Specifically, miRNA targets
associated with the differentially expressed miRNAs belonged
to multiple pathways, including phosphatidylinositol signaling
system, cGMP-PKG signaling pathway, inositol phosphate
metabolism, and pathways regulating lipid metabolism, such as
glycerophospholipid metabolism, thyroid hormone synthesis,
and insulin resistance (Figure 2C). In addition, as shown in
Table 1, miR-216a was found to target synaptojanin 1 (SYNJ1)
and HACD2, while miR-216b was shown to target FBXO8 and
ethanolamine kinase 1 (ETNK1), and miR-217-5p was shown
to target regulating synaptic membrane exocytosis 2 (RIMS2)
and TM9SF3.

Based on fold change and expression abundance, miR-
216a/b and miR-217-5p were selected for further RT-qPCR
analysis of the expression levels in sera samples and normal
and fatty liver tissues specimens. The three miRNAs produced
acceptable and consistent signals in the liver and sera samples of

obese and normal control chickens. As shown in Figures 2D,E,
the expression levels of miR-216a/b and miR-217-5p were
relatively increased in obese chickens versus healthy controls
with significant differences in miR-216a and miR-217-5p (>4-
fold) (Figure 2).

The miR-216/miR-217 Cluster Was
Up-Regulated in FFA-Induced Fatty Liver
Specimens
Based on the target gene predictions by miRnada and TargetScan
software, the mRNA and protein expression levels of potential
targets of miR-216a/b and miR-217-5p in the normal and fatty
livers at 25 and 52 weeks of age, respectively, were analyzed
by RT-qPCR. As shown in Figure 3A, the mRNA and protein
expression levels of HACD2 (potential target of miR-216a) and
FBXO8 (potential target of miR-216b) were comparatively down-
regulated in the fatty livers, while mRNA expression of TM9SF3
(potential target of miR-217-5p) was down-regulated in the fatty
livers with no obvious difference in protein levels as compared to
the normal liver (Figure 3B).

Furthermore, the miRNA levels of miR-216/miR-217 cluster
and mRNA levels of the potential targets in FFA-induced fatty
livers were analyzed. As shown in Figure 3, FFAs induced up-
regulation of miR-216a/b and miR-217-5p in chicken LMH
hepatocytes (Figure 3C) and decreased mRNA expression of
HACD2, but not FBXO8 and TM9SF3 (Figure 3D). In addition,
up-regulation of miR-216a/b or miR-217-5p induced lipid
accumulation in LMH cells (Figure 3E), although there was no
significant increase in TG content in the culture media of cells
treated with the miRNA mimics, PBS, and control miRNAs
(Supplementary Figure 2). These findings suggest that miR-
216a/b and miR-217-5p may be involved in lipid metabolism.

The miR-216/miR-217 Cluster Directly
Targets HACD2, FBXO8, and TM9SF3
To determine whetherHACD2, FBXO8, and TM9SF3 are directly
regulated by the miR-216/217 cluster, the capability of the
miRNA mimics to inhibit luciferase activity was investigated in
mammalian cells. The binding sites for HACD2, FBXO8, and
TM9SF3 mRNAs of the miR-216/miR-217 cluster were cloned
into the 3′UTR of a luciferase reporter vector (Figure 4A). As
shown in Figure 4B, transfection with the miR-216a/b and miR-
217-5p miRNA mimics resulted in reduced luciferase activity as
compared to transfection with the scrambled miRNA mimics.
In contrast, the luciferase activity of the mutant-type 3′UTR
was similar between the miRNA mimics and control mimics
(Figure 4B).

Furthermore, to determine whether the miR-216/miR-217
cluster could inhibit mRNA expression of HACD2, FBXO8,
and TM9SF3 in vitro in chicken liver cells, cultured LMH
cells were transfected with mimics of miR-216a/b and miR-
217-5p using Lipofectamine R© 2000 Transfection Reagent and
changes to the mRNA expression levels of HACD2, FBXO8, and
TM9SF3 were assessed using RT-qPCR. As shown in Figure 4C,
in vivo transfection with the miRNAmimics resulted in increased
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FIGURE 1 | Hepatic lipid accumulation in chicken fatty liver (A) Representative images of H&E staining and Oil-Red O staining (200× magnification). (B) Weight of

normal and fatty livers (n = 15). (C) Quantification results of fat vacuoles within the section. (D) FA composition between normal and fatty livers. Three to five individual

livers were pooled for four biological replicates. The percentage of individual FAs was calculated according to the peak areas relative to the total area (total FAs were

set at 100%). (E) Serum and Liver TG concentrations. *P < 0.05 and **P < 0.01.
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FIGURE 2 | Identification of dysregulated miRNAs in chicken fatty liver (A) Volcano plot of miRNAs in normal and fatty livers. Significantly up-regulated miRNAs are

shown in red and significantly down-regulated miRNAs in green. (B) Heat map of miRNAs in normal and fatty livers. (C) Function enrichment analysis of biological

pathways for target genes of the 12 modulated miRNAs (fold change > 2). (D,E) Expression levels of selected miRNAs in sera and livers. *P < 0.05 and **P < 0.01.
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TABLE 1 | Potential targets of the miR-216/217 cluster.

miRNA Target

score

Gene Function

gga-miR-216a 94 TOB1 Negative regulation of cell

proliferation; tumor suppressor

93 SYNJ1 Phosphatidylinositol phosphate

metabolism

93 HACD2

/(PTPLB)

Sphingolipid biosynthetic process;

very long-chain FA biosynthetic

process

91 NAA15 N-terminal protein amino acid

acetylation; angiogenesis;cell

differentiation

91 NADKD1 NADP biosynthetic process;

phosphorylation

89 LNPEP Insulin-mediated glucose transport

gga-miR-216b 97 FBXO8 Correlate with poor survival in

hepatocellular carcinoma

92 ETNK1 Plasmalogen biosynthesis

86 SERBP1 Apoptosis-related network due to

altered Notch3 in ovarian cancer

84 ZNF423 TGF-β receptor signaling

gga-miR-217-5p 100 RIMS2 Cell differentiation; insulin secretion;

Rab GTPase binding

100 MIER3 Suppress cancer progression; tumor

suppressor

100 YAF2 Negative regulation of G0 to G1

transition; cell cycle

99 FBN2 Sequestering of TGF-β in extracellular

matrix

99 TM9SF3 Participate in tumor invasion

98 PPM1D G2/M transition of mitotic cell cycle

expression of miR-216a/b and miR-217-5p, while transfection
with the miRNA inhibitors significantly inhibited expression of
these miRNAs. As compared to the control group, the mRNA
levels of HACD2, FBXO8, and TM9SF3 were increased in the
inhibitor groups and decreased in the mimic groups (Figure 4D).
These results suggest that HACD2 is directly targeted by miR-
216a, FBXO8 is a specific downstream target of miR-216b, and
TM9SF3 expression is directly regulated by miR-217-5p.

Overexpression of the miR-216/miR-217
Cluster Regulates the PPAR/SREBP
Signaling Pathway
To further determine the regulatory role of the miR-216/miR-
217 cluster in lipid metabolism, the mRNA expression levels of
genes associated with the PPAR/SREBP signaling pathway were
investigated. As shown in Figure 5A, overexpression ofmiR-216a
significantly increased the mRNA levels of PPARα and PPARγ in
cells transfected with the miR-217-5p mimic. Overexpression of
miR-216b ormiR-217-5pmarkedly enhanced themRNA levels of
hepatic CD36 and apolipoprotein AI (APOA1) in LMH cells. The
mRNA levels of the fat synthesis-related genes SREBP1 and fatty
acid synthase (FASN) were up-regulated in cells transfected with
the miR-216a/b or miR-217-5p mimics.

To further confirm down-regulation of the PPAR/SREBP
signaling pathway, siRNAs were designed and optimized
to effectively silence HACD2 (siRNA-509), FBXO8 (siRNA-
912), and TM9SF3 (siRNA-456) (Figures 5B,C and
Supplementary Figure 3). Treatment of LMH cells with
the TM9SF3 siRNA led to up-regulation of genes involved in the
PPAR/SREBP signaling pathway, including SREBP1 and FASN,
but suppressed expression of PPARα and PPARγ (Figure 5D),
which was consistent with miR-217-5p overexpression in
LMH cells. Moreover, silencing of HACD2 decreased mRNA
expression of PPARα. However, silencing of HACD2 and FBXO8
had no effect on FASN expression (Figure 5D). Overall, these
results indicate that miR-217-5p induced downregulation of
TM9SF3 influenced the expression of genes involved in the
PPAR/SREBP signaling pathway.

DISCUSSION

Although miRNAs have crucial regulatory effects on the
pathogenesis of fatty liver disease (4–7), little is known about
the specific molecular mechanisms of miRNAs in the regulation
of FLS of laying hens. In this study, miRNA profile analysis
identified 12 miRNAs that were significantly dysregulated in
chicken fatty livers. Of the identified miRNAs, this study focused
on miR-216a/b and miR-217-5p because the expression levels
of both were consistently up-regulated in the sera and liver
tissues of chickens with fatty livers and all three belong to the
miR-216/217 cluster.

As reported in previous studies, miR-216a/b and miR-217-
5p functions in obesity-related diseases, such as diabetes and
NAFLD. miR-216a expression was increased during diabetes
progression and essential for the proliferation of beta cells
(21). The obesity-related gene phosphatase and tensin homolog
was a direct target of miR-216a, which regulates expression
of adiponectin receptor 1, caveolin-1, caveolin-2, and PPARγ

(22, 23). Inhibition of miR-216b profoundly decreased the
proliferation of HCC SMMC-7721 cells by regulating insulin-like
growth factor 2 mRNA-binding protein 2, while overexpression
of miR-216b inhibited replication of hepatitis B virus and
proliferation of human hepatoblastoma HepG2.215 cells (24).
Enhanced miR-216b-5p inhibited protein expression of uridine
diphosphate-glucuronyltransferase 2B, which is an important
enzyme in the detoxification of a variety of endogenous and
exogenous compounds in both human hepatoma HuH-7 cells
and human liver cancer Hep3B cells (25). Up-regulation of miR-
217 in alpha mouse liver 12 cells promoted ethanol-mediated
impairment of SIRT1 expression and FA oxidation enzymes
(26). Here, high levels of miR-216a/b and miR-217-5p were
observed in chicken fatty livers and FFA-induced fatty liver cells,
suggesting that miR-21a/b and miR-217-5p may be involved in
lipid metabolism.

FAs are the main components of lipids. HACD2, also called as
protein tyrosine phosphatase-like member B (PTPLB), catalyzes
the third step (dehydration) in the conversion of long-chain FAs
to very long-chain FAs (27). Disruption of HACD2 significantly
reduced elongation of both saturated and unsaturated FAs in the
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FIGURE 3 | The miR-216/miR-217 cluster was up-regulated in FFA-induced f fatty liver model (A) mRNA levels of potential targets of the in vivo fatty liver model. (B)

Protein levels of potential targets of the in vivo fatty liver model. (C) miRNA levels of the miR-216/217 cluster in FFA-induced fatty liver model. (D) mRNA levels of

potential targets in FFA-induced fatty liver model. (E) Oil-red O staining (200× magnification). *P < 0.05 and **P < 0.01.
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FIGURE 4 | Validation of targets of the miR-216/miR-217 cluster (A) Wild-type and mutant sequences of HACD2, FBXO8, and TM9SF3 (B) results of the dual

luciferase reporter gene assay. (C) Expression of miR-216/miR-217 cluster members in LMH cells after up-regulation or down-regulation of the miR-216/miR-217

cluster. (D) mRNA levels of targets after up-regulation or down-regulation of the miR-216/miR-217 cluster. *P < 0.05 and **P < 0.01.

haploid human cell line HAP1 (27). In the present study, HACD2
was down-regulated in chicken fatty livers and the FFA-induced
NAFLD model. In addition, the ratio of saturated FAs (C14:0
and C17:0) was dramatically increased, while that of unsaturated
FAs (C18:2n6c) was relatively decreased in chicken fatty liver,
which might be associated with down-regulation of HACD2.
Moreover, miR-216a was found to possess binding sites for
HACD2. Transfection with the miR-216a mimic reducedHACD2
expression, while transfection with the miR-216a inhibitor
had the opposite effect, suggesting that the diversity of FAs
between normal and fatty livers may be regulated by miR-
216a via targeting of HACD2. Additionally, miR-216b was found
to target FBXO8 and miR-217-5p targeted TM9SF3. Previous
studies demonstrated that FBXO8 is lost in several cancers
and associated with invasiveness of cancer cells, and decreased
expression of FBXO8 was correlated with poor survival of HCC
patients, suggesting that FBXO8 is a potential biomarker of

HCCprogression (28). TM9SF3 is a nine-transmembrane protein
that participates in tumor invasion and serves as a prognostic
factor (29). TM9SF3 was also associated with insulin secretory
granules, which are critical for the storage and secretion of
insulin, although the detailed regulatory mechanism remains
unclear (30). The down-regulation of HACD2, TM9SF3, and
FBXO8 in chicken fatty livers and LMH cells transfected with the
miR-216/miR-217 cluster mimics suggests potential roles in the
progression of FLS.

Hepatic lipid deposition, which is tightly controlled by key
enzymes, including PPARα, PPARγ, CD36, APOA1, SREBP1,
and FASN, involves FA synthesis, uptake, oxidation, and
secretion (31). In particular, SREBP1 and FASN regulate
lipogenesis (31, 32), while CD36 facilitates cellular uptake and
intracellular trafficking of FAs (33). Enhanced expression of
CD36 was reported to promote hepatic FA uptake and lipid
deposition both in vivo and in vitro (33). In addition, CD36 is a
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FIGURE 5 | Relative mRNA levels of genes associated with lipid metabolism (A) relative mRNA levels of genes involved in the PPAR/SREBP signaling pathway in LMH

cells transfected with miRNA mimics. (B) Validation of the siRNAs for silencing of HACD2, FBOX8, and TM9SF3 by RT-qPCR analysis. (C) Validation of the siRNAs for

silencing of HACD2, FBOX8, and TM9SF3 by immunoblotting analysis. (D) RT-qPCR analysis of genes associated with the PPAR/SREBP signaling pathway in

target-inhibited LMH cells. The results are presented as the mean and standard error of at least triplicate experiments. *P < 0.05 and **P < 0.01.
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shared target of PPARγ (34). PPARα and PPARγ are members of
the nuclear receptor superfamily involved in hepatic β-oxidation,
lipid storage, and glucose homeostasis (35). Here, transfection of
LMH cells with miR-216/miR-217 cluster mimics regulated the
expression of genes associated with the PPAR/SREBP signaling
pathway. Notably, overexpression of miR-217-5p or inhibition of
TM9SF3 down-regulated expression of the FA oxidation-related
genes PPARα and PPARγ , but up-regulate the lipogenesis-related
genes FASN and SREBP1. Taken together, these results suggest
that the miR-216/miR-217 cluster can regulate lipid metabolism.

Notably, previous studies showed that miR-216a/b and miR-
217-5p were expressed in different disease models. For example,
miR-216a/b and miR-217-5p were decreased in HCC (24, 36, 37),
while Greco et al. (38) showed that up-regulation of miR-216a
was linked to diabetic heart failure. Up-regulation of the miR-
216a/217 cluster was observed in HCC tissue samples and cell
lines, which were also found to be responsible for early tumor
recurrence (39). Higher insulin production was observed in
an animal model of type 1 diabetes treated with a nanodrug
carrying the miR-216a mimic, as compared to untreated controls
(21). Moreover, miR-217 was upregulated in sorafenib-resistant
HCC cells and hepatitis B virus-associated HCC (40, 41). Here,
the miR-216/miR-217 cluster was up-regulated in chicken fatty
livers and FFA-induced LMH cells. Collectively, these results
demonstrate that the function of the miR-216/miR-217 cluster
varies in different disease models. Thus, further studies are
warranted to discern the function of the miR-216/miR-217
cluster in specific diseases. Additionally, hepatic lipidmetabolism
in laying hens is a relatively complex process. The specific
function of the miR-216/miR-217 cluster in different production
stages of laying hens still needs further investigation, since the
hepatic lipid metabolism is strongly activated in liver of hen with
sex maturation, but dysregulated in FLS laying hens (42).

CONCLUSION

In conclusion, we demonstrated that hepatic miR-216a/b and
miR-217-5p levels increased in FLS and that the miR-216/miR-
217 cluster is involved in lipid metabolism via targeting HACD2,
FBXO8, and TM9SF3. Furthermore, overexpression of the
miR-216/miR-217 cluster activated the PPAR/SREBP signaling
pathway. These findings provide new insights into the roles
of miRNAs in fatty liver diseases and may contribute to the
development of novel strategies for the treatment of NAFLD
and FLS.
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The scientific community is closely monitoring the replacement of antibiotics with doses

of ZnO in weaned piglets. Since 2022, the use of zinc in medical doses has been banned

in the European Union. Therefore, pig farmers are looking for other solutions. Some

studies have suggested that zinc nanoparticles might replace ZnO for the prevention of

diarrhea in weaning piglets. Like ZnO, zinc nanoparticles are effective against pathogenic

microorganisms, e.g., Enterobacteriaceae family in vitro and in vivo. However, the effect

on probiotic Lactobacillaceae appears to differ for ZnO and zinc nanoparticles. While ZnO

increases their numbers, zinc nanoparticles act in the opposite way. These phenomena

have been also confirmed by in vitro studies that reported a strong antimicrobial effect of

zinc nanoparticles against Lactobacillales order. Contradictory evidence makes this topic

still controversial, however. In addition, zinc nanoparticles vary in their morphology and

properties based on the method of their synthesis. This makes it difficult to understand

the effect of zinc nanoparticles on the intestinal microbiome. This review is aimed at

clarifying many circumstances that may affect the action of nanoparticles on the weaning

piglets’ microbiome, including a comprehensive overview of the zinc nanoparticles in vitro

effects on bacterial species occurring in the digestive tract of weaned piglets.

Keywords: piglets’ weaning, diarrhea, microbiome, zinc oxide, nanotechnology, antimicrobial effects, antibiotic

replacement, gastro-intestinal tract

INTRODUCTION

ZnO has been used as antibacterial agent in conventional monogastric breeding zootechnical
systems for many years (1). It has been frequently applied during piglets’ weaning which is
accompanied by oxidative stress, barrier disfunction, and disturbance of intestinal microflora,
which then can be responsible for villi atrophy, growth retardation, and diarrhea (2). The
pharmacological dose of dietary Zn (2,000–3,000 mg/kg of Zn in diet) has been widely accepted
because of its effective function in promoting growth and alleviating the diarrhea of weaned piglets
(3). However, when high levels of Zn are consumed by pigs, significant portions of the Zn are
excreted in urine and feces. Thus, it raises concerns about environmental pollution (4) and leads to
a negative perception of ZnO by the public (5). Environmental concerns relate mainly to run-off
of Zn to surface water and groundwater. Sandy soils are the most susceptible to these processes.
The accumulation of Zn in topsoil is another concern. Accumulated Zn levels may be as high as the
concentrations that are potentially toxic for organisms living there (6).
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Moreover, the extensive application of high doses of dietary
Znmay affect the digestibility and stability of other trace elements
(7). To the contrary, ZnO can be used for improving barrier
function, regulating the oxidative state, modulating the immune
response, and altering the intestinal microbiota (8).

Recently, several modern methods, such as bioengineering,
biotechnology, genetic engineering, and nanotechnology have
aided animal production. Nanotechnology has revolutionized
the commercial use of nano-sized minerals in medicine, food
and biotechnology, pharmaceutical applications, and more (1).
The International Organization for Standardization (ISO) has
described a nanomaterial as a “material with any external
nanoscale dimension or having the internal nanoscale surface
structure” (2010). The EU Commission defines the term
nanomaterial as a manufactured or natural material that
possesses unbound, aggregated, or agglomerated particles where
external dimensions are within the 1–100 nm size range (9).

Several types of nanoparticles (NPs) are used in animal science
due to their high antibacterial activity, chemical stability, and
solubility (10). Various studies have proved that the efficacy
and bioactive properties of nanomaterials strongly depend on
the surface, chemical, and structural composition (11). There
is no doubt that the emergence of nanotechnology has opened
new options that allow us to cope with bacterial infections and
resistance. This is proven by an increase in the number of
studies on weaning piglets treated by ZnNPs. The antimicrobial
activity of ZnNPs is enabled by their small size and high relative
surface area (10) ZnNPs are more active against gram-positive
bacteria than other NPs of the same group of elements (10).
For this reason, ZnNPs are the third-highest globally produced
nanometals (1).

If ZnNPs have a truly positive impact in the field of pig
production, their use could bring economic benefits to pig
breeding. In contrast, their physico-chemical properties, fate
and effect on the animals’ physiology, and gastrointestinal
microbiota must be carefully considered. This review
summarizes the available data of ZnNPs’ effects against
gastro-intestinal microbiota and its impact on the occurrence of
post-weaning diarrhea.

IMPORTANCE OF ZN IN PIGS ORGANISM

Zn is an essential trace element that is essential in protein
synthesis and proper physiological functions of body, weight
gain (12) and reproduction (1). However, Zn has a strong
toxic potential when the concentration within a biological
system exceeds a certain limit. Therefore, the regulation of
Zn uptake, redistribution, and excretion within an organism
must be tightly controlled (13). Adequate Zn supplementation
is important to prevent any immune system alteration, decrease
susceptibility to bacterial infections, and to maintain the integrity
of the intestinal tight junctions (14, 15). Many organs may
be affected by Zn deficiency, especially the immune system,
which is extremely vulnerable to changes in Zn levels. Almost
every immunological event is somehow influenced by Zn, which
has been comprehensively described in the review by Maares

and Haase (7). For example, polymorphonuclear cells are first
responders of innate immunity. It has been shown that their
chemotaxis and phagocytosis are reduced in Zn deficiency (16).
Another example can be made in the event of phagocytosis,
where pathogens are destroyed by the activity of NADPH
oxidases, which have been shown to be inhibited by both Zn
deficiency and excess Zn (17). With respect to immunologic
studies in gastro-intestinal tract (GIT), the modulatory effect on
intestinal inflammation was confirmed by several in vivo studies
on piglets (8, 18) supplemented with ZnO, reporting the decrease
of inflammation markers; IFN-γ, TNF-α, and IL-6.

On the molecular level, Zn reactivity enables it to be a part
of the catalytic cofactor of many specific peptides and proteins
(metalloproteins) involved in cellular processes, such as DNA
synthesis, RNA-transcription, and cell division (19, 20). Zn is
required for the healthy condition of the epidermis, epithelium,
skin, and hooves (1). Last but not least, Zn has several antioxidant
effects. These comprise, for example, Zn as a cofactor of the
Cu/Zn superoxide dismutase that catalyzes the dismutation of
the superoxide radical (O2) into the less harmful O2 and H2O2,
which is then detoxified by catalase and glutathion peroxidase. Zn
also inhibits NADPH oxidases, resulting in reduced formation of
reacive oxygen species (ROS) (21). Several systematic reviews of
Zn’s role in the mammalian organism have been undertaken (22–
24). However, new findings in this field are still developing. This
underlines the importance and complexity of Zn in the body.

Zn Bioavailability and Impact on GIT
Zn from dietary intake is mostly absorbed in the small intestine,
with the main absorption taking place in the duodenum followed
by the proximal jejunum. Absorption occurs primarily through
apical transport with the participation of Zn transporters in the
apical membrane (25). There are two major protein families
which include mammalian Zn transporters. The first group of
transporters are ZIP (Zrt/Irt-like proteins), which are responsible
for transporting Zn into the cytosol from either the extracellular
space or from intracellular compartments. The second group of
Zn transporters (SLC30 A1 - A10) transport Zn from the cytosol
to the extracellular space or to intracellular organelles such as
znosomes. Znosomes are vesicles able to bind large amounts
of Zn (16). Metallothionein, one of the Zn binding proteins
responds very rapidly to Zn status in the body (26). Up to
20% of intracellular Zn is bound to metallothionen and can be
rapidly released. It has been shown that the high dietary levels
of Zn lead to an increase of intestinal metallothionein synthesis,
Zn sequestration, and altered binding capacity. Therefore, it
appears that metallothionein may have a role in both Zn storage
and regulation (7). Monitoring of metallothionein and metal
transporters gene expression appears to be a promising additional
marker for mineral status, mineral excretion, or antioxidant
capacity in the field of pig breeding. A recently published study
has shown that the inadequate dose of Zn and the antagonistic
effect of other minerals can influence digestive enzyme activity
and metal transporter gene expression (27).

The bioavailability of Zn depends on the composition of the
food or feed. Indigestible plant ligands such as phytate, dietary
fibers and lignin, can chelate Zn and inhibit its absorption. Other

Frontiers in Veterinary Science | www.frontiersin.org 2 June 2022 | Volume 9 | Article 85208592

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


Baholet et al. ZnNps Action on Microbiome

factors that affect the absorption of Zn are calcium and iron (16).
Case et al. reported that the bioavailability of Zn from ZnO is
lower than from other sources, such as ZnSO4, Zn-methionine,
and Zn-lysine. The unused ZnO in pigs’ GIT might affect the
overall mineral absorption (due to an antagonistic effect) and
it is then excreted in the feces (12). The high amount of Zn
in the slurry leads to a significant accumulation of Zn in the
environment, which appears to be the biggest concern facing its
application. Despite this, excess of inorganic Zn added to the diet
still meets the Zn requirement for growth performance of animals
(14). The deficiency of Zn may lead to severe disorders such as
eye and skin lesions, hair loss, delayed sexual maturity. Weaned
piglets develop first signs of clinical Zn deficiency (feed refusal)
after ∼10 days of low Zn intake (13). Dietary recommendations
for pigs range∼80–150 mg/kg of diet (18).

In pig breeding practice, high doses of Zn have been used
as an effective antibiotic replacement to prevent diarrhea in
weaned piglets. The most frequently administered dose is Zn
2,000–3,000 mg/kg of diet for such purposes. Numerous studies
have been conducted to clarify the antimicrobial effect on
ZnO. However, the exact mechanism of Zn is not completely
known, and individual results are still inconsistent. Due to
the fact that a high dose of Zn is not fully absorbed into
the body, a large part passes to the GIT, where the following
mechanisms take place: (i) a mucosal layer formed on the
intestinal epithelium, which prevents adhesion of pathogenic
microorganisms; (ii) ratio of villi and crypts increases; (iii) high
doses of Zn in an alkaline environment lyse the cytoplasmic
membranes of microorganisms; (iv) Zn reduces ion secretion
into the intestinal lumens thereby increasing water resorption
and diarrhea prevention; (v) paracellular permeability reduces
and thus prevents translocation of pathogenic microorganisms;
(vi) free Zn ions can promote oxidation-reduction interactions
(18, 28–30). Nevertheless, these mechanisms are likely to
complement each other (28). Zn medication doses are given
to weaned piglets for a maximum of 2 weeks after weaning.
If the administration time were longer, the microbiome could
be severely disrupted in terms of reducing lactobacilli as well
as cellulolytic and proteolytic bacteria. Moreover, the disorders
of fiber and protein digestion may occur (31). As a result, the
animals’ growth capacity would be reduced and fattening would
be prolonged (32).

ZNNPS AS A PROSPECTIVE
ANTIMICROBIAL AGENT

Emerging utilization of NPs in many industrial fields (including
agriculture) has impacted the development of large-scale NPs
production. Nanomaterials can be synthesized by a several
methods such as chemical synthesis (bottom-up approach)
or spray pyrolysis, thermal decomposition, molecular beam
epitaxy, chemical vapor deposition, and laser ablation (top-
bottom approaches) (33). The physio-chemical route provides
the ability to make morphological changes in size and geometry
of the resulting nanoparticles (34). Recently, a green process
of ZnNPs synthesis has emerged as an alternative to the

conventional method. It involves unicellular and multicellular
biological entities, such as yeasts (35), bacteria (36), fungi (37,
38), viruses (39) algae (40) or various plant extracts (41). The
main advantage is that green synthesis techniques embrace the
use of ecofriendly and safe solvents such as water or natural
extracts. One critical aspect demanding further investigation
is the feasibility of increasing the production yield to the
industrial scale (34). Despite this novel green synthesis approach,
there are still some disadvantages of large-scale production
and usage of ZnNPs (compared to ZnO) in the agriculture
sector, namely: high capital cost, high energy requirements,
and the use of hazardous chemicals. These consequences can
cause unfavorable secondary pollution of the environment.
Therefore, more exploration is needed for developing cleaner,
environmentally safe, and economically accessible biocompatible
alternatives for NPs synthesis.

ZnNP application in agriculture must be approached with
some caution because some studies have pointed out the toxicity
of ZnNPs (42). Concerning the fact that ZnNPs are prospective
antimicrobials, their toxicity for the organism must be taken into
account. It has been observed, ZnNPs (39 nm) showed dose-
dependent toxicity. The dose of 100 mg/kg bw showed in the
rat model, caused the most significant changes in liver enzymes,
antioxidant system, and histopathological structure compared to
100 mg/kg/bw ZnO which had no significant toxic effects at this
level (43). The mechanism of ZnNPs toxicity is similar to their
antimicrobial effect. In addition to its basic nature, Zn shows
significant toxic potential if levels in the biological system exceed
a certain threshold. In both cases, the mode of action is based
on the binding of Zn to peptides. Zn toxicity is mediated by
oxidative stress, lipid peroxidation, cell membrane damage, and
oxidative DNA damage (44). However, information concerning
Zn toxicity relative to particle size is contradictory. Warheit et al.
(45) did not observe any difference between large and small
NPs, whereas (46) detected DNA damage significantly increased
after cell exposure to larger NPs compared with smaller NPs.
These observations encourage caution in their use. The size
of ZnNPs should be characterized exactly. Depending on the
size, structure, and composition, the ingestion of NPs can cause
toxicity due to numerous physiological mechanisms. The small
size of nanoparticles means they have a high specific surface area,
which offers a large area for adsorption of any surface-active
components in the GIT (47).

Fate of ZnNPs in the GIT
Inorganic nanoparticles are not digested in the GIT, but some of
them may be fully or partially dissolved as a result of alterations
in pH or dilution (48). ZnNPs can be decomposed into Zn
ions in acidic solutions or biological fluids (49). It has been
shown that nanoparticle chemical composition plays a major
role in determining their fate in the GIT. Thus, oral application
of ZnNPs can be challenging due to poor drug solubility and
stability in the GIT, the decreased bioavailability due to variable
pH of the biological environment and protective mucus layer,
or the presence of digestive enzymes (50). After oral ingestion,
mechanical forces, biological fluids, and the changes of pH along
the GIT can influence the biological action of ZnNPs in GIT
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(51). Furthermore, these actions can be affected by any binding
with several macromolecules present in feed. It is believed that
lipids, proteins, and polysaccharides which could interact with
NPs are digested by proteases, lipases, and amylases in GIT (48).
The proposed ZnNPs’ mechanism of action in piglets’ GIT is
illustrated on Figure 1.

The biokinetics of ZnNPs was comprehensively reviewed by
Choi and Choy (52). From this summarizing article clearly
accrues, that the bioavailability of ZnNPs depends on their
chemical form, size, and surface charge. ZnNPs smaller than
100 nm can pass through the stomach wall, more rapidly diffuse
from the intestinal mucus and enter the cells of the intestinal
lining into the blood systemmore quickly than ordinary minerals
with larger particle size (50). It has been reported that the
surface-charge effect plays a crucial role in ZnNPs bioavailability.
Negatively charged ZnNPs are absorbed in larger amounts than
positively charged ZnNPs (52). However, the mechanism of
this effect is still unclear. It is known that intestinal epithelial
cells possess a negatively charged cell surface which provides
electrostatic interaction with positively charged compounds (53).
Penetration of NPs under normal healthy conditions cannot cross
the blood vessel endothelium into the target tissue. But in certain
pathological conditions, e.g., inflammation, endothelial cells lose
cellular integrity due to the activation of pro-inflammatory
cytokines and the distance between endothelial cells is increased.
As a result, ZnNPs can extravasate from the vasculature to
the diseased site through the abnormal endothelial gap (50).
ZnNPs tend to accumulate in size-dependent manner in the
liver, kidneys, lungs, and other internal organs (54). Additionally,
the excretion of ZnNPs is controlled by nanoparticle size. The
smallest ZnNPs could be eliminated via renal clearance, whereas
when the NPs size increases, they are eliminated via fecal
excretion (55).

ZnNPs Antibacterial Mechanism of Action
ZnNPs belongs to the most studied group of inorganic
nanoparticles in the field of microbiology, as many researchers
want to know more about their antimicrobial effect, with a
rapidly increasing trend in this research since 2012. During
this time, the antimicrobial mechanisms of action on ZnNPs
against various microorganisms in vitro and in vivo have been
more and more scrutinized and spotlighted. Current knowledge
proposes three mechanisms of the ZnNPs antimicrobial effect:
(i) production of ROS; (ii) disruption of bacterial cell wall
integrity; (iii) release of Zn2+ ions which leads to interaction
with biomolecules and vital functions of bacteria (56, 57).
By any of these means, it has been found that G+ bacteria
are more susceptible to ZnNPs compared to G- bacteria
either by the disruption of bacterial integrity, damage by
ROS or downregulation the transcription of oxidative stress-
resistance genes.

Due to the semiconductor and electric properties of ZnNPs,
they can produce superoxide anions (O2−, HO− and H2O2)
which are able to interact with anionic cell walls. Themechanisms
of cellular toxicity that elevate ROS production, exceeding the
capacity of antioxidant defense systems, cause cells to enter a state
of oxidative stress. The result of this is the damage of cellular

components such as lipids, proteins, and DNA (58). Fatty acid
oxidation leads to the generation of lipid peroxides that initiate
a chain reaction resulting in disruption of plasma and organelle
membranes, leading to cell death (59). The study in vitro (60)
had indicated that various environmental conditions can cause
differences in ZnNPs antimicrobial activity against E. coli and S.
aureus. Environmental temperature also influences antibacterial
activity due to its effect on the generation rate of ROS. When
ZnNPs are stimulated by temperature, electrons are captured at
the active sites. Afterward, the electrons interact with oxygen to
produce ROS, thereby enhancing the antimicrobial effectiveness
of ZnNPs.

Another mechanism comes from their ability to pass through
the cell wall via the bacterial peptidoglycan fence due to their
small size (5). The various effect on ZnNPs was observed in G+
and G- bacteria which is based on differences in bacterial cell
structure. The bacterial cell wall is responsible for the osmotic
pressure of the cytoplasm as well as the characteristic cell shape.
This in turn itmeans that the construction of bacterial walls is one
of the factors in the effectiveness of antibiotics. G+ bacteria have
one cytoplasmic membrane with a multilayer of peptidoglycan
polymer and a thicker cell wall (20–80 nm) (61). In contrast,
the G- bacteria wall is composed of two cell membranes, an
outer membrane and a plasma membrane with a thin layer of
peptidoglycan (10) with a thickness of 7–8 nm. This points to
bacteria being highly susceptible to damage because the NPs can
readily pass through the peptidoglycan cell due to their high
durability (62). Overall, the antimicrobial properties of ZnNPs
are based on the electrostatic interactions between NPs and
cell surface, in addition to aggregation and damage inside the
cell (62).

In neutral or alkaline pH the ZnNPs remain intact. In acidic
media, ZnNPs are able to release Zn2+ ions which can interact
with several biomolecules such as proteins and carbohydrates
(63). The partial dissolution of ZnNPs can occur in the stomach
where the pH range is 2–3. Moreover, when they penetrate a
bacterial cell, lysosome is formed, and the rapid decrease of pH
can cause Zn2+ to release. Inside a bacterial cell, released Zn
can affect internal metabolism and signaling pathways, which can
lead to death. Al-Shabib et al. (64) reported that the released Zn2+

ions concentration of ZnNPs in the simulated gastric fluid was
six-times higher than that of an unprotected ZnO (65) which led
to higher toxicity for E. coli in vitro. Similar effects were shown
in the study of Sirelkhatim et al. (10), where the antimicrobial
activity of ZnNPs had been partly attributed to the ability of Zn
penetration into the microbial cells and generation of ROS that
damage key cellular components.

In terms of the Zn ions’ release from NPs, there is
less concrete knowledge about the direct effect of ZnNPs
on bacterial surface components such as virulence factors
(adhesins, invasins, impedins, modulins, agresins). Only a
minimal number of studies were found by searching the
literature. For example, it was observed the ZnNPs suppress
biofilms formation in Chromobacterium violaceum, E. coli PAO1,
Listeria monocytogenes, Streptococcus pneumoniae, and S. aureus
in the dose-dependent manner (64, 66, 67). Green synthetized
ZnO and xanthan gum nanocomposite showed inhibition
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FIGURE 1 | ZnNPs’ fate and proposed mechanism of action in the pigs organism. (1) ZnNPs morphology, size, surface charge and other physico-chemical properties

influence its bioavailability, antimicrobial activity, adhesion on epithelial cells, metabolization and (2) Zn2+ ions release. Both, ZnNPs and Zn2+ can interact with feed

matrix as well as (3) biomolecules. In intestines, where the pH is increasing, ZnNPs or released Zn2+ ions can disrupt bacterial biofilm (4), influence surface area

components, or disrupt bacterial cell membrane (5). ZnNPs are able to penetrate inside bacterial cell (6), where interaction with signaling pahways (7) or bacterial

components (8) can occurr. The formation of ROS (9) has been observed either inside or outside bacterial cell. Zn bioaccumulation and excrection should be taken

into account when evaluating the effectiveness of the particles (10).

effect to violacein (61%) chitinase (70%) in C. violaceum and
prodigiosin (71%) and protease (72%) in S. marcescens at 128
mu g/mL concentration (68). In the term of E. coli, the ZnNPs
showed efficiency as an anti-inflammatory agent and suppressed
multidrug resistance producing virulence and resistance genes in
E. coli isolated from chicken meat (69).

However, as with other antimicrobial compounds, concerns

about bacterial resistance have been raised. Some studies reported

that bacterial tolerance to NPs may be due to electrostatic

repulsion, mutations, biofilm adaptation, efflux pumps, and

expression of extracellular matrices in the bacterial system (70–

72). At the same time, there is a possibility of deleterious effects

on animal and human health due to microbiota disturbance

influenced by external factors (such as diet) after exposure to
toxic feed additives, antibiotics or drug use, infections, and the
environment (73). In another study, it has been reported that
NPs mechanisms of action did not correspond to the most of
antibiotic effects and act in several ways simultaneously, thus
NPs are a promising tool to bypass the bacteria’s resistance
mechanisms (74).

Influence of ZnNPs Structure on
Antimicrobial Effect
The following factors play pivotal roles in ZnNPs’ mechanism
of action: its morphology, concentration, size, surface charge,
modification or doping. All of these factors influence not only
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antimicrobial properties, but also bioavailability, biodistribution,
elimination, reaction of immune system, interaction with host
cells or food and feed matrix. It must be remembered, however,
that in vitro observations can never predict the behavior of
particles in vivo and their impact on the host organism or
its microbiome.

For the purpose of antimicrobial effect, there is a need to
transport ZnNPs in high concentration, without any chemical
changes which could influence their behavior. Simultaneously,
the toxic effect and systemic damage to the organism is obviously
not desirable (75). Many studies have been published which agree
that the antimicrobial effect depends on their size. The smaller
the NPs, the higher the antimicrobial effect. Since the most cited
research has focused on clarification of size-dependent bacterial
growth under ZnNPs treatment, there have been introduced
several studies which shown a promising contribution in
antimicrobial activity using plant extracts to synthetize ZnNPs. A
promising aspect is the presence of phytoactive compounds in the
NPs structure which can promote its additional properties (76).
However, few studies compared these two means of synthesis,
and some of them showed evidence that green synthesized
ZnNPs even had lower antimicrobial effect (77, 78). Moreover,
disadvantages of the green synthesis include poor control of NPs
formation, difficulty in large-scale production and differences in
compound composition in plant extracts (79). Similar discussion
has been held regarding to efficiency of modified and doped
ZnNPs. The benefits of the modification are that it protects
them from the acidic environment in the stomach, prevents
aggregation and/or ensures invisibility to the immune system and
prevents protein corona formation (80). Also, doping of ZnNPs
by metal ions such as iron shown improving effect on ZnNPs
antimicrobial activity (81).

WEANING OF PIGLETS AND DIARRHEA
OCCURRENCE

In the modern pig industry, weaning usually occurs between
21 and 28 days after birth (82). Several aspects contribute to
the consideration of weaning as a stressful period for piglets,
as they experience dramatic physiological, environmental, and
social changes in the weaning transition (82). These changes
can lead to pigs’ diarrhea which leads to increased mortality in
neonatal and young piglets. Diarrheal diseases may be caused
solely by the presence of pathogenic microorganisms, but there
is often a multifactorial cause (83). During weaning the nutrient
intake is decreased significantly in the first days after the stressful
change of place and nutrition from milk to carbohydrates. The
lack of nutrient intake in this time leads to reduced proliferation
of epithelial cells and increased production of the intestinal
mucosa. This is usually followed by gut atrophy and loss of
mucosal proteins (84) as well as periods of reduced growth rate,
starvation, and severe anorexia after weaning (85). The negative
effect of weaning can also occur in the stomach, where HCl
is not sufficient to stimulate proteolysis and protection against
pathogens and nutrients to stimulate the secretion of growth
factors with intestinal trophic effect (86). These stressful events

can lead to health problems and poor growth performance,
therefore, increasing the possibility of post-weaning diarrhea due
to microbiome disruption.

Piglets are also sensitive to changes in diet composition. It was
observed that proteins and amino acids are directly related to the
incidence of diarrhea in piglets. These undigested N-substances
become a breeding ground for pathogenic microorganisms. It is
generally known that the reduction of protein intake by about
1% (below 20% of total N-substances) leads to a decrease in the
incidence of post-weaning diarrhea by 20–30%. The disadvantage
is that the performance of pigs may be reduced, although
the current genetic pool of pigs is able to catch up with this
growth depression in the following days and weeks (87). On the
contrary, some amino acids have been considered as beneficial
for maintaining gut health, particularly from a morphological
and microbiota perspective. Arginine, glutamine, methionin and
threonine help alleviate post-weaning stress in young pigs by
improving immunological functions, anti-inflammatory ability
or antioxidant capacity (88). At the polysaccharide level, the
increased intake of dietary fiber leads to higher incidence of
diarrhea. However, fermentation of dietary fiber in the large
intestine was shown to improve gut maturation by providing
short-chain fatty acids to colonic mucosa and inhibit the
adhesion of pathogenic bacteria (89). Research has also shown
the benefits of resistant starch which is associated with butyrate-
producing Faecalibacterium prausnitzii and the supression of
pathogenic bacteria (88). During this period, piglets are more
prone to the development of microbial infections, which is the
second most common cause in addition to dietary changes.

Post-Weaning Diarrhea in Piglets on the
Microbiome Level
The colonization of the GIT of piglets occurs immediately
after delivery and changes dynamically during the suckling,
or weaning phase. Immediately after the birth, pigs’ intestines
are colonized by Clostridiaceae and Enterobacteriaceae families
(90). The diversity of the microbial communities in the fecal
samples further increase during weaning (91). In adult pigs,
the number of microorganisms stabilizes at 1 × 1010-1 × 1011

(91, 92). Meta-analysis of 16S rRNA amplicon sequence data
showed the pig-specific species are Lactobacillus, Streptococcus,
Clostridium, Desulfovibrio, Enterococcus, Fusobacterium. Also,
several new genera have been described within the same study
(93). The microbial diversity depends on various internal and
external factors, such as are breed, sex, but also environment,
feed composition, or other factors, such as stress (30, 93). Inter-
farm variability of the microbial profile of piglets has shown
the variability of relative abundances of Christensenellaceae
and Lactobacillus in suckling piglets. However, the most
abundant microbial families did not differ in weaned piglets
(94). It has been shown, the microbial colonization has
impact on pigs’ health and performance (94). Genome-based
mapping of the microbial community revealed the importance
of specialized bacterial metabolites for microbe-microbe and
microbe-host interactions (95). During the suckling phase, the
dominating pathways are lipid metabolism pathways (such as
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lipid biosynthesis proteins), energy metabolism pathways (such
as carbon fixation) and carbohydrate pathways (such as the
citrate cycle). The nicotinate and nicotinamide metabolism
which is related to the metabolism of cofactors and vitamins
increased in weaned piglets compared to lactation. Moreover,
weaned piglets showed a higher proportion of pathways involved
in bacterial chemotaxis, motility proteins, flagellar assembly,
lipopolysaccharide biosynthesis and sporulation pathway (96).
Predictably, the stress response (oxidative stress and heat shock)
gene families have been significantly enriched in the weaned
piglets (91). The interaction network of pigs’ microbiota have
been recently reviewed and could be concluded, that maintaining
a balance of interactions and synergistic effects of the intestinal
microflora, whether diet, environment and proper welfare, has a
significant effect on pig performance (97–99).

At the phylum level, the most abundant are Bacteroidetes,
Firmicutes, Proteobacteria, Spirochetes in fecal microbiota
of weanling piglets, whereas Fusobacteria is significantly
reduced. At the genus level, the microbiome is dominated by
Prevotella and Bacteroides from Bacteroidetes phyla. A significant
increase of p-75-a5, Roseburia, Ruminococcus, Coprococcus,
Dorea and Lachospira have been observed simultaneously with
significant decrease of Bacteroides, Fusobacterium, Lactobacillus
andMegashare (95). On the contrary, Guevarra et al. showed the
populations of Prevotellaceae and Lactobacillaceae significantly
increased in weaned piglets (91). Another study also mentions
an increase of genera Veillonellaceae and Succinovibrionaceae
(94). The interrelationships between microorganisms affect the
metabolic and trophic functions of the microbiome and may
suggest a susceptibility to certain diseases, including post-
weaning diarrhea. For example, subjects with a high abundance
of Prevotella usually have a lower prevalence of Bacteroideswhich
have immunomodulatory effects (100, 101). Possible explanation
could be that Prevotella produce anti-inflammatory short fatty
acids which help to modulate the immune system (102). In
addition, Prevotella-driven enterotype has shown a positive
influence of feed intake, weight gain, and results in the decrease
of diarrhea incidence (103). Comprehensive research of weaning
piglets’ microbiota have been conducted by Dong et al. They
published a collection included 266 cultured genomes and 482
meta-genome-assembled genomes that were clustered to 428
species cross 1% phyla. They found that Limosilactobacillus
reuteri was the most abundant species and represented 18% of
the taxa isolated and half of these were Lactobacillus (104).

The main bacterial strains that primarily cause diarrhea
in weaned pigs are considered pathogenic E. coli strains,
Campylobacter spp. Clostridium perfringens and Salmonella spp.
(105). The onset of post-weaning diarrhea due to E. coli is
primarily caused by toxin secretion. The heat-labile (LT) and
two heat-stable (STa and STb) adhesin strains K88 can secrete
into target cells of the intestinal epithelium causing diarrhea.
Even though they trigger different pathways, all toxins disrupt
tight connections and activate the massive luminal secretion
of electrolytes and water (106, 107). Despite activating various
routes, all the toxins activate pro-inflammatory cytokines,
affect tight junction functions, stimulate enormous luminal
electrolytes, water secretions, and eventually cause diarrhea (32).

Several studies have explored the importance of the
relationship between microbial composition and the occurrence
of post-weaning diarrhea. It has been established that the
beneficial microbiota are helpful in diarrhea prevention
due to immunomodulation and interventions in defensive
metabolic pathways (27). Results from recent research
(88) which analyzed fecal microbiota in diarrheic piglets
revealed that diarrhea was associated with the increase of
Prevotella, Sutterella Campylobacter, and Fusobacterium and the
decrease of Prevotellacea, Lachnospiraceae, Ruminococcaceae,
Fusobacteriaceae and Lactobacillaceae (88, 91). In the case
of the Fusobacterium, the higher expression of inflammatory
factors that inhibits T-cell responses has been observed
(108, 109). Intestinal inflammation contributes to creating
such an environment, which is convenient for the growth of
several diarrhea-connected pathogens. Salmonella enterica
and enterotoxigenic E. coli belong to the Enterobacteriaceae
family which prevail at a time when the population of
Bifidobacterium, Lactobacillus is declining whereas Citrobacter,
Clostridium, Rumonococcus and Diallister is increasing (110).
The microbial diversity and evenness in diarrheal pigs differed
over time according to their subsequent susceptibility to post-
weaning diarrhea. The taxonomic composition showed the
highest differences in the phyla Firmicutes and Bacteriodetes.
The abundance of Lachnospiraceae, Ruminococcaceae and
Prevotellaceae was increased, whereas the presence of
Fusobacteriaceae and Corynebacteriaceae was decreased in
healthy pigs compared to pigs with diarrhea (111). In a
newly released study, the microbial colonization of healthy
and pigs with diarrhea differs on the intestinal segments
level. The most abundant were Lactobacillus genus (38%),
Escherichia-Shigella and Enterococcus (11%), Bacteroides (9%),
Fusobacterium (8%), Streptococcus and Prevotella (3%), Blautia
and Clostridium (1%). The significant decrease was observed
in Lactobacillus, Bacteroides in pigs with diarrhea compared to
healthy pigs. Escherichia Shigella, Streptococcus, Sphaerochaeta
and Enterococcus were increased in pigs with diarrhea compared
to the healthy group. Surprisingly, the bacterial diversity was
higher in the healthy pigs compared to pigs with diarrhea among
all intestinal segments (illeum, caecum, colon and rectum) (112).

Nevertheless, it should be noted that although some studies
differ in the microbial composition in the GIT of piglets,
the susceptibility of piglets to diarrhea is not only based on
the presence of “good” and “bad” bacteria. Some pathogenic
microflora belong to the group of opportunistic pathogens
and could co-exist together without any negative impact. It is
necessary to take into the account the overall health as well as
feed composition and welfare of animals (99).

The Microbiome and the Effect of ZnO and
ZnNPs
Currently, there is a transition period between the EU ban
of Zn medication doses in pig breeding and the employment
of new approaches for reducing weaning pigs’ diarrhea. Thus,
there are some new studies emerging which are focused on
the examination of the effects of both ZnO and ZnNPs
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on the intestinal microbiome of weaned piglets. In addition,
methods such as 16S rRNA sequencing, next-generation
sequencing and bioinformatics are more available among
research teams. To date, there are several studies that are
clarifying changes at a microbiome level in weaned piglets
treated with medication doses of Zn. ZnO has been considered
as effective against the abundance of opportunistic pathogens
such as Campylobacterales, Enterobacteriaceae and Escherichia
(5, 113, 114). Moreover, the abundance of beneficial bacteria such
as Lactobacillus genera has been found in ZnO treated piglets
(114, 115). Previous studies have shown the Zn is a significant
factor in modulating the host microbiota and its biodiversity
in dose dependent manner. Physiological doses of Zn could
enhance species capable to improving gut wall integrity and
immunomodulation. On the contrary, Zn overexposure could
reduce bacterial diversity and lead to systemic inflammation
(116). Based on analysis of growing on selective media, it
was evident that 2,000 mg/L of ZnO caused the decrease of
total anaerobes in stomach and small intestine, but not in
caecum and colon. Lactobacilli were decreased in all parts of
GIT. Coliforms were increased in caecum and colon, whereas
enterococci were increased in all parts of GIT. 16S rRNA gene
sequencing showed the decrease of L. amylovorus, L. reuteri
and S. alactolyticus in the group treated by high doses of ZnO
(2,000 mg/L) compared to the group with low dose of ZnO (100
mg/L) (117). A similar study (118), which compared porcine
microbiome under 40 and 2,500 mg/L ZnO treatment, showed
clear differences at genus and species level using metagenomic
sequencing of colon microbiota. This study has shown the higher
increases were in the genus of Prevotella, Roseburia, Bacteroides,
Bacillus and the higher decreases in the genus of Lactobacillus,
Megaspharea and Alisteps, whereas Clostridium, Eubacterium,
Dorea, Streptococcus and Bifidobacterium remained unchanged
The Prevotella/Bacteroidetes ratio in the gut microbiota has
been shown to predict body weight in humans, in Prevotella
pigs the rich enterotype has a beneficial effect on inflammation
reduction in finish pigs due to the fact that representatives
of the genus Prevotella use carbohydrates and produce anti-
inflammatory short-chain fatty acids (102). The Prevotella-
controlled enterotype showed a positive relationship, including
feed intake and efficiency, weight gain, and prevention of
diarrhea. This suggests that prevotella is important for mediating
the growth performance and resistance of piglets to disease (103).

One of the first comparative studies between ZnO and ZnNPs
in weaning piglets was presented by Oh et al. (119). This
comprehensive study found that fecal score among various
Zn forms (2,000 mg/kg ZnO, chelate-ZnO and 200 mg/kg
ZnNPs) differed among phases (0–7, 7–14 days), but in the
overall experimental period the control group showed lower
fecal score compared to the treatment. The supplementation
of various forms of Zn showed the significant increase in the
genera Prevotella, Succinivibrio and Lactobacillus. Both species,
Prevotella and Succinivibrio are related to the transition from
milk to diet for weaning piglets, where Prevotella degrades
polysaccharides in plant cell walls to short-chain fatty acids while
Succinivibrio has cellulolytic activity (120–122). The specific
differences between the bacterial abundance in ZnO and ZnNPs

treated groups as well as the comparison among other studies can
be found in Table 1. This study is in agreement with previous
research where ZnNPs (600 mg/kg) increased bacterial richness
and diversity in ileum and increased abundance of Streptococcus
and Lactobacillus species in ileum, whereas the occurrence of
Oscillospira and Prevotella decreased in colon. On the contrary,
the dose of 600 mg/kg of ZnNPs was more effective in preventing
pigs’ diarrhea compared to the results of Oh et al. (123). Proposed
mechanism of protective action of ZnNPs was explained by
determination of mRNA expression of Cu-Zn SOD, GPX1, ZO-
1 and Occludin in the jejunal tissue. However, an expression of
mRNA was lower in ZnNPs-treated group compared to the ZnO
group. Moreover, the study brings support to the evidence that in
ZnO, free Zn is released more easily when compared to ZnNPs.
This is probably due to the higher expression of metallothionein,
which expression depends on Zn concentration in the body (127).

Recent studies (123) of ZnNPs modulation effect on pigs’
microbiome is focused on the modified ZnNPs rather than
crude ZnNPs. Hot melt extruded-based ZnNPs (HME-ZnO)
differ from crude ZnNPs by coating ZnNPs with a polymer
matrix which optimizes solubility and bioavailability of the
carrier substance. It has been shown that the HME-ZnO and
Zn diet decreased Clostridium spp. and coliforms in the ileum.
Lactobacillus spp. were increased only in ZnO fed group. Cecal
microbiota did not show differences among proposed treatments,
only linear decrease of Clostridium spp. was observed with
higher concentration of HME-ZnO. Dose-dependent decrease
of Clostridium spp. was observed also in colon HME-ZnO-fed
pigs. It should be noted, that the ZnO digestibility was lower
compared to HME-ZnO which could lead to different effect on
microbial composition. However, the effect on pig performance
was the same for both high dose ZnO (2.5 mg/kg) and sub-
pharmacological dose of HME-ZnO (500 and 1,000mg/kg) (123).

Two types of ZnNPs based on phosphate were introduced
as potential improving agents in weaning piglets’ diarrhea. At
the doses of 100, 500, and 2,000 mg/kg significant changes in
the microbiota composition were observed compared to the
control group. Significant shifts were observed in Escherichia,
Streptococcus and Aerococcus genera at the doses of 500 mg/kg
in ZnNPs A variant compared to the control group. Also, the
abundance of Providencia and Staphylococcus were observed.
Species such as Enterococcus, Yersinia, Pediococcus occurred in
ZnNPs C variant compared to the control group. The higher dose
of ZnNPs in ZnNPs A variant caused the increase of Escherichia
compared to the ZnNPs C variant which was comparable
with ZnO treated group. During the four experimental stages,
there was noticeable reduction in bacterial diversity as well as
the decrease of Lactobacillus occurrence. Also, the difference
in the ZnNPs variant A and variant C suggested that the
effect on ZnNPs strongly depends on its composition (125).
Bacterial synergic effects in the intestinal microflora are well-
known and could also play a role in enhancing the preventive
effect against weaned piglets’ diarrhea. In the study of Zheng
et al. (124) the probiotic species L. plantarum have been
introduced together with ZnNPs in pigs’ diet after weaning. L.
plantarum is also known as Zn tolerable bacteria (128) what
was clearly visible from the results. The increased occurrence
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TABLE 1 | Comparison of ZnO and ZnNP effects on pig microbiomes.

MTD SPL Zn Dose Increased MO

populations

Decreased MO

populations

Remained MO

populations

Associated findings Reference

NGS F. ZnO 2,500 Genus level: Prevotella,

Roseburia, Bacteroides,

Bacillus, Treponema,

Escherichia,

Faecalibacterium,

Coprococcus, Shigella,

Blautia, Acetivibrio;

Dominant genera:

Bacteroidetes,

Actinobacteria, Firmicutes

Lactobacillus,

Megaspharea, Alistipes,

Dialister, Ruminococcus,

Mitsuokella, Oscillibacter,

Mycoplasma,

Acidaminococcus

Clostridium, Eubacterium,

Dorea, Streptococcus,

Bifidobacterium

ZnO 2,500 mg/kg group

compared to CTRL: sporadic

occurrence of diarrhea; ↑ ADG

in; ↑ expression of ZnT1, MT1A,

and MT2B genes; decreased

MO diversity; ↓ SCFA level, NH4,

↑ AR genes: aph(3”)-Ib, blaROB,

pat(A), lnu(C), arnA

(118)

16S I. ZnO 2,000 Firmicutes

(Streptococcaceae,

Clostridiaceae, Bacillaceae),

Proteobacteria

(Halomonadaceae)

Firmicutes

(Lactobacillaceae)

↑ diarrhea incidence in ZnNPs

group compared to ZnO but ↓

compared to CTRL; ↑ expression

of Cu-Zn SOD, GPX1, ZO-1, MT

and Occludin in jejunum in

ZnNPs group compared to ZnO;

↑ expression of CDK4 mRNA, ↓

Caspase3 and inflammatory

markers mRNA in ZnNPs; group;

↑ richness and diversity of MO

community in ZnNPs group

(8)

ZnNPs

(25 nm)

600 Firmicutes

(Streptococcaceae,

Clostridiaceae, Bacillaceae),

Proteobacteria

(Halomonadaceae)

Firmicutes

(Lactobacillaceae)

Ce. ZnO 2,000 Firmicutes

(Streptococcaceae,

Clostridiaceae),

Actinobacteria

(Coriobacteriaceae)

Firmicutes

(Lachnospiraceae,

Ruminococcaceae)

ZnNP

(25 nm)

600 Firmicutes

(Lactobacillaceae,

Streptococcaceae,

Clostridiaceae),

Actinobacteria

(Coriobacteriaceae)

Firmicutes

(Lachnospiraceae,

Erysipelotrichaceae,

Ruminococcaceae)

Co. ZnO 2,000 Actinobacteria

(Coriobacteriaceae),

Firmicutes

(Streptococcaceae,

Lactobacillaceae)

Bacteroidetes

(Prevotellaceae, S24-7,

Ruminococcaceae)

ZnNP

(25 nm)

600 Actinobacteria

(Coriobacteriaceae),

Firmicutes

(Streptococcaceae,

Lactobacillaceae)

Bacteroidetes

(Prevotellaceae, S24-7),

Firmicutes (Veillonellaceae,

Erysipelotrichaceae,

Lachnospiraceae,

Ruminococcaceae)

CFU I. ZnO 2,500 Total anaerobic bacteria,

Lactobacillus spp.

Clostridium spp., Coliforms ZnNPs group: ↑ ADG; ↑ CP

digestibility; ↑ Zn digestibility;

quadratic ↑ in villus height and

crypt depth ratio in duodenum,

jejunum and ieum

(123)

HME-

ZnO

500 Lactobacillus spp. Clostridium spp., Coliforms

(Continued)
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TABLE 1 | Continued

MTD SPL Zn Dose Increased MO

populations

Decreased MO

populations

Remained MO

populations

Associated findings Reference

1,000 Total anaerobic bacteria,

Lactobacillus spp.

Clostridium spp., Coliforms

2,500 Lactobacillus spp. Clostridium spp., Coliforms

Ce. ZnO 2,500 Total anaerobic bacteria,

Lactobacillus spp.

Clostridium spp., Coliforms

HME-

ZnO

500 Lactobacillus spp. Total anaerobic bacteria,

Clostridium spp.

1,000 Total anaerobic bacteria,

Lactobacillus spp.

Clostridium spp., Coliforms

2,500 Total anaerobic bacteria,

Lactobacillus spp.

Clostridium spp., Coliforms

Co. ZnO 2,500 Total anaerobic bacteria,

Lactobacillus spp.

Clostridium spp., Coliforms

HME-

ZnO

500 Clostridium spp., Coliforms

1,000 Total anaerobic bacteria,

Lactobacillus spp.

Clostridium spp., Coliforms

2,500 Total anaerobic bacteria,

Lactobacillus spp.

Clostridium spp., Coliforms

qPCR F. ZnNP

(100 nm)

20* Bifidobacterium,

Lactobacillus, Clostridium

Bacteroides, Enterococcus,

Enterobacteriaceae

↑ body weight, ADG, ↓ feed

conversion; ↑ ALP, ALT

(124)

16S F. ZnNP 200 Phylum level:

Proteobacteria,

Bacteroidetes,

Spirochaetes. Genus level:

Prevotella, Succinivibrio,

Fibrobacter,

Parabacteroides,

Plaudibacter

Phylum level: Firmicutes,

Lentisphaerae, Tenericutes.

Genus level: Oscillospira,

Roseburia, Treponema,

Dorea, Lactobacillus,

Campylobacter,

Ruminococcus, Turicibacter

↑ diarrhea score in ZnO and

ZnNPs; ↓ Zn excretion in ZnNPs

group compared to ZnO; ↑

cytokine expression:

GATA3+CD4+ T cells (Th2) and

RORγt+CD4+ (Th17) T cells

(gun lymph node) in ZnNPs

group compared to ZnO and

CTRL; no changes in cytokine

expression (IL-8, IL-6, IFNγ,

IL-1β, IL-10, IL-17A, and IL-22)

among groups (gut lymph node);

no changes of IL expression and

TJ markers in intestinal tissues in

ZnNPs group compared to CTRL

(119)

ZnO 2,000 Phylum level: Bacteroidetes,

Spirochaetes. Genus level:

Prevotella, Treponema,

Lactobacillus,

Campylobacter,

Ruminococcus,

Parabacteroides,

Paludibacter

Phylum level: Firmicutes,

Proteobacteria,

Lentisphaerae, Tenericutes.

Genus level: Oscillospira,

Succinivibrio, Roseburia,

Dorea, Turicibacter,

Fibrobacter

16S F. ZnO 500 Genus level: Lactobacillus,

Staphylococcus,

Corynebacterium

Genus level: Escherichia,

Streptococcus,

Aerococcus,

↓ diarrhea occurrence in 1000

and 2000 mg/kg Zn; risk of

diarrhea decreased ZnNPS A >

ZnNPC C > ZnO; E. coli

virulence genes STa, STb, Stx2,

F4, F18 have occurred randomly

but dramatically decreased at

day 5 in treated groups (highest

occurrence in ZnNPs A, lowest

occurence in ZnNPs C and ZnO);

↑ level of GPx in ZnNPs A

compared to other groups and

CTRL; no differences in MDA

levels were observed among all

groups; ZnNPs A showed

chronic enteritis with plaque

focal atrophy and malabsorption

syndrome; ZnNPs C showed

mild inflammatory changes and

higher expression of goblet cells

1,000 Genus level: Wautersiella,

Staphylococcus

Genus level: Streptococcus,

Aerococcus

Genus level: Escherichia,

Lactobacillus

(125)

2,000 Genus level: Enterococcus,

Staphylococcus,

Corynebacterium

Genus level: Escherichia,

Streptococcus,

Aerococcus, Lactobacillus

ZnNP A 500 Genus level: Escherichia,

Pediococcus Enterococcus,

Staphylococcus

Genus level: Streptococcus,

Aerococcus, Lactobacillus

1,000 Genus level: Enterococcus,

Staphylococcus

Genus level: Streptococcus,

Aerococcus, Lactobacillus

Genus level: Escherichia

2,000 Genus level: Escherichia,

Yersinia, Enterococcus

Genus level: Streptococcus,

Aerococcus, Lactobacillus

(Continued)
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TABLE 1 | Continued

MTD SPL Zn Dose Increased MO

populations

Decreased MO

populations

Remained MO

populations

Associated findings Reference

ZnNP C 500 Genus level: Yersinia,

Staphylococcus,

Pediococcus, Lactococcus,

Genus level: Aerococcus,

Streptococcus

Genus level: Escherichia,

Streptococcus,

Lactobacillus

1,000 Genus level: Enterococcus,

Lactobacillus

Genus level: Streptococcus,

Aerococcus

Genus level: Escherichia,

Lactobacillus

2,000 Genus levelProvidencia,

Enterococcus,

Staphylococcus,

Corynebacterium

Genus level: Streptococcus,

Aerococcus

Genus level: Escherichia,

Lactobacillus

CFU I. ZnO 3,000 Escherichia coli Salmonella spp.,

Lactobacillus spp., Bacillus

bifidus spp.

↑ ADG in all treated groups; ↓

diarrhea occurrence in ZnO

3,000 mg/kg and ZnNPs 450

mg/kg; ↓ Zn excretion in ZnNPs

group compared to ZnO and

CTRL; pathological damage of

villi in ZnNPs and ZnO groups

compared to CTRL;

(115)

ZnNP

(72 nm)

450 Escherichia coli Salmonella spp.,

Lactobacillus spp., Bacillus

bifidus spp.

CFU F. ZnO 3,000 Enterococcus spp.,

Lactobacilus spp.,

Escherichia coli

↑ Zn fecal excretion in ZnNPs

group in the dose dependent

manner; ↑ Zn fecal excretion in

ZnO group compared to ZnNPs;

↓ diarrhea occurrence in ZnO

and ZnNPs group in

dose-dependent manner (1-7

days) compared to CTRL;

(126)

ZnNP

(38 nm)

15–60 Linear decrease at the dose

dependend manner:

Enterococcus spp.,

Lactobacilus spp.,

Escherichia coli

MTD, method; SPL, sampling; Zn, zinc form; MO, microbial; Ref, reference; NGS, new-generation sequencing; 16S, 16S rRNA sequencing; F, feces; I, illeum; Ce, cecum; Co, colon;

HME-ZnO, hot melt extruded ZnNPs; CTRL, Control group; ADG, average daily intake; ZnT, zinc transporter; MT, metallothionein; SCFA, short chain fatty acids; AR, antibiotic resistance;

CP, crude protein; TJ, tight junctions; Doses of ZnO and ZnNPs are expressed in mg/mL. Dose of ZnNPs marked with * consist of 5mL of L. Plantarum suspension.

of Bifidobacterium and Lactobacillus and the decrease of
Enterococcus and Enterobacteriaceaewere predictors of improved
pig’s performance and reduced occurrence of diarrhea (129).
In addition to L. plantarum, the microbiome of pigs comprises
several bacterial strains that are tolerant to high doses of Zn.
For instance, Bacillus altitudinis have been found in porcine
microbiome (130). Moreover, its ability of Zn biosorption
has been mentioned in the field of remediation purposes
(130). Crespo-Piazuelo et al. found that supplementation
of B. altitudinis spores improves porcine offspring growth
performance (131). Themost likely explanation is the stimulation
of the immune system; however, the mechanism is not fully
understood yet (93, 131).

The majority of previous studies on ZnNPs’ efficiency focus
mostly on the in vitro investigation of each specific microbial
species. The advantage of these studies is the ability to monitor
the effect of the composition and morphology of nanoparticles
on the control of specific bacteria. However, in vitro studies
mainly focus on important bacterial strains either as pathogens or

prebiotic. Comparing the inhibitory concentrations from Table 2

(full version is available from repository: https://archive.org/
details/osf-registrations-gqspd-v1), it is confirmed that ZnNPs
act better on G+ bacteria, which are mainly the family
Lactobacillaceae, Enterococcaceae, Streptococcaceae, although,
inhibition activity is not negligible in the G- bacteria strains
for family Enterobacteriaceae which are mostly pathogenic. A
great deal of previous research into ZnNPs as antimicrobials has
focused on the green synthesis. The purpose of green synthesis is,
in addition to the ecological approach, also to use the potential
of plant extracts, which have antibacterial properties, for the
synergistic effect of ZnNPs. When compared to chemical route
these initial observations suggest that green synthetized ZnNPs
have less antimicrobial potential. However, the volume of this
research annually increasing.

In vitro effectiveness of ZnNPs against pathogenic bacterial
species is summarized in Table 2, but they have also been
described other reviews (10). Nevertheless, it should be
considered that it is not the species/strains which are potentially
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TABLE 2 | Antimicrobial effect of ZnO nanoparticles tested in vitro.

Size S Modification Bacterial strain G Order Pat. MIC IZ Reference

nm mg/mL mm

57 GS Punica granatum Salmonella typhimurium G- Enterobacterales P 6E-04

57 GS Punica granatum Listeria monocytogenes G+ Bacillales P 7E-04

57 GS Punica granatum Enterococcus faecium G+ Lactobacillales C 8E-04 (132)

57 GS Punica granatum Aeromonas hydrophila G- Aeromonadales P 8E-04

57 GS Punica granatum Bacillus cereus G+ Bacillales OP 9E-04 (133)

17 CR Salmonella typhimurium G- Enterobacterales P 0.002

90 GS Garcinia cambogia Staphylococcus aureus G+ Bacillales OP 0.002 17

90 GS Garcinia cambogia Enterococcus faecalis G+ Lactobacillales OP 0.002 18

90 GS Garcinia cambogia Proteus vulgaris G- Enterobacterales C 0.002 14 (134)

90 GS Garcinia cambogia Pseudomonas aeruginosa G- Pseudomonadales P 0.002 15

17 CR Escherichia coli G- Enterobacterales P 0.005 (133)

17 CR Staphylococcus aureus G+ Bacillales OP 0.005

275 GS H. triquetrifolium Enterococcus faecalis G+ Lactobacillales OP 0.005 (135)

17 CR Pseudomonas aeruginosa G- Pseudomonadales P 0.007 (133)

50 CO Streptococcus pyogenes G+ Lactobacillales OP 0.01 (136)

20 CR Streptococcus mutans G+ Lactobacillales OP 0.01 16

20 CR Enterococcus faecalis G+ Lactobacillales OP 0.01 14

20 CR Lactobacillus fermentum G+ Lactobacillales PR 0.01 10

40 CR Streptococcus mutans G+ Lactobacillales OP 0.01 14 (137)

40 CR Enterococcus faecalis G+ Lactobacillales OP 0.01 13

40 CR Lactobacillus fermentum G+ Lactobacillales PR 0.01 9

140 CR Streptococcus mutans G+ Lactobacillales OP 0.01 12

140 CR Enterococcus faecalis G+ Lactobacillales OP 0.01 12

140 CR Lactobacillus fermentum G+ Lactobacillales PR 0.01 8 (138)

17 CO Escherichia coli G- Enterobacterales P 0.017 (133)

18 CR Enterococcus faecalis G+ Lactobacillales OP 0.02 10

18 CR Klebsiella pneumoniae G- Enterobacterales OP 0.02 10

18 CR Escherichia coli G- Enterobacterales P 0.02 13 (138)

18 CR Staphylococcus aureus G+ Bacillales OP 0.02 18

275 GS H. triquetrifolium Staphylococcus aureus G+ Bacillales OP 0.02

50 GS Crocus sativus L. Salmonella typhimurium G- Enterobacterales P 0.02 12

50 GS Crocus sativus L. Listeria monocytogenes G+ Bacillales P 0.02 ND (139)

50 GS Crocus sativus L. Enterococcus faecalis G+ Lactobacillales OP 0.02 11

29.5 BS L. plantarum Staphylococcus aureus G+ Bacillales OP 0.03 (140)

44.5 BS Pseudomonas putida Bacillus cereus G+ Bacillales OP 0.03

17 CO Salmonella typhimurium G- Enterobacterales P 0.034 (141)

17 CO Pseudomonas aeruginosa G- Pseudomonadales P 0.041 (133)

17 CO Staphylococcus aureus G+ Bacillales OP 0.047

50 CR Bacillus subtilis G+ Bacillales C 0.05 (142)

NA Lactobacillus fermentum G+ Lactobacillales PR 0.05

30 CO Lactobacillus plantarum G+ Lactobacillales PR 0.05 (143)

33.5 CR Bacillus subtilis G+ Bacillales C 0.05 6

33.5 CR S.aureus (MRSA) G+ Bacillales OP 0.05 10

33.5 CR Staphylococcus aureus G+ Bacillales OP 0.05 8

33.5 CR Streptococcus mutans G+ Lactobacillales OP 0.05 8

33.5 CR Klebsiella pneumoniae G- Enterobacterales OP 0.05 10

33.5 CR Escherichia coli G- Enterobacterales P 0.05 10

26.5 CR chitosan Bacillus subtilis G+ Bacillales C 0.05 8 (144)

(Continued)
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TABLE 2 | Continued

Size S Modification Bacterial strain G Order Pat. MIC IZ Reference

nm mg/mL mm

26.5 CR chitosan S.aureus (MRSA) G+ Bacillales OP 0.05 11

26.5 CR chitosan Staphylococcus aureus G+ Bacillales OP 0.05 10

26.5 CR chitosan Streptococcus mutans G+ Lactobacillales OP 0.05 10

26.5 CR chitosan Klebsiella pneumoniae G- Enterobacterales OP 0.05 14

26.5 CR chitosan Escherichia coli G- Enterobacterales P 0.05 13

65 GS Prosopis juliflora Escherichia coli G- Enterobacterales P 0.05 20 (145)

65 GS Prosopis juliflora Bacillus subtilis G+ Bacillales C 0.05 15

65 GS Prosopis juliflora Vibrio cholerae G- Vibrionales P 0.05 20

29.6 BS L. plantarum Escherichia coli G- Enterobacterales P 0.06 (140)

44.5 BS Pseudomonas putida Pseudomonas otitidis G- Pseudomonadales C 0.06

44.5 BS Pseudomonas putida Enterococcus faecalis G+ Lactobacillales OP 0.06 (141)

30 GS Psidium guajava Escherichia coli (ETEC) G- Enterobacterales P 0.06 19 (146)

29.7 BS L. plantarum Salmonella spp. G- Enterobacterales P 0.08 (140)

44.5 BS Pseudomonas putida Pseudomonas oleovorans G- Pseudomonadales C 0.09 (141)

60 GS Pisonia grandis Bacillus subtilis G+ Bacillales C 0.1 12

60 GS Pisonia grandis Micrococcus luteus G+ Actinomycetales C 0.1 16 (147)

60 GS Pisonia grandis Salmonella paratyphi G- Enterobacterales P 0.1 14

5 CR Glucose-1-phosphate Prevotella intermedia G- Bacteroidales C 0.1 (148)

25 GS Ocimum basilicum Staphylococcus sciuri G+ Bacillales OP 0.1 14

25 GS Ocimum basilicum Salmonella enterica G- Enterobacterales P 0.1 13 (149)

25 GS Ocimum basilicum Staphylococcus aureus G+ Bacillales OP 0.1 18

52 GS Cymodocea serrulata Bacillus subtilis G+ Bacillales C 0.1 18 (150)

52 GS Cymodocea serrulata Escherichia coli G- Enterobacterales P 0.1 15

52 GS Cymodocea serrulata Klebsiella pneumoniae G- Enterobacterales OP 0.1 15

52 GS Cymodocea serrulata Shigella flexneri G- Enterobacterales P 0.1 14

80 GS Punica granatum Bacillus cereus G+ Bacillales OP 0.1 (151)

80 GS Punica granatum Bacillus licheniformis G+ Bacillales PR 0.1

80 GS Punica granatum Escherichia coli G- Enterobacterales P 0.1

8.34 GS Ephedra aphylla Salmonella typhimurium G- Enterobacterales P 0.1 16 (152)

8.34 GS Ephedra aphylla Pseudomonas aeruginosa G- Pseudomonadales P 0.1 17

8.34 GS Ephedra aphylla Klebsiella pneumoniae G- Enterobacterales OP 0.1 21

8.34 GS Ephedra aphylla Escherichia coli G- Enterobacterales P 0.1 20

8.34 GS Ephedra aphylla Staphylococcus epidermidis G+ Bacillales OP 0.1 ND

8.34 GS Ephedra aphylla Bacillus cereus G+ Bacillales OP 0.1 14

8.34 GS Ephedra aphylla Staphylococcus aureus G+ Bacillales OP 0.1 19

8.34 GS Ephedra aphylla Listeria monocytogenes G+ Bacillales P 0.1 20

44.5 BS Pseudomonas putida Acinetobacter baumannii G- Pseudomonadales OP 0.12 (141)

5 CR Glucose-1-phosphate Fusobacterium nucleatum G- Fusobacteriales OP 0.2 (148, 153)

5 CR PVP Salmonella enteritidis G- Enterobacterales P 0.28 (154)

5 CR chitosan Staphylococcus aureus G+ Bacillales OP 0.3 (155)

56 GS PE Escherichia coli O157:H7 G- Enterobacterales P 0.3 (153)

5 CR PVP Listeria monocytogenes G+ Bacillales P 0.3 (154)

56 GS PE Listeria monocytogenes G+ Bacillales P 0.35 (60)

4.45 CR Escherichia coli O157:H7 G- Enterobacterales P 0.375 (154)

5 CR Chitosan Lactobacillus fermentum G+ Lactobacillales PR 0.4 (156)

30 CO Campylobacter jejuni G- Campylobacterales P 0.4

30 CO Escherichia coli O157:H7 G- Enterobacterales P 0.4

30 CO Salmonella enterica G- Enterobacterales P 0.4

60 CR Aluminum Enterococcus hirae G+ Lactobacillales P 0.5 10 (157)

(Continued)
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TABLE 2 | Continued

Size S Modification Bacterial strain G Order Pat. MIC IZ Reference

nm mg/mL mm

60 CR Aluminum Escherichia coli G- Enterobacterales P 0.5 10

100 GS Triphala extract Streptococcus mutans G+ Lactobacillales OP 0.53 23 (158)

50 CR Chitosan Enterococcus faecium G+ Lactobacillales C 0.781 (159)

5 CR Chitosan Escherichia coli G- Enterobacterales P 0.8 (154)

45 GS O. americanum Salmonella paratyphi G- Enterobacterales P 1 24 (160)

45 GS O. americanum Klebsiella pneumoniae G- Enterobacterales OP 1 27

45 GS O. americanum Clostridium perfringens G+ Clostridiales P 1 30

45 GS O. americanum Bacillus cereus G+ Bacillales OP 1 25 (161)

32 GS Lactobacillu spp. Clostridium difficile G+ Clostridiales P 1 21

32 GS Lactobacillu spp. Clostridium perfringens G+ Clostridiales P 1 24

32 GS Lactobacillu spp. Escherichia coli G- Enterobacterales P 1 22

32 GS Lactobacillu spp. Salmonella typhimurium G- Enterobacterales P 1 20

57 GS Punica granatum Staphylococcus aureus G+ Bacillales OP 1.25 (132)

57 GS Punica granatum Klebsiella pneumoniae G- Enterobacterales OP 1.25

57 GS Punica granatum Enterococcus faecalis G+ Lactobacillales OP 1.25

57 GS Punica granatum Escherichia coli G- Enterobacterales P 1.25

57 GS Punica granatum Moraxella catarrhalis G- Pseudomonadales OP 1.25

12 CR PEG Micrococcus luteus G+ Actinomycetales C 1.25 (162)

4.45 CR Staphylococcus aureus G+ Bacillales OP 1.5 (60)

97 CR PVP Micrococcus luteus G+ Actinomycetales C 2.5 (162)

5 CR PVP Escherichia coli O157:H7 G- Enterobacterales P 3.2 (153)

50 CR Chitosan Escherichia coli G- Enterobacterales P 5 (159)

27.5 GS Brassica rapa Micrococcus luteus G+ Actinomycetales C 12.5 30 (163)

27.5 GS Brassica rapa Klebsiella aerogenes G- Enterobacterales P 25 20

25 GS Euphorbia hirta Streptococcus mutans G+ Lactobacillales OP 100 28 (164)

25 GS Euphorbia hirta Clostridium absonum G+ Clostridiales C 100 27

25 GS Euphorbia hirta Escherichia coli G- Enterobacterales P 100 24

275 GS H. triquetrifolium Escherichia coli G- Enterobacterales P <0.1

NA GS H. triquetrifolium Klebsiella pneumoniae G- Enterobacterales OP <0.1

275 GS H. triquetrifolium Acinetobacter baumannii G- Pseudomonadales OP <0.1

5 CR Glucose-1-phosphate Staphylococcus aureus G+ Bacillales OP <1 (148)

5 CR Glucose-1-phosphate Lactobacillus paracasei G+ Lactobacillales PR <1

275 GS H. triquetrifolium Listeria ivanovii G+ Bacillales P ND (164)

5 CR Chitosan Enterococcus faecalis G+ Lactobacillales OP ND (154)

S, method of synthesis; G, Gram stain; Pat., Pathogenicity; MIC, minimal inhibitory concentration; IZ, inhibition zone; Ref., refference; GS, green synthesis; CR, chemical route synthesis;

CO, commercial ZnNPs; BS, biosynthesis; PE, plant extract (Cinnamomum verum, Thymus vulgaris, Syzigium aromaticum).

harmful to the host. It would be better to prevent undesirable
pathological conditions by reducing the high diversity in the
coliform bacteria group rather than low coliform concentrations
(87). For instance, ZnNPs may inactivate the growth of diarrhea-
causing E. Coli, but as it has been recorded in several
studies (8, 165), it may inactivate the growth of commensal
beneficial microorganisms as well in the GIT, which could
lead to dysbiosis of the intestinal microbiome. It has been

shown that post-weaning diarrhea control attributed to ZnO
might not be directly related to effects on microbiota, like
reducing Escherichia coli count in the intestine, but it may
be related to the prevention of bacterial adhesion of K88
strains and internalization to the intestinal epithelium, which
reduces the deleterious effects of toxins produced by these
pathogens (126). In the case of ZnNPs the anti-adhesive-
effect have been studied with similar results. The proposed
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mechanism of action relies on the internationalization of ZnNPs
to the hydrophilic bacterial cell wall surface or by inhibiting
exopolysaccharides which are the main component of bacterial
biofilm (166).

Several concerns have been raised about ZnNPs’ effects
against probiotic bacteria strains which are crucial for the
healthy gut in weaning piglets. In Table 2 it can be seen that
the inhibitory concentration for Lactobacillus spp. is ∼0.01–0.1
mg/mL, which is slightly lower concentration than, for example,
for pathogenic E. Coli strains (0.06–5 mg/mL). According to
Li et al. the effect could be explained by the existence of free
Zn2+ ions which are complexed with amino acids, resulting in
the decrease of ZnNPs toxicity in E. Coli (44). What has been
established is that some probiotic strains are tolerant for high
levels of Zn or, interestingly, they may function as a biofactory
for the synthesis of ZnNPs (128). Although the effect of ZnO
has some similarities to the effects of ZnNPs, in particular the
release of Zn2+ ions may vary (for further details see Section
ZnNPs Antibacterial Mechanism of Action). The proteomic
study showed a dramatic change of the metabolic pathways in
Bacillus subtilis exposed to ZnNPs (0.017 mg/mL, 100 nm, Sigma
Aldrich). Major changes have been observed in methylglyoxal
and thiol metabolisms, oxidative stress and stringent responses
(167). As some researches have suggested, the effect of NPs on
microorganisms is dose- and time-dependent, so the impact of
ZnNPs should be carefully considered to maintain balance in
the environment (167). Other research has been focused on the
interaction of ZnNPs with cell membrane of probiotic bacteria
strains. It has been observed the commercial ZnNPs (77 nm,
Alfa Aesar, 20mM) did not damaged the cell wall of Escherichia
coli, Lactobacillus acidophilus, nor Bifidobacterium animalis.
Only slight cellular morphological changes were observed
(168). To contradict this study, another research team observed
that commercial ZnNPs (0.1 mg/mL, 80 nm, positive surface
charge, Shanghai Macklin Biochemical) significantly changed the
morphology of Lactobacillus plantarum and Lactobacillus

fermentum and destroyed their cell membranes in the
dose-dependent manner.

CONCLUSIONS AND FUTURE
PERSPECTIVES

The study of ZnNPs as a substitute for pharmacological doses
of Zn in pig breeding is a very complex topic. Results of several
research articles on ZnO’s effects on microbiomes remain fairly
inconsistent. However, ZnNPs are highly variable in their content
and morphology, which affects their antimicrobial abilities and
preventative effects against diarrhea in weaned piglets. Significant
limitations of in vivo studies include a poor characterization
of ZnNPs properties such as surface area, charge and size. It
would be advisable to focus more on physico-chemical attributes
of ZnNPs and interconnect these findings with information
which already have been known on microbiomes. ZnNPs have
substantial potential to replace pharmacological doses of Zn and
aid the management of pig health in agricultural practices.
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Structure, in vitro Degradability and
Rumen Microbiota Colonization of
Rice Straw
Xu Chen 1†, Yulin Ma 1†, Muhammad Zahoor Khan 1,2, Jianxin Xiao 1,

Gibson Maswayi Alugongo 1, Shengli Li 1, Yajing Wang 1 and Zhijun Cao 1*
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China, 2Department of Animal Sciences, Faculty of Veterinary and Animal Sciences, University of Agriculture, Dera Ismail
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Aims: This study aims to evaluate the effect of lactic acid bacteria (LAB) and LAB-

molasses (LAB + M) combination on the fermentation quality, chemical composition,

physicochemical properties, in vitro degradability of rice straw and the characteristics of

rumen microbial colonization on rice straw surface.

Methods and Results: There were three pretreatments, including control (not treated,

Con), treated with LAB, or LAB + M. The results showed that both LAB and LAB

+ M treatments altered the physical and chemical structures of rice straw and were

revealed by scanning electron microscopy (SEM) and X-ray diffraction analysis (XRD)

spectroscopy, respectively. Moreover, both LAB and LAB + M pretreated rice straw

increased the crude protein (CP) content, dry matter (DM) recovery, and in vitro

digestibility and decreased the pH value, neutral detergent fiber (NDF), and acid detergent

fiber (ADF) contents. The LAB + M pretreated rice straw increased the gas production

(GP72) and rumen microbial colonization on the rice straw surface.

Conclusions: It is observed that LAB+M treatment could increase digestibility and the

rumen microbial colonization on the rice straw surface. Therefore, LAB + M treatment

can provide an alternative strategy to improve the quality of rice straw. Significance and

impact of the study: This study provides an optimal pretreatment to improve the rice

straw digestibility and rumen microbial colonization.

Keywords: lactic acid bacteria, molasses, rumen microbial colonization, rice straw, in vitro digestibility
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Chen et al. LAB and Molasses Treatment Effect on Rice Straw Digestibility

INTRODUCTION

Rice straw is one of the most abundant crop residues in the
world, especially in China. It is commonly used as the source
of roughage in ruminants’ nutrition due to its richness and low
cost. However, the recalcitrant cellulose—hemicellulose—lignin
structure protects the rice straw biomass from the access of
microorganisms (1), results in low degradation during ruminal
fermentation, and subsequently limits intake in animals (2).
Increasing the degradation of rice straw would help to increase
the utilization of this abundant agricultural by-product in
ruminants and hence reduce the status of shortage of high-
quality forage.

The lactic acid bacteria (LAB) plays a role in the preservation
and fermentation of forage crops within inoculated silages (3).
LAB help to suppress the growth of spoilage microorganisms
by reducing pH levels in fermented forages (4). Previous studies
have shown that exogenous LAB can improve the quality of rice
straw (5) and grass (6) silages. However, the insufficient contents
of water-soluble carbohydrates (WSCs) in raw rice straw may
lead to the accumulation of low lactic acid and increased pH
value, allowing undesirable microorganisms such as clostridia to
grow in the silage (7). Therefore, it might be helpful to add cheap
sources of exogenous WSC, such as molasses (8). Sufficient WSC
not only provides sufficient substrates for LAB fermentation but
also increases the nutritional quality of rice straw silage.

Ruminal microorganisms are the most dominant domain
contributing to the digestion and conversion of feedstuff to
volatile fatty acids and microbial proteins (9). The attachment
of microorganisms to the consumed forage is a key step in the
forage degradation process and affects the degradation of the
dietary (10). However, many studies have mainly focused on the
changes in the colonization of microorganisms in the rumen
degrading process of roughage that has not been pretreated.
For example, Huws et al. reported that colonization of bacteria
in the freshly ingested perennial ryegrass (11). However, not a
single study has reported the rumen microbial colonization after
pretreatment of roughage raw materials. Moreover, the physical
structure and chemical characteristics of the feed particles are
the key factors that affect microbial colonization (12). Therefore,
further research on the changes in microbial colonization and
the digestion of roughage after pretreatment is very important
for the improvement in the efficiency of feed nutrient utilization
by ruminants.

In this study, LAB or LAB + M pretreated rice straw
with respect to its fermentation quality, chemical composition,
physicochemical properties, in vitro degradability of rice straw,
and the characteristics of rumen microbial colonization on rice
straw surface.

MATERIALS AND METHODS

All animal procedures used in this study were reviewed and
approved by the Animal Care Committee of the College of
Animal Science and Technology of China Agriculture University
(protocol number: 2013-5-LZ).

Substrate and Treatment
Rice straw was collected from suburban farmland in Henan
province, China. Mature whole rice plant was thrashed to remove
the grain and the rice straw was sun-cured. The rice straw was
cut into 3–5 cm using a guillotine cutter. The LAB and LAB +

M were evenly sprayed on the rice straw, as per their respective
treatments. For each treatment, the amounts of molasses and
water were calculated in advance and weighed, whereas materials
were separately added into the distilled water to adjust the
moisture content to 70%.

The LAB were (1) a mixture of both homofermentative and
heterofermentative LAB inoculants that were consisted of three
strains of Lactobacillus (L. plantarum PS-8, L. plantarum PS-
F, and L. buchneri HM-01), whose details have been described
previously (2, 13) molasses (purchased from the Hebei Shuntong
Encyclopedia Trading Co., Ltd., China). The three treatments
were as follows: rice straw treated without (control, Con;
supplemented with distilled water to adjust the moisture content
to 70%) or with LAB (added at 1 × 1011 CFU/g of fresh
material) or LAB + M group (mixture of molasses and LAB,
molasses was added to 3% of the fresh material). The rice
straw was ensiled in triplicate for each treatment in laboratory
polyethylene bags (25 cm by 35 cm; Beijing Shengya Yuda
Biological Technology Co., Ltd, Beijing, China) and sealed by
a food vacuum sealing machine (Konka KZ-ZK007; Dongguan
Yijian Packaging Machinery Co. Ltd, Dongguan, China). All
forages were ensiled for 7, 15, 30, and 45 days before opening.

Chemical Composition and in vitro

Digestibility Analyses
Dry matter and crude protein contents were determined
according to AOAC methods (14). The weight and DM content
before and after ensiling were weighed to calculate the rate of
DM loss, whereas NDF and ADF were determined using the
procedures adopted by Van Soest et al. (15).

Rumen fluids from three healthy Holstein cows were collected
2 h after the morning feeding, mixed, and placed in a 39◦C
pretemperature vacuum flask and then immediately transported
to the laboratory. Cows were fed a TMR containing 5.6% oat hay,
11.5% alfalfa hay, 8.3% alfalfa silage, 24.5% corn silage, and 50.1%
concentrate (13.7% of stem-flaked corn, 5.0% of corn, 8.4% of
soybean meal, 5.2% of soybean hull, 4.4% of corn DDGS, 3.3%
of sprayed corn skin, 3.3% of cottonseed meal, 2.9% of molasses,
0.5% of Berg+ Schmidt, 0.3% of XPXPC, 2.4% of premix, 0.4% of
NaHPO3, and 0.3% OPTIGEN of DM) which offered three times
a day (07:00, 14:00, and 18.30). Cows had free access to water
throughout the day.

The in vitro gas production was determined using an
automated trace gas recording system (AGRS) for microbial
fermentation, as described previously (16). Briefly, 500mg (DM
basis) of representative samples (rice straw samples had been
fermented for 45 days) (6 replicates) of each treatment group
was weighed and placed in 120-ml glass bottles. About 50-ml
of a freshly prepared buffer solution was added to each bottle
(17). All bottles were purged with anaerobic N2 for 5 s, sealed
with rubber plug and Hungate screw caps, and individually
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connected with medical plastic infusion pipes to the AGRS,
according to the procedure introduced by Zhang and Yang (18).
All the bottles were incubated at 39◦C for 72 h, and each batch
culture system run had 6 bottles of samples for blank correction.
The bottles were removed from the AGRS system after 48 h of
incubation. The pH value of the culturemediumwas immediately
determined. The in vitro digestibility of DM (IVDMD), NDF
(NDFD), and ADF (ADFD) was calculated using differential
subtraction according to the DM content of substrates before and
after in vitro incubation.

Structural Analyses
The morphological and structural images of the rice straw were
obtained by emission scanning electron microscopy (SEM, ASU
3500, Japan) according to themanufacturer’s instructions. Briefly,
morphological changes in biomass before and after pretreatment
with additives were observed at a magnification of 1,500. Prior
to imaging, the samples (rice straw samples had been fermented
for 45 days) were sputter-coated with platinum to make them
electrically conductive.

The X-ray diffraction (XRD) method was applied for the
detection of cellulose crystallinity index (CrI) of samples (rice
straw samples had been fermented for 45 days) as described
by Zhang et al. (19). The XRD was conducted with a Siemens
D-5000 diffractometer (Bruker, Ettlingen, Germany), and Cu-
K radiation was generated at 40 kV and 20mA. Samples were
scanned from 3◦ to 40◦ with a step size of 0.02 and 3 s per step.
The cellulose crystallinity index (CrI) was calculated using the
following formula (20):

CrI = (I002 − Iam)/I002

where I002 is the scattered intensity at the main peak for cellulose
type I and Iam is the scattered intensity due to the amorphous
portion evaluated as the minimum intensity between the main
and secondary peaks.

In situ Rumen Incubation
The experimental procedures of in situ rumen incubation were
done according to method exercised by Gharechahi et al. (21).
In brief, rice straw air-dried samples that had been fermented
for 45 days were ground into a 2-mm sieve using a Wiley mill
(KRT-34; KunJie, Beijing, China). About 5 g of themilled samples
was weighed and placed in nylon bags (8 × 16 cm; pore size =
45mm) in six replications. These bags were incubated for 0.5, 4,
12, and 24 h in the rumen of three fistulas cows (two replications
per cow). After removing from the rumen, the bags were washed
with sterile saline to remove loosely attachedmicrobiota and then
immediately frozen on dry ice and transported to the laboratory
for storage at−80◦C until DNA extraction.

DNA Extraction and Quantitative
Real-Time PCR Analysis
Total microbial genomic DNAs were extracted from 200mg of
the rumen-incubated rice straw sample. The DNA was extracted
according to the protocol for pathogen detection in stool using
an EZNA Stool DNA kit (Omega Biotek, Norcross, GA, US). For

bacteria, the V3-V4 variable region of the 16S rDNAwas targeted
using primers Eub338F (ACTCCTACGGGAGGCAGCAG) and
Eub806R (GGACTACHVGGGTWTCTAAT). Quantitative real-
time PCR (q-PCR) was performed according to the procedures
described by Jiao et al. (22). A standard curve was generated
using plasmid DNA containing the exact 16S/18S rRNA gene
inserts, and the standard curve met the following requirements:
R2 > 0.99. The qPCR assay was performed to generate fragments
of 460 base pairs (bp) suitable for paired-end sequencing
on the Illumina Miseq system (Shanghai Majorbio Bio-pharm
Technology Co., Ltd). The reactions were performed in a 20 µl
mixture containing 10 µl of 2X Taq Plus Master Mix, 0.8 µl of
each primer (5µM), 7.4% of ddH2O, and 1 µl of each reaction
which was used as a template of PCR. Each sample was performed
in triplicate for PCRs.

Data Analysis
The cumulative gas production (GP72) (mL/g) data were
recorded using the AGRS system and fitted to the Groot model
as per Equation (1) (23).

GPt = A/[1+ (C/t)B] (1)

“A” is the asymptotic gas production (ml/g); “B” is a sharpness
parameter determining the curve’s shape; “C” is the time (h) at
which half of A is reached; and “t” is in vitro incubation time (h).

The results of the 6 bottles per treatment within each run
were averaged and then analyzed using a mixed model with SPSS
24.0 (SPSS Inc., Chicago, IL). The two-way ANOVA analysis
was performed to examine the effect of treatment with treated
groups and the ensiling period on the chemical composition of
rice straw. Duncan’s multiple comparison method was carried
out to compare the differences between the means; p < 0.05 was
used to show the significance levels. The DNA sequencing data
were analyzed on a free online platform of Majorbio tools https://
cloud.majorbio.com/page/project/p.html.

RESULTS

Physical Structure and Physicochemical
Properties
The scanning electron microscopy images showed that LAB
and LAB + M treatments disrupted the physical structure of
rice straw in this study (Figure 1), whereas the morphology of
untreated rice straw exhibited a compact, rigid, and angular
fibril structure with pilling. In addition, the rice straw treated
with both LAB and LAB + M reflected somewhat melted and
patchy surfaces.

To reveal the changes in cellulose structure, XRD diffraction
data were acquired (Figure 2). The CrI of LAB + M was
decreased (p< 0.05) compared to Con.

The NDF (p < 0.001) and ADF (p < 0.001) contents (Table 1)
were decreased in LAB and LAB + M treatments compared to
Con. While the content of DM was lowest in LAB + M (p <

0.05), no difference was found between LAB and Con (p > 0.05).
While the content of CP was increased in LAB and LAB + M
treatments compared to Con (p< 0.001), no difference was found
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FIGURE 1 | SEM imagines of rice straw residues obtained from treatment with LAB or LAB + M. Con: no additive, control; LAB: added LAB, LAB + M: a combination

of LAB and molasses.

FIGURE 2 | Effect of LAB or LAB + M treatments on the Cellulose crystalline

index (CrI, %) of rice straw. Con: no additive, control; LAB: added LAB, LAB +

M: a combination of LAB and molasses.

between LAB and LAB+M (p > 0.05). Meanwhile, after 30 days
of ensiling, the NDF (p < 0.001) and ADF (p < 0.001) contents
of rice straw were lowest in LAB and LAB + M treatments.
Additionally, the content of CP was stable at 15 days.

In general, with the extension of the fermentation days, the
pH value of each group showed a downward trend (Figure 3).
The LAB (3.77) (p < 0.001) and LAB + M (3.41) (p < 0.001)
treatments were decreased pH value in rice straw after ensiling
for 30 days. The LAB and LAB+M treatments were shown lower
pH values compared to Con (p< 0.05) after ensiling for 45 days.
Specifically, the pH values were lower 4.0 in LAB+M group.

As illustrated in Figure 4, dry matter recovery showed a
dynamic change during the whole silage period that first
decreased and then keep stable. After 45 days, the dry matter
recovery was higher in LAB and LAB + M groups (p< 0.001)
in comparison with Con.

In vitro Ruminal Degradation and Total gas
Production
The LAB + M and LAB treatments were increased DM (p <

0.001), NDF (p < 0.001), and ADF (p < 0.001) degradation
(Table 2) of rice straw compared to Con. The LAB + M was
increased gas production (p = 0.001) over the 72-h incubation
period and asymptotic gas production (p = 0.003) compared to
LAB and Con, whereas no difference was found between LAB

and Con treatments (p> 0.05) for gas production and asymptotic
gas production.

Particle-Attached Bacterial Density
Total bacterial population in the rice straw samples was estimated
by real-time PCR bymeasuring the total copy number of bacterial
16S rRNA genes (Figure 5). The highest microbial colonization
in the samples of rumen-incubated rice straw was observed at
24 h of incubation for LAB +M than LAB and Con treatments.
Higher numbers of colonization bacteria (p < 0.05) were also
observed in the LAB + M treatment than Con and LAB groups
at 4 to 12 h of incubation. Interestingly, in the Con, the microbial
colonization of rice straw surface was the highest at 0.5 h (p <

0.05) and decreased (p < 0.05) after 4 h in the rumen.

DISCUSSION

Physical Structure and Physicochemical
Properties
The degradation difficult of lignocellulose is complex cell wall
structure of cellulose–hemicellulose–lignin (24). In this study,
the morphology of untreated rice straw exhibited a compact,
rigid, and angular fibril structure with pilling, whereas rice straw
treated with LAB and LAB + M reflected somewhat melted and
patchy surfaces. It indicates that treated rice straw could provide
more rumenmicrobial colonization sites. Notably, the increase in
microbial colonization on the surface of rice straw had a positive
effect on degradation (25). Furthermore, the relative lower acidic
environment may cause the damage to the cell wall structure
of rice straw (26). Indeed, the LAB and LAB + M treatments
have shown lower pH values in this study (Figure 3); especially,
the pH values was lower 4.0 in LAB + M group, whereas the
straw surface damage in LAB + M group was the most obvious
compared to Con and LAB groups. Also, a study reported that
acid pretreatment resulted into solubility of 70–80% of xylan in
barley straw (27), which imply that a lower acidic environment
could soluble the hemicellulose in forage.

To reveal the changes in cellulose structure, XRD diffraction
data were acquired. Unlike starch and hemicellulose, cellulose
has a crystalline structure. Its crystallinity is believed to play
a major role in its biological conversion. Cellulose CrI is the
important parameter on cellulose structural features (28). In
this study, the CrI of LAB + M was significantly decreased
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TABLE 1 | Effect of LAB or LAB + M treatments and anaerobic storage days on the chemical composition of rice straw.

Day Treatments P

Item 7 15 30 45 SEM Con LAB LAB+M SEM D T D×T

DM 95.99d 96.57b 96.76a 96.17c 0.10 96.49a 96.56a 96.08b 0.11 <0.001 <0.001 0.002

NDF 64.27a 60.13b 56.52c 59.12b 0.83 64.11a 57.85b 58.06b 1.07 <0.001 <0.001 0.003

ADF 38.10a 36.55b 32.77c 34.36c 0.58 38.79a 33.47b 34.09b 0.89 <0.001 <0.001 0.027

CP 2.93b 3.18a 3.37a 3.19a 0.07 3.00b 3.26a 3.24a 0.08 0.002 0.010 0.04

Different superscript letters a, b, c, and d indicates significantly different values (P< 0.05) across-rows, and the same letters indicate insignificant differences (P > 0.05). Con, no additive,

control; LAB, added LAB, LAB +M, a combination of LAB and molasses; DM, dry matter (the dry matter content is calculated based on air-drying the sample); CP, crude protein; NDF,

neutral detergent fiber; ADF, acid detergent fiber.

FIGURE 3 | Effect of LAB or LAB + M treatments on the pH value of rice

straw. Con: no additive, control; LAB: added LAB, LAB + M: a combination of

LAB and molasses. While * and ** indicated the significant correlations at p <

0.05 and p < 0.01, respectively.

FIGURE 4 | Effect of LAB or LAB + M treatments on the Dry matter recovery

(%) of rice straw after anaerobic fermentation 7, 15 and 45 days. Con: no

additive, control; LAB: added LAB, LAB + M: a combination of LAB and

molasses, while * and ** indicated the significant correlations at p < 0.05 and

p < 0.01, respectively.

as expected compared to Con. Notably, the lower CrI could
be attributed to the partial hydrolysis of cellulose, reduction
in the crystalline material, and increase in the amorphous
substances, and suggestion has a positive effect on fiber
degradation (29).

TABLE 2 | Effects of LAB or LAB + M treatments on the biodegradation and gas

production after 72 h of in vitro ruminal incubation of rice straw.

Item Con LAB LAB+M SEM P

Biodegradation (%)

DM degradation 52.69c 59.60b 66.02a 0.94 <0.001

NDF degradation 49.77c 55.20b 63.56a 1.02 <0.001

ADF degradation 45.86c 52.11b 60.38a 1.09 <0.001

Gas production

Total gas (mL/g of DM)

GP72 142.99b 148.34b 176.92a 3.46 0.001

A 153.65b 155.24b 192.48a 5.10 0.003

B 1.36 1.54 1.26 0.08 0.117

C 9.54 7.83 8.77 0.55 0.166

Different superscript letters a, b, and c indicates significantly different values (p < 0.05)

across rows, and the same letters indicate insignificant differences (p > 0.05). Con: no

additive, control; LAB: added LAB, LAB + M: a combination of LAB and molasses. A is

the asymptotic gas production (ml/g); B is a sharpness parameter determining the curve’s

shape; C is the time (h) at which half of A is reached.

FIGURE 5 | Effect of LAB or LAB + M treatments on rice straw’s microbial

colonization (MC). Different lowercase letters a, b, and c above the columns

indicate significant differences (p < 0.05), and the same letters indicate no

significant differences (p > 0.05). Con: no additive, control; LAB: added LAB,

LAB + M: a combination of LAB and molasses.

The chemical composition in forage is related to forage
quality and degradation (30). In this study, the removal of
hemicellulose from the cellulose–hemicellulose–lignin structure
led to a reduction in NDF and ADF contents in rice straw
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treated with LAB and LAB + M. Notably, the low NDF and
ADF were associated with higher feed quality and degradation,
as well as higher dry matter intake (31). Similar results were
obtained in rice straw silage, in which LAB + M reduced the
NDF and ADF content of rice straw silage (32). This may be
due to the enzymes secreted by microbes degrading the crude
fiber during fermentation process (33). Meanwhile, after 30 days
of ensiling, the NDF and ADF contents were lowest in LAB
and LAB + M treatments. In a previous study, ensiling of
grass for 7 to 28 days resulted in the degradation of structural
carbohydrates by acid hydrolysis at low pH (34). On the other
hand, the CP content was significantly increased in the LAB and
LAB +M treatments. This might be a suggestion that rice straw
treated with LAB and LAB +M rice straw has a positive effect
on degradation.

In this study, LAB (3.77) and LAB + M (3.41) treatments
decreased the pH value in rice straw after ensiling for 30
days. Notably, the pH values might be used as an indicator
to roughly monitor the auto-hydrolysis following pretreatment
with feed additives, contributing to the screening of optimum
conditions for different kinds of feedstock (35). Moreover, a pH
of 4.0 may inhibit microbial activity as well as provide long-
term preservation or inhibit downstream biochemical processes
(36). Pretreatment biomass losses should be taken into account,
which would affect the soluble sugars yield (37). In this study,
dry matter recovery showed a dynamic change during the
whole silage period that first decreased and then keep stable.
This might be attributed to more lignocellulose undergoing
hydrolysis, and more volatile products such as organic acids
and compounds such as furfural are generated (38). The dry
matter recovery is higher in LAB and LAB + M groups
than Con after 45 days, and it implies that more nutrition
was retained in rice straw after pretreated by LAB or LAB
+M.

In vitro Ruminal Degradation and Total gas
Production
The release of hemicellulose from the cell wall matrix
promotes enzymatic hydrolysis and fermentation of the feed
substrate. Neutral detergent soluble, including water-soluble
carbohydrates (WSC), proteins, and other extracts, can be
degraded easily by microorganisms (39). In this study, LAB
and LAB + M treatments increased DM, NDF, and ADF
degradation of rice straw, and LAB + M increased the
gas production over the 72-h incubation period, asymptotic
gas production. Notably, these changes proved that LAB or
LAB + M treatments could improve the nutritional value of
rice straw.

In vitro gas production has been used to predict the rumen
degradability and metabolizable energy of different animal feeds
(40). A strong correlation between nutritional content and in
vitro cumulative gas production exists, and these parameters
have gained wide acceptance in the nutritional evaluation of
animal feeds (41–43). In vitro gas production is highly dependent
on the availability of soluble fractions, which favor ruminal
fermentation at the early fermentation stages (44). In this study,

the LAB + M group significantly increased the GP72 of rice
straw, which suggests that LAB + M treatment could improve
the nutritional value of rice straw.

Pretreatment prepares the carbohydrates, particularly
cellulose, for an enzymatic or microbial attack. It is well
established that CrI is among the parameters that are widely
measured and related to the bioconversion of the lignocelluloses
(45). Many studies have shown that CrI has a negative effect
on digestibility (46, 47). In this study, the LAB + M group
significantly reduced the CrI of rice straw, which partially
explained the improved digestibility in rice straw.

Particle-Attached Bacterial Density
Normally, bacteria attached to the feed particles account for
about 75% of the total microorganisms in the rumen (48). This
indicates that the bacteria attached to the feed particles play a
vital role in the digestion and utilization of feed. The highest
microbial colonization on the samples of rumen-incubated rice
straw was observed at 24 h of incubation, and the LAB + M
was highest. Higher microbial colonization was also observed
in the LAB + M group than other groups from 4 to 12 h of
rumen incubation. The results imply that the degradation of
rice straw in the rumen mainly occurs within 24 h. Indeed, the
degradation of feed incubated in rumen for 24 h was related to
the nutritional value of the feed (49). Interestingly, in control
group, the microbial colonization on the rice straw was the
highest at 0.5 h. This suggested that the turning point ofmicrobial
colonization of low quality pasture was 0.5 h (50).

The rice straw incubated with LAB + M showed the most
significant changes in its structure and hence had a larger
surface area that allowed for more microbial attachment sites.
Unfortunately, we incubated the samples in the rumen for only
24 h. Hence, we cannot independently state whether degradation
of rice straw in the rumen could have increased or decreased
thereafter. Thus, the LAB or LAB + M pretreatments of rice
straw were significantly increased the degradation by ruminal
microbiome in this study. The LAB or LAB + M not only
destructs the structure of rice straw and provides more rumen
microbial colonization sites but also changes the chemical
composition, such as decreased NDF, ADF and CrI contents, and
increased CP content of rice straw. Importantly, these changes
could improve the degradation of rice straw. Indeed, the results
of in vitro digestion and gas production of rice straw confirmed
it. Lactic acid bacteria and molasses in this study may be used to
develop large-scale processes to improve the nutritional value of
rice straw as forage for ruminants.
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Weighted gene co-expression network analysis (WGCNA) was used to understand the

pathogenesis of subacute ruminal acidosis (SARA) and identify potential genes related to

the disease. Microarray data from dataset GSE143765, which included 22 cows with and

nine cows without SARA, were downloaded from the NCBI Gene Expression Omnibus

(GEO). Results of WGCNA identified highly correlated modules of sample genes, and

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

enrichment analyses allowed further biological insights into SARA-related modules. The

protein-protein interaction (PPI) network, modules from the PPI network, and cistron

annotation enrichment of modules were also analyzed. A total of 14,590 DEGs were used

for the WGCNA. Construction of a protein-protein network identified DCXR, MMP15,

and MMP17 as hub genes. Functional annotation showed that DCXR mainly exhibited

L-xylulose reductase (NADP+) activity, glucose metabolic process, xylulose metabolic

process, and carbonyl reductase (NADPH) activity, which are involved in the pentose

and glucuronate interconversion pathways.MMP15 andMMP17 mainly have a collagen

catabolic process. Overall, the results of this study aid the clarification of the biological

and metabolic processes associated with SARA at the molecular level. The data highlight

potential mechanisms for the future development of intervention strategies to reduce or

alleviate the risk of SARA.

Keywords: subacute ruminal acidosis, bioinformatic analysis, differentially expressed genes, inflammatory

response, transmembrane signaling

INTRODUCTION

Subacute ruminal acidosis (SARA) is the most common nutritional disorder afflicting dairy cows.
SARA occurs when the rumen pH is between 5.0 and 5.5 for a period of 3 h or more each day (1).
The onset of SARA is associated with increased concentrations of short-chain fatty acids (SCFA),
such as propionic acid, acetic acid, and butyric acid, created during feed fermentation. Particularly,
the quantities of these SCFA exceed the absorption capacity of the rumen wall. Under these
conditions, the large accumulation of SCFA in the rumen causes a gradual pH decrease. Hence,
when SARA occurs, the chronic low pH environment causes a large number of microorganisms in
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the rumen to lyse and die, releasing a large amount of
lipopolysaccharide (LPS), and damaging the rumen epithelial
tissue (2, 3).

In intensive dairy production, the incidence of SARA ranges
from 11 to 26%, and can reach >40% in some herds (4).
According to estimates, the economic loss due to reduced
milk production alone amounts to $400 per cow per one
lactation (5, 6). Despite the grave economic losses caused
by SARA in the international dairy industry, there is little
scientific understanding of the pathophysiology that triggers
SARA. Additionally, current research theories about using
bioinformatics technology to explore the mechanism of SARA
are lacking (7). The use of microarray technology in animal
disease research has increased steadily, and bioinformatics data
processing of gene expression profiles is widely used to discover
potential new diagnostic and therapeutic targets that could help
prevent disease (8).

In the past decades, SARA has been extensively studied,
and some potential new therapeutic targets have been identified
(9), including metabolic pathways of SCFA (10), immune cell
suppression and inflammatory response (11), and lipocalin
through the blood as preliminary diagnostic indicators of SARA
(12). Particularly, the inflammatory response and the immune
system have been recognized to have important effects on
rumen epithelial health in lactating high-yielding dairy cows,
in particular, those related to the systemic immune response
associated with SARA (13, 14). Hence, it is important to better
understand the genes and pathways that may be associated with
systemic immunity and inflammation to further understand the
pathophysiology of SARA (15).

Recent genome-wide association studies (GWAS), along with
classical studies on metabolism in dairy cows, have increased our
understanding of SARA. However, the molecular mechanisms
underlying the regulation of the metabolic responses remain
unclear (16). The weighted gene co-expression network analysis
(WGCNA) algorithmic program clusters sequences into modules
as a function of co-expression similarities across samples, leading
to a cluster of genes with similar functions. Themodules can then
be related to one another, to whole-animal phenotypes, and help
determine tissue-specific biomarkers and pathophysiological
pathways (17, 18).

In the current study, we created correlation networks using
publicly accessible resources based on the microarray dataset
GSE143765 from the Gene Expression Omnibus (GEO). This
study aimed to construct a sequence co-expression network to
predict clusters of candidate genes concerned within pathological
process associated with SARA. We screened for differentially
expressed genes and constructed co-expression networks for
all genes in the sample using WGCNA. Subsequently, cistron
modules associated with SARA were identified. We used gene
ontology (GO) and the genes and genomes (KEGG) pathway
enrichment analyses to further uncover biological insights from
modules that were highly correlated. Modules of protein-protein
interaction (PPI) networks associated with SARA were also

Abbreviations: SARA, subacute ruminal acidosis; GO, Gene Ontology; KEGG,

Kyoto Encyclopedia of Genes and Genomes; BP, biological process; MF, molecular

function; CC, cellular component. PPI, protein-protein interaction.

screened. In the present study, all potential genes were analyzed
to ensure that our results were complete and reliable. The results
of this study may facilitate elucidation of the pathophysiological
features of SARA development at the molecular level. Potential
molecular targets for the development of interventions to prevent
or reduce the risk of SARA could be identified.

METHODS

Collection of Microarray Data
The mRNA microarray expression profile dataset GSE143765
was downloaded from the gene expression omnibus (GEO)
database. Data from the liver samples from 22 cows with
SARA 9 cows without SARA were obtained from a study by
Kizaki et al. (19) (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE143765). The GEO database is a publicly accessible
functional genomic database that contains high-throughput
data, including microarrays. The GSE143765 dataset (GPL22092
[Agilent-072598]) was generated using the Bovine_cusotm8x15K
platform (Agilent Probe version). We downloaded the raw TXT
and the probe annotation files. The probes were assigned the
corresponding gene symbols in steps using the annotation data
on the platform. All information is freely available on the
manufacturer’s website. The present study did not include any
experiments involving humans or animals.

Data Preprocessing and DEG Screening
After downloading the raw data in TXT format, the Affymetrix
package (20) (http://www.bioconductor.org/packages/release/
bioc/html/affy.html) in R software (version 4.1.1, https://
www.r-project.org/) was used for data preprocessing, and a
robust multiarray average (RMA) was obtained after removing
batch differences and performing data background correction,
normalization, and summarization. To characterize DEGs, SARA
and non-SARA groups were analyzed using the LIMMA
(linear models for microarray data) package (21) within the
R/Bioconductor platform. Benjamini–Hochberg’s false discovery
rate was used to reduce the likelihood of Type 2 errors and to
adjust P-values < 0.05.

Construction of Weighted Gene
Co-expression Networks
As systems biology methodology, the development of cistron co-
expression networks and the identification of cistron clusters or
modules are particularly helpful in characterizing transcriptional
alterations in multigene diseases. This is particularly true
for phenotypes created by the convergence of small changes
in gene expression rather than isolated single-gene effects
(22, 23). The weighted factor co-expression network analysis
(WGCNA) package (Version one.70-3, https://cran.rstudio.com/
web/packages/WGCNA/index.html) in the R software package
was used to construct groups of powerfully co-expressed genes
into co-expression networks. WGCNA of all expressed genes
(14,590 genes). The selection of soft-threshold power is a
vital step during the construction of a WGCNA (24). Data
preprocessing uses the WGCNA built-in goodSamplesGenes
function to check missing items in gene data, items with weights
below the threshold, and zero-variance genes. During module
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choice by cluster analysis, the contiguity matrix was used to
calculate the topological overlap measure (TOM) and strength
between all sequence pairs (25, 26). Modules of co-expressed
genes were generated using stratified cluster dendrograms with
completely different colors. The module structure was generated
using topological overlap matrix plots. Finally, to ensure the
reliability of the results of each module, the minimum number
of genes in the module was set to five and the similarity module
merging distance was 0.8. This allowed the identification of
candidate genes with the highest correlation with SARA for
further analysis and validation.

Functional Enrichment Analysis of Genes
in Key Modules of Cows With SARA
Gene modules with a P-value <0.05 and the highest correlation
with SARA were selected. Analysis of cellular component (CC),
molecular function (MF), and potential biological processes (BP)
was performed to identify and interpret advanced biological
functions supported by the GO terms and KEGG pathway
annotation within the co-expression modules. Genes of every
handpicked module were submitted to the web-based software
DAVID (https://david.ncifcrf.gov/conversion.jsp) for practical
and pathway enrichment analyses. DAVID is a helpful online
tool for gene expansion (27–29), which provides the practicality
of performing concurrent GO and KEGG pathway analyses.
P-values <0.05 were used to uncover vital variations.

Integration of Genetics and Highly
Connected Hubs in Modules
The top-ranked genes within themodules were considered as hub
genes. To consistently analyze hub genes in modules and module
eigengenes, genes obtained from every module were mapped
using the net search tool STRING information (30) (STRING,
V11.5; https://string-db.org/), which can play a key role in
identifying protein-protein networks (PPI). A combined score
≥0.4 of PPI pairs was defined as vital. The CytoHubba plugin-
supported Cytoscape package (31) (http://www.cytoscape.org/
version3.7.1; Institute for Systems Biology, Seattle, WA, USA)
was used to construct and visualize the transcriptional regulatory
network modules.

RESULTS

Identification of DEGs Associated With
Non-SARA and SARA Samples
Thirty-one raw tissue sample files (TXT format) were
downloaded from the GEO information database. After
batch normalization using the SVA and LIMMA packages in the
R language, totally 15,068 probes on the comprehensive dataset
GSE143765 were extracted with 14,646 gene expressions.

Weighted Co-expression Network
Construction
In this study, soft threshold power was screened once the degree
of scale independence was set to β = 7 (scale-free R2 = 0.95).
When the degree of scale independence was set as β = 7, the
measures decreased steeply with increasing soft threshold power,

and subsequently, cistron co-expression module similarity and
closeness matrices were obtained using the WGCNA algorithmic
rule. After pretreatment, the number of genes was filtered from
14,590 to 2,464, we usedWGCNA to spot themodules containing
extremely correlated genes (Figures 1A,B). We set MEDissThres
to 0.8 to merge similar modules, leading to 23 practical modules
(Figure 2). There were 15 genes within the black module, 338
genes within the blue module, 228 genes within the brown
module, 9 genes within the cyan module, 5 genes in dark green,
dark red, dark-turquoise, and royal bluemodules, 73 genes within
the green module, 12 genes within the green-yellow module,
7 genes within the gray 60 module, 8 genes within the light-
cyan module, 6 genes within the light-green module, 6 genes
within the light-yellow module, 14 genes within the light-yellow
module, 9 genes within the midnight-blue module, 15 genes
within the pink module, 12 genes within the purple module,
38 genes within the red module,11 genes within the salmon
module, 11 genes within the tan module, 558 genes within the
turquoise module, and 122 genes within the yellow module. The
967 genes that may not be enclosed in any module were placed
in the gray module, which was reserved for genes considered as
not co-expressed.

Correlation Between Modules and
Identification of Key Modules
Interactions between the 23 co-expression modules were
analyzed, and every gene is depicted within the network
heatmap (Figure 3). Interestingly, the results revealed that a
number of these sequence modules were valid, particularly, the
light-green and inexperienced modules, with a high level of
independence among the modules and relative independence of
genes expressed in every module. To grasp the link between
these 23 co-expression modules, we analyzed the genetic linkage
of those 23 co-expression modules. Combined (Figure 4), we
ascertained that these 23 modules were classified into two main
clusters: one enclosed five modules (green, light yellow, light-
cyan, cyan, and dark-red modules), whereas the other enclosed
18 modules (light-green, green-yellow, tan, dark-turquoise,
royal-blue, pink, salmon, turquoise, yellow, dark-green, red,
black, brown, grey60, purple, blue, magenta, and midnight-blue
modules). Furthermore, the results were incontestable by the
heatmap of eigengenes (Figure 5). We found that the proximity
betweenmodules in the two clusters was very high. The proximity
between the cyan module and dark-red module was the highest
in the five modules cluster, and the proximity between the
tan module and green-yellow module, pink module, and royal-
blue module was the highest in the cluster of 23 modules.
The final correlation analysis and heat map plotting of the
characteristic genes in all modules with the clinical information
of SARA and non-SARA samples showed that (Figure 6) only
the green and lightweight modules were significantly correlated
with SARA (P < 0.05) and negatively correlated with non-SARA
(P < 0.05).

Functional Enrichment Analysis of Genes
in the Module
As only the green and light-yellow modules were highly
correlated with SARA, GO, and KEGG enrichment analyses
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FIGURE 1 | Clustering of samples and determination of soft-thresholding power. (A) Analysis of the scale-free fit index for various soft-thresholding powers (β). The

red line represents the merging threshold. (B) Analysis of the mean connectivity for various soft-thresholding powers. In all, 7 was the most fit power value.

FIGURE 2 | Construction of coexpression modules by the WGCNA package in R. The cluster dendrogram of genes in GSE143765. Branches of the cluster

dendrogram of the most connected genes gave rise to 23 gene coexpression modules.Genes that could not be clustered into one of these modules were assigned to

the gray module. Every gene represents a line in the hierarchical cluster. The distance between two genes is shown as the height on the y-axis.

were performed to explore the biological functions of the
genes within the green and light-yellow modules. As shown
in Figure 7A, genes in the green and light-yellow modules
were mainly enriched in the cytoplasm to function with
the molecular functions of L-xylulose reductase (NADP+)
activity and carbonyl reductase (NADPH) activity, which
are involved in the negative regulation of the collagen
catabolic process, Rho protein signal transduction, glucose

metabolic process, xylulose metabolic process, and positive
regulation of pseudopodium assembly. KEGG pathway
analysis (Figure 7B) showed proximal tubule bicarbonate
reclamation, pentose and glucuronate interconversions,
and aldosterone-regulated sodium reabsorption. Pyruvate
metabolism and endocrine and other factor-regulated calcium
reabsorption. These results showed that these genes were
closely related to the nutritional metabolism and absorption
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FIGURE 3 | Interaction relationship analysis of coexpressed genes. Different colors of the horizontal axis and vertical axis represent different modules. The brightness

of yellow in the middle represents the degree of connectivity of different modules. There was no significant difference in interactions among different modules,

indicating a high degree of independence among these modules.

functions such as carbohydrate, pyruvate, and calcium
ion reabsorption.

PPI Network Construction and Module
Analysis
The PPI network for all genes in the green and light yellow
modules (Figure 8A) was constructed based on the STRING
database and Cytoscape software. A high degree was calculated
for the hub genes of the green and light-yellow modules using
the cytoHubba plugin. As shown in Figure 8B, we crossed the
genes in the green and light yellow modules with the differential
genes and found that TPRG1L, BDKRB2, CLP1, KLK4, RBP4, and
DCXR were the common genes. As shown in Table 1, we crossed
genes in the green and light-yellow module with genes enriched
in GO, and finally MMP15, MMP17, and DCXR genes were
found common. Therefore, dicarbonyl and L-xylulose reductase
(DCXR) is the crucial important HUB gene, because it has
differential, modular, and HUB genes, whereas MMP15 (matrix

metallopeptidase 15) and MMP17 (matrix metallopeptidase
17) have both modular genes and the HUB gene. DCXR,
MMP15, and MMP17 are enriched in biological processes
and molecular functions, such as collagen catabolic process,
L-xylulose reductase (NADP+) activity, glucose metabolism
process, xylulose metabolism process, and carbonyl reductase
(NADPH) activity.

DISCUSSION

Subacute ruminal acidosis (SARA) is a prevalent nutritional
metabolic disorder in large-scale dairy farms (32, 33). Despite the
progress made regarding the nutritional metabolism of SARA,
further research is needed to investigate the relationship between
SARA and the pathways related to immunosuppression and
inflammatory responses. In recent years, microarray technology
has become a popular technique that is often used to identify
genes with altered expression during disease pathology (34). The
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FIGURE 4 | Hierarchical clustering of module hub genes that summarize the modules yielded in the clustering analysis.

GSE143765 dataset may be important for identifying SARA case
physiology and biomarkers. Several researchers have previously
analyzed this dataset, and the raw data of GSE143765 provided
by Kizaki and Kim demonstrated that SARA differential genes in
the liver were mainly enriched for genes involved in oxidation,
suggesting that SARA is associated with high oxidative stress.
Dong et al. divided sheep into a 40% low concentrate feed group
and a 60% high concentrate feed group fed continuously for 9
weeks (35). The same was true for Abaker et al., who dividedmid-
lactation cows into 40% low and 60% high concentrate groups
and found that the high concentration group developed SARA
and had greater NF-kB gene expression and an inflammatory
response, leading to increased oxidative stress (36). In the present
study, WGCNA was used to analyze the molecular mechanisms
of SARA samples compared to non-SARA samples. A total
of 14,590 original genes were used to establish co-expression
networks and to identify high co-expression gene sets. Moreover,
23 different co-expression modules were identified based on
the genes processed by the original gene, and the functions of
the modules were analyzed based on the co-expression network
to obtain the modules most related to SARA (green and light
yellow modules).

Over the past 20 years, research has largely established that
when SARA occurs in cows, metabolic disorders, inflammatory
responses, and immunosuppression primarily occur (37). Many
studies have shown that compared with the non-SARA group,
a large amount of VFA is produced in the rumen of dairy
cows in the SARA group. When VFA is higher than the limit
of VFA absorption in the rumen, the pH value in the rumen

is reduced to damage the rumen barrier, affect the absorption
of nutrients in the rumen, and finally accumulate in the liver,
causing nutritional metabolic regulation disorders (38). The
green and light-yellow module genes were mainly involved in
nutritional metabolism. The enrichment of glucose and xylose in
the sugar metabolism is due to the fact that when the lactating
cows have SARA symptoms, the energy provided by the feed
cannot be absorbed due to the damage of the rumen. Therefore,
the liver mobilizes the decomposition of adipose tissue and
reduces insulin sensitivity to provide energy for the body (39).
The reason for the enrichment of L-xylulose reductase (NADP+)
and carbonyl reductase (NADPH) activities is that NADPH is
the main component in the process of obtaining energy in dairy
cows (40). The collagen catabolic process, Rho protein signal
transduction, and positive regulation of pseudopodium assembly
are mainly enriched because LPS is produced in the rumen
tissue when SARA occurs in dairy cows, and liver damage and
systemic inflammation are produced by blood circulation (41).
The genes in the green and light-yellow modules were mainly
enriched in functions related to carbohydrate metabolism, energy
metabolism, and immune regulation, which indicates that the
genes in the green and light-yellow modules are involved in
the nutritional metabolism and inflammatory response process
in dairy cows suffering from SARA diseases. Through the
analysis of the PPI network, differential gene screening, and
functional enrichment of genes in the green and light-yellow
modules, the genes with intersection of the two and above were
identified as DCXR, and MMP15 and MMP17 were the key
genes. Many studies have shown that DCXR plays a crucial
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FIGURE 5 | Heat map based on the results of C plots, with darker red being higher correlations.

role in fat and glucose metabolism. Palombo et al. also used
DCXR as a candidate marker gene for fat metabolism in genome-
wide association studies of milk fatty acid composition in
Italian Holstein cows (42). MMP15 and MMP17, as HUB genes,
are involved in embryonic development, reproduction, and
tissue damage recovery during normal physiological processes,
however, they promote inflammation, such as arthritis and
fibrosis, when the disease occurs. (43), Therefore, although the
results of MMP17 and MMP15 are low, it is not difficult to find
that both of them increase gene expression after SARA disease,
hence, they should be involved in the inflammatory response and
damage repair of the rumen and liver tissues (44).

Pathway enrichment analysis showed that genes in
green and light-yellow modules were enriched in proximal
tubule bicarbonate reclamation, pentose and glucuronate

interconversions, aldosterone-regulated sodium reabsorption,
pyruvate metabolism, and endocrine and other factor-regulated
calcium reabsorption pathways. The inflammatory response
is typically mediated by the release of large amounts of
inflammatory mediators, activation of inflammatory cells such as
monocytes and macrophages, and release of pro-inflammatory
mediators, such as TNF-α and interleukin-1B (IL-1B) (45).
In recent years, it has been found that the SARA-induced
inflammatory response mainly occurs in rumen tissue, mainly
because when suffering from SARA, the pH value in the rumen
decreases, leading to bacterial fragmentation, releasing a large
amount of LPS to damage the rumen tissue barrier, which
eventually leads to LPS translocation to the peripheral blood
circulation (46). Because the liver is an important organ of blood
circulation, translocated LPS and LPS binding protein (LBP)
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FIGURE 6 | Correlation analysis of all modules with SARA samples and Non-SARA samples, positive correlations in red and negative correlations in green, values in

parentheses are p-values, correlations were considered significant when p-values were <0.05.

FIGURE 7 | GO analysis and KEGG pathway enrichment results of genes in green and light yellow module. (A) GO enrichment results for the green and light yellow

module, the bubble size shows the number of enriched GO terms containing genes from the green and light yellow module, the color represents the significance score

of the enrichment, and the bubble nodes represent the ratio of the enriched genes to the GO terms. (B) KEGG enrichment of green and light yellow modules, bubble

size shows the number of genes enriched to the biological pathway lexicon containing green and light yellow modules, color represents the color represents the

significance score of enrichment, and bubble nodes represent the ratio of enriched genes to the KEGG lexicon.
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FIGURE 8 | PPI network of hub genes in green and light yellow modules. (A) Green and light yellow module, with 79 nodes and 119 edges. Triangular nodes

represent hub genes. (B) The blue circle is the differential gene, the red circle is the blue module and the light yellow module gene, and the common gene is the

junction of the two circles.

TABLE 1 | Most significant GO terms of the turquoise module.

GO ID P-value No. of genes Description Hub gene

GO:0030574 0.004917312 3 Collagen catabolic process MMP15 MMP17

GO:0050038 0.005971952 2 L-xylulose reductase (NADP+) activity DCXR

GO:0007266 0.009858303 3 Rho protein signal transduction N/A

GO:0006006 0.010339016 3 Glucose metabolic process DCXR

GO:0005997 0.011214848 2 Xylulose metabolic process DCXR

GO:0004090 0.020749112 2 Carbonyl reductase (NADPH) activity DCXR

GO:0005737 0.033598223 20 Cytoplasm N/A

GO:0031274 0.036903833 2 Positive regulation of pseudopodium assembly N/A

eventually enter the liver, leading to liver disease (47). However,
in recent years, in-depth studies on the inflammatory response
of SARA have found that when dairy cows suffer from SARA,
stress is induced and calcium, non-esterified fatty acids, and
glucose concentrations are reduced, and glucocorticoid receptor
protein in the liver is significantly downregulated, which is
consistent with the enrichment results of this experiment
(48). Although LPS translocation eventually leads to liver
inflammation, liver inflammation after a series of reactions has
rarely been explored.

This study had certain limitations. First, this study focused
on two aspects of data mining and data analysis, both of
which are genetic methodologies, and the results were not
validated experimentally. Second, the samples were obtained
from peripartal Holstein cow liver samples; hence, only the
liver gene expression analysis during SARA was performed and
association analysis with blood samples was not performed.
Therefore, the results of this study should be understood within
the context of its limitations.

CONCLUSIONS

Our study adopted a systems biology-based WGCNA

methodology and uncovered various helpful molecular targets

for future investigations of the mechanisms and choice of

SARA biomarkers. Some essential biological processes and

pathways, collagen catabolic process, L-xylulose reductase
(NADP+) activity, glucose metabolism, xylulose metabolism,
NADPH activity, pentose and glucuronate interconversions, and
other pathways, as well as hub genes that play a role in these
processes, may help to elucidate the process of SARA production
and development. Moreover, potential molecular mechanisms
include Rho protein signal transduction, positive regulation
of pseudopodium assembly and proximal tubule bicarbonate
reclamation, aldosterone-regulated sodium reabsorption,
pyruvate metabolism, and endocrine and other factor-regulated
calcium reabsorption signaling pathways. Our findings may
facilitate the development of new experiments to better
understand the pathophysiology and progression of SARA.
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Further studies should be conducted to validate the value of the
resulting genes in the context of SARA.
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Poultry litter is a good crude protein supplement for ruminants but must be treated to

kill pathogens before feeding. Composting effectively kills pathogens but risks loss of

ammonia due to uric acid degradation. The objectives of this study were to test the ability

of tannins to reduce pathogens and preserve uric acid during poultry litter composting.

In two experiments, poultry litter was mixed with phosphate buffer and distributed to

50-ml tubes (three tubes/treatment per sample day) amended with 1ml buffer alone

or buffer containing pine bark, quebracho, chestnut, or mimosa tannins. Treatments

achieved 0.63% (wt/wt) quebracho, chestnut, or mimosa tannins in experiment 1, or

4.5% pine bark or 9% quebracho, chestnut, or mimosa tannins in experiment 2. Tubes

were inoculated with a novobiocin- and nalidixic acid-resistant Salmonella typhimurium,

closed with caps, and incubated at successive 3-day increments at 22, 37, and 42◦C,

respectively. In experiment 1, bacterial counts in contents collected on days 0, 6, and

9 revealed a treatment by day effect (p < 0.03), with the Salmonella challenge being

1.3 log10 CFU/g higher in quebracho-treated composts than in untreated controls after

6 days of composting. After 9 days of composting, Salmonella, wildtype Escherichia

coli, and total aerobes in untreated and all tannin-treated composts were decreased by

about 2.0 log10 CFU/g compared to day 0 numbers (3.06, 3.75, and 7.77 log10 CFU/g,

respectively). Urea and ammonia concentrations tended (p < 0.10) to be increased

in chestnut-treated composts compared to controls and concentrations of uric acid,

urea, and ammonia were higher (p < 0.05) after 9 days of composting than on day

0. Despite higher tannin application in experiment 2, antibacterial effects of treatment

or day of composting were not observed (p > 0.05). However, treatment by time of

composting interactions was observed (p< 0.05), with quebracho- and chestnut-treated

composts accumulating more uric acid after 24 h and 9 days of composting and
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chestnut-, mimosa- or quebracho-treated composts accumulating less ammonia than

untreated composts. Results demonstrate that composting may effectively control

pathogens and that tannin treatment can help preserve the crude protein quality of

composting poultry litter.

Keywords: Escherichia coli, nitrogen metabolism, poultry litter, Salmonella, tannins

INTRODUCTION

The continuing increase in poultry production brings challenges
for producers to implement appropriate environmentally
sustainable methods to dispose of the huge amounts of wastes
accompanying intensive production practices (1, 2). Broiler and
egg production yield huge amounts of poultry excreta often
mixed with bedding material, feathers, insects, uneaten feed
and, in the case of laying hens, the shells and contents of broken
eggs (3). The high concentration of nitrogen in the litter, which
is present largely in the form of uric acid, makes it a valuable
fertilizer and antimicrobial-resistant microbes within the litter
necessitates that the material must be treated before ruminant
crude protein feedstuff, although the presence of dangerous
pathogens feeding (4). In the United States, the feeding of
poultry litter has lost favor among many cattle producers due
largely to concerns that adverse consumer perceptions associated
with feeding litter to animals may lower consumer demand for
beef products. However, a contrasting approach to this view may
be applied as the innovative development of environmentally
safe and sustainable technologies to conserve limited resources
by recycling nutrients contained in poultry litter is arguably
consistent not only with good agricultural practices but with
green technologies intended to support increased animal food
production for our growing world population.

Bakshi and Fontenot (5) were early to report systematic
studies on the effective elimination of pathogens with the
composting of poultry litter, achieved through increases in
temperature and lactic acid, and the lowering of the pH
during the composting process. Composting, however, can
result in appreciable losses in nitrogen via the breakdown
of uric acid, urea, and other fixed nitrogen sources to yield
ammonia, which, depending on pH, can be volatilized into
the atmosphere or it can leach away into the soil (5–7).
Consequently, technologies are sought to preserve the crude
protein value within poultry litter during composting. Recent
research reported that chemical treatment of poultry litter with
certain nitrocompounds decreased ammonia losses by 17 to 24%
and increased uric acid accumulations by 18% during 9 days of
composting (8). Additionally, the concentration of urea in litter
treated with 3-nitropropionate, a naturally occurring compound
found in certain leguminous forages as well as certain fungi, was
increased by nearly 50% from initial concentrations after the 9-
day compost period (8). Similarly, Steiner et al. (9) demonstrated
that the addition of commercial pine chip biochar to composting
broiler litter reduced total nitrogen losses by almost 25%.
More recently, lignite addition to poultry litter increased total
nitrogen by 25% and achieved>60% increase inmineral nitrogen

(10). Arzola-Alvarez et al. (11) reported that the inclusion
of pine bark tannin in composting poultry litter decreased
ammonia losses by 23% and increased uric acid concentrations
by 63% during 3 days of composting. The pine bark tannin
and some of the nitrocompound treatments also accelerated
anti-Salmonella activity, achieving significant, albeit modest,
decreases in Salmonella counts by 3 days of composting when
compared to controls, although this may be of limited benefit as
effectively managed composts usually eliminate Salmonella after
14 days of composting if not earlier (12, 13). Considering that
tannins are natural sources recognized for their ability to mitigate
nitrogen metabolism in anaerobic environments, the objectives
of the present experiments were to assess the antimicrobial and
nitrogen retaining effects of condensed or hydrolyzed tannin-rich
extracts common to ruminant diets when applied to simulated
litter composts.

MATERIALS AND METHODS

Rearing, Source of Litter, and Salmonella

typhimurium Inoculum
Used wood chip poultry litter was graciously provided by the
Texas A&M University poultry facility. The litter used in the
first experiment was 1-year-old and was used to rear seven
broiler flocks. The litter used in the second experiment was
approximately 4 months old and had been used to rear two
broiler flocks. Litter in both cases had been used without
antibiotic or coccidiostat exposure and was screened through
a 17-mm diameter sieve to omit oversized particles before use.
The dry matter content, determined after 24 h in a 100◦C
oven, was 76 and 98% for litter used in the first and second
experiments, respectively.

Pine bark tannin (containing about 10% condensed tannin)
was obtained via acetone extraction from pine bark and
subsequent fractionation using Sephadex LH-20 (14). Chestnut
(containing about 80% hydrolyzable tannins), mimosa and
quebracho tannins (containing about 70 and 75% condensed
tannins, respectively) were each procured from Chemtan
Company, Inc. (Exeter, NH, USA). The challenge Salmonella
enterica serovar typhimurium strain (NVSL 95-1776), possessing
natural resistance to novobiocin, had been made nalidixic acid-
resistant via successive cultivation in broth containing up to
20 µg nalidixic acid/ml (15). The inocula for each of the two
experiments in this study were obtained from cultures grown
overnight at 37◦C in tryptic soy broth (Difco, Becton Dickinson,
Sparks, MD, USA) supplemented with 25 and 20µg/ml of
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novobiocin and nalidixic acid, respectively. Both antibiotics were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Experimental Design of Simulated Poultry
Litter Composts
In the first experiment, freshly collected broiler litter was weighed
(200 g/tray) and spread to equally cover the bottoms of five
separate 26 cm × 39 cm × 8 cm plastic trays. Each tray was then
sprayed with 80ml of 0.4M phosphate buffer (pH 6.5) alone
or phosphate buffer containing 0.95 g of pine bark, quebracho,
chestnut, or mimosa tannin using separate hand spray bottles to
achieve effective coverage of 0.63% tannin (wt/wt) of litter dry
matter. The sprayed litter preparations were each mixed by hand
and then distributed (11 g) to 50-ml tubes (nine tubes/treatment
to achieve three tubes/treatment per sample day) and amended
with 1.1ml of phosphate buffer containing 105 colony forming
units (CFU)/ml of the novobiocin- and nalidixic acid-resistant S.
typhimurium. The tubes were closed with caps and incubated at
successive 3-day increments at 22, 37, and 42◦C, respectively, to
simulate conditions commonly encountered during composting.
For all incubations, the tubes were placed in BBL Anaerobic
Gas Pack (Becton Dickinson, Sparks, MD, USA) containers and
incubated aerobically from days 0 to 3 then flushed with 100%
with CO2 and incubated under this atmosphere for days 3 to 9.
The incubation atmosphere protocol was designed to simulate
conditions commonly encountered during composting.

In the second experiment, 50 to 100 g of freshly collected

broiler litter was spread to equally cover the bottoms of plastic
trays as described above and then sprayed with 20 or 40ml of

0.4M phosphate buffer (pH 6.5) alone (controls) or phosphate
buffer containing 4.5 g of pine bark or 9.0 g of quebracho,
chestnut or mimosa tannins to achieve treatment levels of
4.5 or 9% tannin (wt/wt) of litter dry matter. In this case,
the sprayed litter preparations were each mixed by hand and
then distributed (5 g) to 50-ml tubes (nine tubes/treatment to
achieve three tubes/treatment per sample day) and amended
with 1.1ml of phosphate buffer containing 105 CFU/ml of
the novobiocin- and nalidixic acid-resistant S. typhimurium.

Smaller amounts of litter were used in the second experiment
to accommodate administering higher treatment amounts with
limited availability of the tannin sources and in particular the
availability of pine bark tannin which was sufficient only to
achieve an application amount (4.5% of litter drymatter) whereas

an application amount of 9% of litter dry matter was achieved
with the other tannin sources. The tubes were closed with caps
and incubated as described above. Tubes were collected for
sampling at 0 time and, in anticipation of potentially more potent

and immediate activation of the higher tannin amounts than used
in the first experiment, after 0.25, 1, and 9 days of composting
(the equivalent of 0, 6, 24, and 216 h, respectively). Litter in
collected tubes was processed immediately for the quantitative
determination of the challenge S. typhimurium, the wildtype
E. coli population, and total aerobes. Fluid samples (1.0ml)
were also obtained at the time of tube collection and frozen
at −20◦C for subsequent determination of uric acid, urea, and
ammonia concentrations.

Analytical Methods
Tubes collected after 0, 6, and 9 days of composting in the first
experiment and after 0, 0.25, 1, and 9 days of composting in the
second experiment were initially amended with 22 or 10ml 0.4M
phosphate buffer (pH 6.5), respectively, at time of collection and
vortexed for 1min to dislodge cell-associated microbes. About
500 µl of the initial dilution and 100 µl of subsequent 10-fold
dilutions (out to 10−5 for the S. typhimurium challenge strain
and out to 10−6 and 10−7 for the wildtype E. coli population
and total aerobes, respectively) were plated within 30min of tube
collection to respective media for bacterial enumeration. For the
challenge S. typhimurium, which was phenotypically resistant to
novobiocin and nalidixic acid, dilutions were plated on brilliant
green agar (Oxoid Ltd., Basingstoke, Hampshire, England)
containing, respectively, 20 and 25µg/ml of novobiocin and
nalidixic acid. Wildtype E. coli and total culturable aerobes were
enumerated via plating serial dilutions on 3M E. coli/coliform
petrifilm and 3M aerobic plate count petrifilm, respectively
(3M, Minneapolis, MN, USA), the latter not discriminating
between obligate or facultative aerobes. Plates were incubated
and recorded according to manufacturers’ instructions.

The 1-ml aliquots of fluid collected above and frozen were
subjected to colorimetric determination of concentrations of uric
acid using the Uric Acid Assay kit (Sigma-Aldrich), for urea
using the QuantichromTM Urea Assay Kit (BioAssay Systems,
Hayward, CA, USA), and for ammonia as described by Chaney
and Marbach (16). Because of the higher amounts of tannins
added to the composts in the second experiment, 200-µl aliquots
of collected fluid samples were mixed and reacted for 30min
with 1 g 100% ethanol-swelled Sephadex LH-20 (cytiva, Global
life sciences IP Holdco LLC, Upsala, Sweden) to remove residual
tannin prior to colorimetric analysis.

Denaturing Gradient Gel Electrophoresis
(DGGE)
To assess microbial band patterns as influenced by treatments in
the first experiment, genomic DNA was extracted from the tubes
of control composts collected at 0 time (representative of pre-
treatment populations) and from tubes of controls and treated
composts at the 6 and 9 days collection periods. Extraction
of DNA was accomplished according to the protocol of the
NucleoSpinVR Tissue kit (Macherey-Nagel, Germany) and was
quantified using an ENDUROVR Touch Gel Documentation
system, Labnet, Edison NJ. Polymerase chain reaction (PCR)
amplification of the V3 region of the 16S rRNA gene for DGGE
analysis of the bacterial band patterns was carried out according
to the methods described by Muyzer and Smalla (17) and Hume
et al. (18). Differences in bacterial populations were determined
by analysis of band patterns. Diversity comparisons are presented
descriptively by showing dice percentage similarity coefficients
(%SC) and dendrograms constructed by an unweighted pair
group method using the arithmetic averages (UPGMA) options
in Gel Compare II 6.6 (Applied Maths, Inc., Austin, TX, USA).

Statistical Analysis
Each compost tube, which was prepared, incubated, and
sampled independent of the other compost tubes, served as
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TABLE 1 | Main effect treatment means tannin treatment on bacterial counts and accumulations of uric acid, urea, and ammonia during a 9-day simulated compost of

wood chip broiler litter (Experiment 1).

Bacterial counts Nitrogen concentrations

(log10 CFU/g of litter dry matter) (µmol/g litter dry matter)

Tannin treatment

(% Litter dry matter)

Challenge Salmonella

typhimurium

Wildtype Escherichia coli Wildtype total culturable

aerobes

Uric acid Urea Ammonia

None 2.59a 2.66 7.22 2.70 1.52 1.62

0.63% pine bark 2.41ab 2.54 7.22 2.34 1.90 1.62

0.63% quebracho 2.23b 2.44 7.04 2.24 1.62 1.52

0.63% chestnut 2.68a 2.48 7.13 2.75 2.18 1.74

0.63% mimosa 2.49ab 2.50 6.96 2.63 1.80 1.62

Treatment effect

(p-value)

0.0367 0.7852 0.3678 0.5332 0.0549 0.0552

SEMc 0.1076 0.1284 0.1091 0.2527 0.1591 0.0492

a,bMeans (n = 3) within columns with unlike superscripts differ significantly, p < 0.05; cSEM, standard error of the mean from independent replicates.

TABLE 2 | Main effect means of day of composting on bacterial counts and accumulations of uric acid, urea, and ammonia during a 9-day simulated compost of wood

chip broiler litter treated without or with 0.63% pine bark, quebracho, chestnut, or mimosa tannins per g litter dry matter (Experiment 1).

Bacterial counts Nitrogen concentrations

(log10 CFU/g of litter dry matter) (µmol/g litter dry matter)

Days of composting Salmonella typhimurium Wildtype Escherichia coli Wildtype total Culturable

aerobes

Uric acid Urea Ammonia

0 3.06b 3.75a 7.77a 1.98b 1.50b 1.34c

6 3.38a 2.82b 7.70a 2.88a 1.70b 1.71b

9 1.00c 1.00c 5.88b 2.73a 2.31a 1.82a

Treatment effect

(p-value)

<0.0001 <0.0001 <0.0001 0.0064 0.0009 <0.0001

SEMd 0.0809 0.0995 0.0845 0.2527 0.1591 0.0492

a,b,cMeans (n = 3) within columns with unlike superscripts differ significantly, p < 0.05; dSEM, standard error of the mean from independent replicates.

an independent experimental unit. Bacterial concentrations
of litter were log10-transformed to normalize variances. A
general analysis of variance was used to test the main effects
of treatment, sample day, and their potential interaction on
log10 transformations of bacterial CFU/g of litter and on
concentrations (µmol/g litter) of uric acid, urea, and ammonia
using STATISTIX 10TM (Tallahassee, FL, USA). Comparisons of
means were accomplished using an LSD all-pairwise comparison
test. Significance was declared at p ≤ 0.05, and statistical
tendencies were declared at 0.05 > p ≤ 0.10.

RESULTS

Tannin Effects on Select Microbial
Populations in Composted Broiler Litter
The main effect of administering tannin treatments at 0.63%
of litter dry matter during the first composting experiment was
observed on recovery of the challenge S. typhimurium strain
but not on numbers of E. coli or total aerobes (Table 1). In
the case of the challenge S. typhimurium, counts were lowest
(p < 0.05) in the quebracho-treated composts, highest (p <

0.05) in the chestnut-treated and untreated composts, and

intermediate in the pine bark- and mimosa-treated composts
(Table 1). Conversely, the main effect of time of composting was
observed (p < 0.05) on the numbers of all measured microbial
populations, with the challenge S. typhimurium and E. coli
decreasing to below detectable levels regardless of treatment
after 9 days of composting when compared to counts measured
on day 0 (Table 2). Populations of total culturable aerobes
decreased more than 1.8 log10 CFU/g of litter dry matter
(Table 2). Numbers of E. coli were lower (p < 0.05) on day
6 of composting when compared to day 0 but numbers of
the challenge S. typhimurium and total aerobes were either
increased (p < 0.05) or not significantly different (p > 0.05),
respectively, on day 6 when compared to day 0 (Table 2).
A treatment by time of composting interaction was observed on
recovery of the challenge S. typhimurium, with day 6 counts
being lower than untreated controls only in the compost treated
with 0.63% quebracho (Figure 1). Treatment by the time of
composting interactions was not observed on numbers of E. coli
or total culturable aerobes (not shown). Tannin treatment and
day of composting had only modest effects on community
microbial diversity within the composted poultry litter, with
populations among controls and all treatments being more
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than 94% similar based on calculated similarity coefficients
(Figure 2).

Results from the second experiment, testing application of
4.5% of pine bark tannin and 9% of quebracho, chestnut, or
mimosa tannins, respectively, revealed treatment by time of
composting interactions on viable numbers of the challenge S.
typhimurium as well as on the wildtype E. coli and total culturable
aerobe populations (Figure 3). In this case, however, all three of
the measured microbial populations qualitatively appeared to be
much more resilient to composting than in the first experiment
despite the application of much higher tannin doses in the second
experiment (4.5 to 9% added tannin vs. 0.63% added tannin,
respectively). Moreover, composts treated with quebracho or
mimosa tannins exhibited an increase (p < 0.05) in numbers of
the different microbial populations, with numbers increasing as

FIGURE 1 | Interaction (p = 0.0156) between treatment and day of

composting on the challenge Salmonella typhimurium during 9-days simulated

composting of poultry litter treated without (open circles) or with (0.63%) pine

bark- (closed squares), quebracho- (closed triangles), chestnut- (closed

diamonds), or mimosa- (X) tannins (Experiment 1). Means with unlike

uppercase letters differ based on an LSD all pairwise test at p < 0.05. Error

bars denote standard deviations from n = 3 independent replicates at each

time point.

early as 6 to 24 h of composting and persisting at higher (p< 0.05)
numbers than the untreated composts even after 9 days, although
less dramatically for E. coli than the challenge S. typhimurium or
total aerobes (Figure 3). Conversely, composts treated with pine
bark tannin exhibited little (p > 0.05) if any effect on numbers
of the measured microbial populations whereas composts treated
with chestnut tannins were intermediate, being slower to enrich
the microbial populations than composts treated with quebracho
or mimosa tannins (Figure 3).

Tannin Effect Upon Nitrogen in Composted
Broiler Litter
The main effect of treatment or treatment by time of
composting interactions was not observed (p> 0.05) on nitrogen
accumulations in the first composting experiment testing 0.63%
tannin administration, although concentrations of urea and
ammonia tended to be higher (0.05 < p < 0.10) in chestnut-
treated than untreated composts (Table 1). The main effect of
time of composting was observed on nitrogen accumulations,
with concentrations of uric acid, urea, and ammonia being
increased (p < 0.05) after 6 and 9 days of composting,
although not necessarily significantly (p > 0.05), compared to
concentrations measured on day 0 (Table 2).

In the second experiment, testing application of 4.5% pine
bark tannin and 9% quebracho, chestnut, or mimosa tannins,
treatment by time of composting interactions were also observed
on accumulations of uric acid and ammonia but not on
accumulations of urea (Figure 4). In the case of uric acid,
accumulations were higher in quebracho-treated composts after
24 h of composting than in the other tannin-treated or untreated
composts (Figure 4). After 9 days of composting, uric acid
concentrations were highest (p < 0.05) in chestnut-treated
composts, lowest (p < 0.05) in the untreated composts, and
intermediate in the other tannin-treated composts (Figure 4).
Ammonia accumulations increased during the 9-day composting
period, but much more for untreated and pine bark tannin-
treated composts than for composts treated with chestnut,
mimosa, or quebracho tannins, with accumulations of ammonia

FIGURE 2 | Denaturing gradient gel electrophoresis dendrogram showing effects of 0.63% tannin treatment on microbial diversity (Experiment 1).
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FIGURE 3 | Interactions (p = 0.0001, <0.0001, and <0.0001, respectively)

between treatment and time of composting on counts of the challenge

Salmonella typhimurium (A), wildtype E. coli (B) and total culturable aerobes

(C) during 9-days simulated composting without (open circles) or with 4.5%

pine bark (closed squares) or 9% quebracho (closed triangles), chestnut

(closed diamonds) or mimosa (X) tannins (Experiment 2). Means with unlike

uppercase letters differ based on an LSD all pairwise comparison test at p <

0.05. Error bars denote standard deviations from n = 3 independent replicates

at each time point.

decreasing in descending order, respectively. The main effect of
treatment was not observed on urea accumulations but the main
effect of time of composting was observed (p = 0.0205, standard
error of the mean = 0.0422), with concentrations being lower
after 9 days of composting than on day 1 or day 0 (0.21, 0.36 and
0.38 µmol/g litter dry matter, respectively).

DISCUSSION

Composting poultry litter has long been recognized as an
effective biocontrol strategy to decrease the number of unwanted
pathogens and antimicrobial-resistant microbes in poultry litter

FIGURE 4 | Interactions (p = 0.0007, 02211, and <0.0001, respectively)

between treatment and time of composting on concentrations of uric acid (A),

urea, (B) and ammonia (C) during 9-days simulated composting without (open

circles) or with 4.5% pine bark (closed squares) or 9% quebracho (closed

triangles), chestnut (closed diamonds), or mimosa (X) tannins (Experiment 2).

Means with unlike uppercase letters differ based on an LSD all pairwise

comparison test at p < 0.05. Error bars denote standard deviations from

n = 3 independent replicates at each time point.

(19, 20). Results from our first simulated composting experiment
support this concept as evidenced by the near complete
elimination of populations of our challenge S. typhimurium
and wildtype E. coli by 9 days of composting. However, results
from our second simulated composting experiment revealed that
composting may not always be an effective biocontrol strategy as
the microbial populations in the litter of the second study were
much more resilient and persisted at >3.5 log10 CFU/g of litter
dry matter throughout 9 days of composting. Potential reasons
for the unsuccessful compost in the second experiment are not
clear but likely deal with differences between the two batches of
litter. For instance, the poultry litter in the second experiment
had been used to rear only two broiler flocks whereas the litter of
the first experiment had reared seven flocks. Moreover, the litter
in the second experiment provided higher initial populations
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of E. coli and had been inoculated to achieve nearly 2 log10
CFU more S. typhimurium/g of litter dry matter than in the
first experiment. The litter of the second experiment was also
considerably drier at the time of initial collection at the poultry
farm than the litter used in the first experiment (98 vs. 76%
dry matter, respectively) which may have subtly, as reflected in
DGGE similarity profiles, and differentially affected themicrobial
characteristics within the two litter sources.

While tannins have been reported to exert antimicrobial
activities against S. typhimurium, E. coli, and other microbes
when applied in a number of different applications (11, 21–24),
results from the first simulated composting experiment revealed
that treatment of litter with 0.63% tannin achieved only a
marginal improvement in antimicrobial activity. For instance, the
0.63% tannin treatments achieved less than a 1 log10 increase in
anti-S. typhimurium activity in composts treated with quebracho
tannin. Effects of tannin treatment were not observed against
E. coli or against total culturable aerobes in the first simulated
compost experiment. Treatment of poultry litter with 4.5% pine
bark or 9% quebracho, chestnut, or mimosa tannins in the second
compost experiment achieved no improvement in antimicrobial
activity, and some of the treated composts actually enriched
the microbial populations during composting. It is possible
that the higher tannin administrations may have selectively
inhibited some of the bacteria within the litter thereby allowing
the growth of tannin-tolerant microbes (25). Mechanistically,
hydrolyzable tannins such as tannic acid have been demonstrated
to inhibit bacterial growth by binding iron thereby reducing
its bioavailability (26, 27). Condensed tannins on the other
hand are believed to be inhibitory because they can disrupt
the integrity of bacterial cell walls or may bind to proteins,
enzymes, or amino acids important for cellular activity (26).
It is known that some microbes exhibit tolerance or resistance
to tannins via a variety of degradation mechanisms and that
some anaerobes may use certain tannin constituents or their
degradation products as carbon or energy sources (25, 28). It
is also possible that oxygen consumption within the second
simulated compost experiment may have been sufficiently rapid
to achieve anaerobic conditions. Anaerobic conditions would be
expected tominimize the inhibitory activity of the tannins against
E. coli, and possibly S. typhimurium, as it has been reported
that condensed tannins inhibit E. coli only in the presence of
oxygen (29).

Contrary to that observed by Arzola-Alvarez et al. (11),
beneficial effects of the tannin treatments on uric acid
accumulation were not observed in the first simulated compost
experiment. There was a tendency, however, for greater retention
of urea in the compost treated with 0.63% chestnut tannin
when compared to untreated compost and in the composts
treated with pine bark, quebracho, or mimosa tannins. There
was also a tendency for an increased accumulation of ammonia
in the chestnut tannin-treated compost when compared to
the other tannin-treated or untreated composts. Conversely,
beneficial effects of tannin treatment were observed on nitrogen
retention in the second simulated compost experiment, with
uric acid accumulations being increased by 42 to 84% in
composted poultry litter treated with 9% quebracho- and

chestnut compared to accumulations in untreated controls.
Ammonia accumulations were 37 to 61% lower after 9 days
of composting litter treated with 9% quebracho, chestnut,
or mimosa tannins compared to accumulations in untreated
compost or compost treated with 4.5% pine bark tannin.
Increased uric acid concentrations in the poultry litter would
yield a valuable source of crude protein when used as a
ruminant feedstuff. Uric acid concentrations in the poultry
litter used in the two experiments of this study ranged from
0.33 (experiment 2) to 1.98 (experiment 1) µmol/g of litter
dry matter (the equivalent of 56 to 332 mg/kg of litter dry
matter, respectively) were considerably lower than reported by
Mowrer et al. (30) but were within the range reported earlier
(31). Variability in nitrogen concentrations in different litter
sources is not unexpected, however, as numerous compositional,
environmental, or managerial factors such as types of bedding
sources used, ventilation, number of flocks reared, moisture,
and humidity as well as temperature can affect nitrogen status
(32). As reported earlier (8, 30, 33), uric acid increased
in concentration as early as 3 days after the beginning of
composting in the present experiments thereby adding support
to the conclusion that the nitrogen in uric acid may exist
in a reversible flux between the end products of uric acid
degradation and uric acid synthesis as proposed by Mowrer
et al. (33). It seems reasonable to suspect that xanthine oxidase
activity may catalyze the transformation of available purines
to uric acid during the early, aerobic period of composting;
however, it has been reported that xanthine oxidase activity
may be inhibited by tannins (26, 34, 35). Oxidation of uric
acid to allantoin by uricase activity is also thermodynamically
favorable during aerobiosis which, contrary to what was observed
in the present study, would thus be expected to decrease
uric acid concentrations in the simulated composts (34, 36).
Conversely, xanthine dehydrogenase is an anaerobic enzyme
that may catalyze the conversion of xanthine to uric acid
(34), however, this activity has been demonstrated in the
termite gut it has received little attention in poultry litter
composts (37). It seems possible that oxygen consumption by
facultative anaerobes during the early period of composting may
be sufficiently rapid to establish anaerobic conditions able to
sustain xanthine dehydrogenase activity. Numerous facultative
and strictly anaerobic bacteria are known to metabolize uric
acid, some of which use a formate dehydrogenase-dependent
pathway to generate electrons via the oxidation of formate
to reduce nicotinamide adenine dinucleotide (34, 38–41). The
dramatic increase in uric acid production in simulated composts
treated with short chain nitrocompounds that inhibit formate
dehydrogenase/formate hydrogen lyase activity suggests these
inhibitors may inhibit the growth of uric acid-degrading
bacteria (8, 42, 43) by disrupting redox homeostasis within the
microbes. For instance, decreased growth of anaerobically-grown
E. coli and Salmonella by nitrocompound-caused inhibition of
formate dehydrogenase/formate lysase-linked hydrogen evolving
hydrogenase activity has been reported (44). The decreased
growth is reasoned to be due to the disruption of a major pathway
for some microbes to dispose of electrons produced during
fermentative processes such as glycolysis which subsequently
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causes feedback inhibition of energy-conserving reactions (45).
Under conditions of excessive nucleotide accumulation, however,
the microbial populations may compensate by redirecting
electron flow away from inoperative electron sinks, such as
nitrocompound-caused inhibition of hydrogen production, to
dispose of electrons via reduction of other potential electron
acceptors such as xanthine to yield uric acid and carbon dioxide.
To our knowledge, this process has not been extensively studied
in composted poultry litter.

CONCLUSIONS

Results from our simulated compost experiments provide
evidence that composting may usually but not always be effective
biotechnological process to eliminate certain pathogens within
poultry litter and thus there may be instances where composting
may be insufficient. Results from our experiments further provide
evidence that while treatment of poultry litter with certain
tannin compounds had little if any beneficial antimicrobial
effect, the treatments did help preserve the crude protein
value of the composted poultry litter for use as a ruminant
feedstuff or fertilizer. Further studies are warranted to optimize
treatment formulations and applications to achieve optimal
nitrogen retention.
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The increased use of antibiotics continues to pose a threat to public health because

of the increasing concern of antibiotic residue. Tea tree oil (TTO) is an extract

of the Australian plant Melaleuca alternifolia with anti-inflammatory and antioxidant

properties. However, there is little information on TTO supplementation in the diet

of finishing pigs. Hence, the present study aimed to investigate the effect of TTO

supplemented diets on the growth performance, meat quality, serum biochemical

indices, and antioxidant capacity of the finishing pigs. Our results showed that TTO

supplementation increased (P < 0.05) the mRNA expression of insulin-like growth

factors -I (IGFs-I), growth acceleration hormone (GH), and heart fatty acid-binding

protein (H-FABP), while the mRNA expression of myostatin gene (MSTN), and calpain-1

(CAST) decreased by the TTO supplementation, compared with the control group. In

addition, TTO supplementation increased (P < 0.05) serum alkaline phosphatase (ALP),

immunoglobulin G (IgG), and IgM levels but decreased (P < 0.05) serum aspartate

transaminase (AST) concentration, relative to the control group. In addition, we found

that the live weight and intramuscular fat enhanced (P < 0.05) significantly, and muscle

pH 24min value, cooking loss, and shear force decreased (P < 0.05) dramatically in

the TTO group. The TTO supplementation increased (P < 0.05) C18:2n6t concentration

and decreased (P < 0.05) C12:0 and C16:0 concentration, relative to the control

group. Dietary supplementation with TTO decreased (P < 0.05) malondialdehyde (MDA)

and increased (P < 0.05) glutathione peroxidase (GSH-Px) activity in serum. These

results indicated that TTO supplementation could improve immunity and antioxidant,

carcass traits, the nutritional value of pork, and the antioxidant capacity of finishing pigs.

Therefore, TTO has potential positive effects as a feed additive in the pig industry.

Keywords: tea tree oil, finishing pigs, growth performance, meat quality, serum biochemical indices, antioxidant

capacity
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INTRODUCTION

Antibiotics have been used in livestock to improve feed efficiency,
prevent diseases, and increase animal production since the
1950s (1). In recent decades, with improved living standards,
consumers are increasing their demand for quality meat
products, which provides a healthy balance of nutrients (2–4).
The increased use of antibiotics poses an environmental risk
and a threat to public health because of the increasing concern
of antibiotic residue (5). Therefore, an effective alternative to
antibiotics, especially from plants, in pig production is vital for
improving meat quality and human health.

Essential oils extracted from the aromatic plants are a potential
alternative to antibiotics (6). Tea tree oil (TTO), an essential
oil derived from the Australian plant Melaleuca alternifolia,
contains more than one hundred different compounds, mainly
monoterpenes and their derivatives. The main components
of TTO include terpinene-4-ol, γ-terpinene, α-terpinene,
1,8-cineole, and α-terpineol (7). Zhan et al. (8) demonstrated
that a supplement of TTO could alleviate inflammatory response
in bovine mammary epithelial cells exposed to Staphylococcus
aureus. Previous studies have focused on antibacterial activity
and anti-inflammatory properties (9). In addition, TTO
could activate the antioxidant signaling pathway (10), thus,
increasing antioxidant capacity and ameliorating oxidative
damage in animals (11). Based on TTO’s anti-inflammatory
and antioxidant properties, numerous research on TTO have
also been investigated in animals. TTO can enhance pigs’
growth performance, meat quality, antioxidant status, and
anti-inflammatory function (12, 13). Previous research showed
that TTO supplementation could improve growth performance,
promote liver and thymus development, and facilitate intestinal
mucosal immunity by activating the Notch2 signaling pathway
in the weaning pigs (14). Since dietary lipids are associated with
the emergence of coronary heart disease, the lipid content of
pork is another concern for consumers. Although it has been
demonstrated that a positive effect exists between essential
oils and body lipid metabolism (15, 16), there is minimal
information regarding diets supplemented with TTO on
finishing pigs. Therefore, in the present study, we investigated
the effects of TTO supplementation on the growth performance,
meat quality, serum biochemical indices, and antioxidant
capacity of finishing pigs.

MATERIALS AND METHODS

Animals and Experimental Design
In total, sixty-four (64) finishing pigs (Duroc × Landrace ×

Yorkshire) with average initial body weight (BW) of 68.13 ±

0.46 kg were randomly divided into 4 treatment groups. Each
treatment group contained 16 pigs raised in 4 pens, each with 4
pigs (2 males and 2 females). The 4 treatment groups included
the control treatment (CON, feed with only basal diets) and
the low-, middle- and high-level TTO-supplemented diets (LTO,
MTO, and HTO, feed with the basal diets supplemented with
100 mg/kg, 200 mg/kg, and 300 mg/kg TTO (net content of
TTO), respectively). In addition, the feed supplemented with

TABLE 1 | Composition and nutrient levels of the basal diets.

Ingredient g/kg Content

Corn 670

Soybean meal 250

Wheat bran 40

Pre-mixturea 40

Total 1,000

Nutrition levels, g/kg

Digestible energy, MJ/kg 13.36

CPb 162.5

Cab 5.8

Total Pb 3.8

Lys 8.6

Met 2.0

Thr 6.5

Trp 2.8

aThe premix provided the following per kg of the diet: Fe (as ferrous sulfate) 80mg, Cu

(as copper sulfate) 15mg, Zn (as zinc sulfate) 80mg, Mn (as manganese sulfate) 5mg,

Se (as sodium selenite) 0.1mg, I (as potassium iodide) 0.1mg, VA 4 480 IU, VD3 500 IU,

VE 20 IU, VK3 2.20mg, VB1 1.80mg, VB 2 2.20mg, VB 6 1.50mg, VB12 12 µg, folic

acid 0.30mg, biotin 0.05mg, nicotinic acid 10mg, and calcium pantothenate 8mg. bCP,

crude protein; Ca, calcium; P, phosphorus; Three samples were analyzed for the analyzed

values, and the mean value was calculated and shown.

TTO was formulated every day to reduce TTO oxidation.
The experiment was conducted at the Jinzhu Agricultural
Development Company, Taicang, Suzhou province, China in
June 2016.

The TTO utilized was the Australian tea tree oil powder
type provided by the Chen Fang Biotechnology Company, Wuxi,
China. The TTO was purified and processed by the company so
that the constituents, such as 4-terpineol, were not wholly the
same as other TTOs (the details are proprietary to the company).
Furthermore, TTO was absorbed in microcrystalline cellulose
(the net content of the TTO is 20%). In addition, the effective
constituents of the TTO were analyzed by gas chromatography-
mass spectrometry (QP2010, SHIMADZU Company, Japan) in
our previous study (14).

The composition of the basal diet is illustrated in Table 1. Two
samples were analyzed for the measured values, and the mean
value was calculated as shown in Table 1. The basal diet (Table 1)
was formulated to meet or exceed the nutrient requirements
recommended by NRC (1998) nutrient requirements. All the
pigs were housed in 16 adjacent pens (1.8 × 4.6m) equipped
with slatted floors in an environmentally controlled facility. The
pigs were fed two times a day (at 7:00 am and 04:30 pm) with
the prepared diet in feeding troughs and had ad libitum access
to feed and water. The target room temperature was 25◦C. Pig
BW was measured initially and at week 8 of the experimental
period. Feed consumption was recorded on a pen basis during
the experiment. The average daily gain (ADG), average daily feed
intake (ADFI), and gain-to-feed ratio (G/F) were calculated (13).
The experiment lasted for 56 days. At the end of the experiment,
three pens were randomly selected from each treatment, from

Frontiers in Veterinary Science | www.frontiersin.org 2 June 2022 | Volume 9 | Article 916625140

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


Yang et al. TTO on the Finishing Pigs

TABLE 2 | Primers for real-time PCR analyses.

Genes Accession Primer sequence 5
′

-3
′

Product

number length/bp

GH NM_213869.1 F: GGCTGTGATGGCTGCAGGCC; 658

R: CTAGAAGGCACAGCTGCTCTCCACG

IGF-I NM_214256.1 F: TCTTCTACTTGGCCCTGTGCTT; 73

R: GCCCCACAGAGGGTCTCA

IGF-II NM_213883.2 F: CCGGACAACTTCCCCAGATA; 71

R: CGTTGGGCGGACTGCTT

MSTN NM_214435.2 F: CCAGAGAGATGACAGCAGTGATG; 113

R: TTCCTTCCACTTGCATTAGAAGATC

A-FABP NM_001002817.1 F: CAGGAAAGTCAAGAGCACCA 227

R: TCGGGACAATACATCCAACA

H-FABP NM_001099931.1 F: GCCAACATGACCAAGCCTACC
′

262

R: CATGGGTGAGTGTCAGGATGAG

CAST NM_001001534.1 F: GCGTGCTCATAAAGAAAAAGC 133

R: TGCAGATACACCAGTAACAG

CAPN1 NM_001348784.2 F: CCAACAAGGAGGGCGACTT 57

R: GGGTCCCGGCTTTCTTCTC

GAPDH NM_001256799.2 F: TCGGAGTGAACGGATTTG; 219

R: CCTGGAAGATGGTGATGG

F, forward; R, reverse.

which two pigs were selected per treatment pen, given a total of 6
pigs (3 males and 3 females) for the collection of sample data.

Carcass Traits and Meat Quality
All the pigs at each time point were electrically stunned,
exsanguinated, eviscerated, dehaired, and peeled according to
standard commercial procedures. Carcass weight was recorded.
Then, the longissimus dorsi (LD) muscle samples from the left
carcass and the 9th rib of the right carcass were collected and
refrigerated at 4 for meat quality measurement. About 100 g of
LD samples from the 10th rib of the left carcass was collected and
frozen at-20◦C and used tomeasure muscle fatty acids profile, the
mRNA expression, and IMF content. To know about themethods
of meat quality measurement refer to the previous study (13).

The MRNA Expression Analysis by
Real-Time PCR
The total RNA was isolated from the liver, LD muscle, and
back fat using TRIzol (Takara, Code No. RR036A). The RT
reaction mixtures contained 1 µg total RNA and 5× PrimeScript
RT Master Mix in a final volume of 20 µl. The RT reactions
were performed for 15min at 37◦C. Reverse transcriptase was
inactivated by heating to 85◦C for 5 s. qRT–PCR was performed
with an SYBR R© Premix Ex TaqTM II Kit (Takara, Code Nos.
RR820A and RR420A). The qRT–PCR included an initial
denaturation at 95◦C for 30 s, followed by 40 cycles at 95◦C for
5 s and 60◦C for 30 s. The primers used are listed in Table 2.
The relative expression of target genes was normalized to that of
GAPDH and calculated using the 2−11CT method.

Serum Biochemical Indices
Total serum levels of immunoglobulin IgG, IgA, and IgM (g/L)
were measured by commercially available ELISA kits from the
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and alkaline phosphatase (ALP) were analyzed by an
automatic biochemical analyzer.

Measurement of Serum, Liver, and LD
Muscle Antioxidant
The malondialdehyde (MDA), total superoxide dismutase
(T-SOD) activity, catalase (CAT) activity, and glutathione
peroxidase (GSH–PX) activity were measured using
diagnostic kits (the Nanjing Jiancheng Bioengineering
Institute, Nanjing, Jiangsu, P. R. China) according to the
manufacturer’s instructions.

Fatty Acid Composition of Longissimus
Muscle
Fatty acid content was determined according to
GB/5413.27-2010. A 4 g thick section of longissimus muscle
was removed from the center (in the region of the 10th
rib) of a boneless pork loin. The sample was trimmed free of all
subcutaneous fat and epimysial connective tissue. All the samples
were immediately frozen at-80◦C until fatty acid analysis.

Longissimus muscles were placed in 30ml beakers, then
placed into vacuum flasks attached to the manifold of a Labconco
freeze-dryer (LyoQUEST-55, USA). After freeze-dried, 0.5 g of
LDmuscle was weighed and placed in a 15mg spiral glass tube. In
total, 5.0ml toluene and 6.0ml 10% acetyl chloromethanol were
added and the tube was filled with nitrogen to ensure total air
removal within the tube. The mixture was homogenized, placed
in a water bath at 80◦C for 2 h, and vibrated once every 20min.
The mixture was taken out and cooled to room temperature. The
cooled liquid was transferred to a 50ml centrifuge tube, and the
centrifuge tube was cleaned with sodium carbonate solution and
transferred to a new 50ml centrifuge tube. The glass tube was
shaken and mixed, centrifuged at 5,000 r/min for 5min, and the
supernatant was measured by meteorological chromatograph;
equipped with a 100-m capillary column (0.25-mm i.d.; Model
2560 fused-silica capillary column, Supelco Inc., Bellefonte, PA)
and helium as the carrier gas at 1 ml/min (1:30 split ratio). The
oven temperature was maintained at 140◦C for 5min, increased
at 4◦C/min to 240◦C for 15min, whereas injector temperatures
were maintained at 260◦C and detector temperatures were
maintained at 280◦C.

Statistical Analysis
Statistical analysis was performed by one-way analysis of variance
(ANOVA) followed by the least significant difference (LSD) test
for post-hoc correction for multiple comparisons of treatment
means using the SPSS 16.0 software (SPSS Inc.; Chicago, IL,
USA). The P values are represented in the figures as follows:
statistical significance was set at P < 0.05.
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TABLE 3 | Effect of TTO on the genes expression of GH, IGF-I, IGF-II, and MSTN of finishing pigs (n = 6).

Treatment1

Sites Symbol CON LTO MTO HTO SEM P-value

Liver GH 1.06 1.02 1.52 1.13 0.09 0.21

IGF-I 1.03b 2.98a 4.25a 3.06a 0.33 0.002

IGF-II 1.01 0.93 0.93 0.78 0.05 0.47

MSTN 1.02a 0.69b 0.73b 0.70b 0.47 0.03

LD muscle GH 1.02b 1.17ab 1.88a 1.94a 0.15 0.04

IGF-I 1.00b 1.11b 1.72a 1.24b 0.07 <0.001

IGF-II 1.02 1.29 1.03 0.98 0.66 0.36

MSTN 1.00a 0.72b 0.73b 0.74b 0.04 0.007

Back fat GH 1.01 1.10 1.32 1.26 0.08 0.48

IGF-I 1.01 1.12 1.10 1.08 0.07 0.95

IGF-II 1.01 1.04 1.20 0.96 0.07 0.70

a,bMeans in the same row with different superscripts differ significantly for treatment effect. 1CON (control), pigs receiving a control diet; LTO (low tea tree oil supplemented treatment),

pigs receiving a control diet supplemented with 100 mg/kg tea tree oil; MTO (middle tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 200 mg/kg

tea tree oil; HTO (high tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 300 mg/kg tea tree oil; TTO, tea tree oil.

TABLE 4 | Effects of tea tree oil on the serum immunity of finishing pigs (n = 6).

Treatment1

Item Time /d CON LTO MTO HTO SEM P-value

IgA/(µg/mL) 28 104.26 165.44 151.70 120.34 9.23 0.06

56 114.90 123.58 116.85 126.10 4.68 0.83

IgG/(µg/mL) 28 384.90b 490.47a 575.80a 463.71a 18.61 <0.001

56 273.04b 371.49a 407.97a 366.82a 17.24 0.03

IgM/(µg/mL) 28 82.05b 116.96a 122.48a 89.44b 5.14 0.003

56 83.07 91.18 89.31 87.62 3.4 0.87

a,bMeans in the same row with different superscripts differ significantly for treatment effect. 1CON (control), pigs receiving a control diet; LTO (low tea tree oil supplemented treatment),

pigs receiving a control diet supplemented with 100 mg/kg tea tree oil; MTO (middle tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 200 mg/kg

tea tree oil; HTO (high tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 300 mg/kg tea tree oil; TTO, tea tree oil.

RESULTS

Growth Performance
The effects of TTO on the growth performance of finishing pigs
are shown in the Supplementary Table 1. Compared with the
control group, TTO supplementation increased (P < 0.05) final
weight and the ADG value, while the ratio of F/G were decreased
(P < 0.05) by TTO addition.

Relative Gene Expression of Growth
Performance of Finishing Pigs
The effect of TTO on the relative gene expression of GH,
IGF-I, IGF-II, and MSTN of growth performance is shown in
Table 3. Relative to CON pigs, MTO and HTO supplementation
increased (P < 0.05) the mRNA expression of GH and
IGF-I in LD muscle, and the mRNA expression of IGF-
I was up-regulating (P < 0.05) with TTO supplementation
in the liver. In addition, the gene expression of MSTN was
decreased (P < 0.05) by TTO addition in the liver and
LD muscle.

Immune Response
The effect of TTO on the immune response is shown in Table 4.
TTO immunomodulation effects were quantified in 28- and 56-
days serum using immunonephelometry. On day 28, the diets
supplemented with TTO increased (P < 0.05) IgG and IgM, but
the levels of IgA did not alter (P > 0.05) compared with the
control group. On day 56, TTO supplemented diets had increased
(P < 0.05) levels of IgG, unlike the levels of IgA and IgM, which
did not alter compared with the control groups.

Serum Biochemical Indexes
The effect of TTO on serum biochemical indexes of finishing
pigs are illustrated in Table 5. In 28 days, TTO supplementation
increased (P < 0.05) serum ALP levels and decreased (P <

0.05) serum AST concentration, relative to control. In 56 days,
serum AST concentration decreased (P < 0.05) with TTO
supplementation compared with control groups.

Antioxidant Status
As shown in Table 6, MTO and HTO supplementation decreased
(P < 0.05) MDA and increased (P < 0.05) GSH-Px activity
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TABLE 5 | Effects of tea tree oil on the serum enzyme of finishing pigs (n = 6).

Treatment1

Item Time /d CON LTO MTO HTO SEM P-value

ALT/(U/L) 28 54.50 51.50 47.67 47.50 1.08 0.052

56 50.91 56.17 51.33 54.33 1.58 0.63

AST/(U/L) 28 47.00a 44.17ab 40.83bc 36.83c 1.35 0.04

56 49.00a 54.67a 39.50b 36.00b 2.08 0.001

ALP/(U/L) 28 70.66b 73.17b 93.33a 85.93a 2.52 <0.001

56 130.00 148.50 143.17 138.00 4.90 0.61

a,b,cMeans in the same row with different superscripts differ significantly for treatment effect. 1CON (control), pigs receiving a control diet; LTO (low tea tree oil supplemented treatment),

pigs receiving a control diet supplemented with 100 mg/kg tea tree oil; MTO (middle tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 200 mg/kg

tea tree oil; HTO (high tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 300 mg/kg tea tree oil; TTO, tea tree oil.

TABLE 6 | Effects of tea tree oil supplementation on antioxidant activity in finishing pigs (n = 6).

Treatment1

Sites Symbol CON LTO MTO HTO SEM P-value

Serum MDA(nmol/ml) 2.97a 3.08a 1.99b 1.93b 0.17 0.014

CAT(U/ml) 5.68 4.76 5.68 5.04 0.17 0.13

T-SOD(U/ml) 114.52 114.84 120.52 126.57 4.02 0.71

GSH-PX(U/ml) 879.02b 889.69b 963.49a 966.73a 10.8 <0.001

a,bMeans in the same row with different superscripts differ significantly for treatment effect. 1CON (control), pigs receiving a control diet; LTO (low tea tree oil supplemented treatment),

pigs receiving a control diet supplemented with 100 mg/kg tea tree oil; MTO (middle tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 200mg/kg tea

tree oil; HTO (high tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 300 mg/kg tea tree oil; TTO, tea tree oil. MDA, malondialdehyde; CAT, catalase;

T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase.

in serum, and GSH-Px activity increased with 200 mg/kg
TTO supplementation in LD muscle compared with the
control groups.

Carcass Traits and Meat Quality
The effect of TTO on carcass traits and meat quality of finishing
pigs are listed in Table 7. Compared with the control group, the
liver weight was increased (P < 0.05) in MTO and HTO groups.
As regards to meat quality, there were the highest pH 45min
value and intramuscular fat and lowest cooking loss, cooking loss,
and shear force in the MTO group (P < 0.05).

Fatty Acid Composition in LD Muscle
The effect of TTO on the fatty acid composition and content
in LD muscle of finishing pigs are summarized in Table 8. The
concentration of C12:0 and C16:0 was decreased (P < 0.05) in
MTO compared with the control group. Diets supplemented with
TTO had increased (P < 0.05) C18:2n6t concentration relative to
the control group.

The Genes Expression of H-FABP, CAPN1,
CAST, and HAL in LD Muscle
The effects of TTO supplementation on the gene expression of
H-FABP, CAPN1, CAST, and HAL in the LD muscle in finishing
pigs are shown in Table 9. The mRNA expression of H-FABP
and CAPN1 increased by supplementation with 200 mg/kg TTO
compared with the control group.

DISCUSSION

Tea tree oil extract from the leaves of M. alternifolia exhibits
anti-inflammatory, antioxidant, and anti-bacterial properties (9).
Dong et al. (14) reported that TTO has the potential to replace the
usage of antibiotics in weanling pigs. In our current study, dietary
supplementation with TTO improves meat quality by increasing
intramuscular fat content and tenderness (13). Meat is a primary
source of essential fatty acids for human health. It has been shown
that a positive effect exists between TTO and lipid metabolism
(16). However, there is limited information in the mechanism
regarding the effect of TTO on growth performance, meat
quality, serum biochemical indices, and antioxidant capacity in
the finishing pigs. Hence, the present study investigated the effect
of TTO on growth performance, meat quality, serum biochemical
indices, and antioxidant capacity in finishing pigs.

Our previous studies have demonstrated that TTO could
improve the growth performance of finishing pigs (13). In this
study, we further investigated the mechanisms that the effect
of TTO on growth performance. GH–IGF axis components
play important roles in regulating growth in the finishing pigs.
GH is a vital gene regulating the growth and development of
pigs. Skarphedinsson et al. (17) reported that GH can promote
protein synthesis, while protein degradation rate was not affected.
IGF-I can stimulate cell proliferation, differentiation, and other
cellular functions in different tissues (18). An IGF-I level is
a valuable tool for estimating growth rate and is positively
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TABLE 7 | Effects of tea tree oil on the carcass traits and meat quality of finishing pigs (n=6)1.

Treatment2

Item CON LTO MTO HTO SEM P-value

Carcass traits

Liver weight (kg) 1.58b 1.64b 1.87a 1.95a 0.05 0.003

Heart weight (kg) 0.41 0.44 0.42 0.40 0.01 0.623

Spleen weight (kg) 0.34 0.38 0.37 0.40 0.01 0.173

Pancreas weight (kg) 0.20 0.17 0.18 0.15 0.01 0.646

Meat quality

pH24h 5.68b 5.70b 5.77a 5.72b 0.01 0.003

L* 37.30 37.61 37.56 36.65 0.53 0.92

a* 5.24 4.39 5.28 3.69 0.30 0.21

b* 3.00 3.67 3.57 2.89 0.16 0.23

Drip loss (%) 43.99 42.00 42.77 41.47 0.45 0.22

Cooking loss (%) 43.61a 37.56c 41.27b 41.28b 0.52 <0.001

Shear force (kg) 2.82a 2.45c 2.50bc 2.69ab 0.045 0.005

Intramuscular fat (%) 2.70b 3.15a 3.15a 2.77ab 0.07 0.04

1Part of data has been used in our previous study (13). a,b,cMeans in the same row with different superscripts differ significantly for the treatment effect. 2CON (control), pigs receiving

a control diet; LTO (low tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 100 mg/kg tea tree oil; MTO (middle tea tree oil supplemented treatment),

pigs receiving a control diet supplemented with 200 mg/kg tea tree oil; HTO (high tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 300 mg/kg tea

tree oil; TTO, tea tree oil.

L*, lightness; a*, redness; b*, yellowness.

TABLE 8 | Effects of TTO supplementation on fatty acids composition and content in Longissimus dorsi muscle in finishing pigs (n = 6).

Treatment1

Item CON LTO MTO HTO SEM P-value

C10:0 0.12 0.09 0.12 0.14 0.01 0.14

C12:0 0.12a 0.10ab 0.07b 0.13a 0.04 0.02

C14:0 1.08 1.06 1.12 1.13 0.02 0.46

C16:0 22.77a 22.06ab 21.83b 22.07ab 0.13 0.04

C16:1 2.90 3.06 2.61 3.02 0.07 0.08

C18:0 9.37 9.97 9.40 11.34 0.31 0.08

C18:1 41.94 41.57 41.77 38.96 0.50 0.11

C18:2n6t 3.63b 4.06a 4.08a 4.06a 0.05 <0.001

C18:2n6c 12.70 12.27 13.26 12.26 0.18 0.16

C20:1 0.53 0.44 0.43 0.80 0.06 0.10

C20:4 1.94 1.96 1.93 1.92 0.10 0.99

C22:4 0.49 0.35 0.39 0.45 0.03 0.54

SFA2 33.47 33.29 32.54 34.81 0.31 0.06

MUFA3 45.37 45.07 44.82 42.78 0.47 0.20

PUFA4 18.77 18.64 19.66 18.70 0.18 0.17

PUFA/SFA 0.56b 0.56b 0.60a 0.54b 0.01 0.003

a,bMeans in the same row with different superscripts differ significantly for treatment effect. 1CON (control), pigs receiving a control diet; LTO (low tea tree oil supplemented treatment),

pigs receiving a control diet supplemented with 100 mg/kg tea tree oil; MTO (middle tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 200 mg/kg

tea tree oil; HTO (high tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 300 mg/kg tea tree oil; TTO, tea tree oil. 2SFA = C10:0+C12:0+C14:0 +

C16:0 + C17:0 + C18:0; 3MUFA = C16:1 + C18:1+ C20:1; 4PUFA = C18:2n6t + C18:2n6c + C20:4 + C22:4.

correlated with growth rate in cattle and pigs (18). The positive
correlation between IGF-I expression in the liver and growth
performance has been demonstrated (19). Our results showed
that TTO supplementation increased the mRNA expression of
GH and IGF-I in the liver and LDmuscle, indicating that protein

metabolism might be improved due to TTO supplementation.
In addition, IGF-I and IGF-II have similar functions, which
can promote growth performance. In this study, the expression
of IGF-II was not affected in the liver, LD muscle, and back
fat tissues by supplementation with TTO, which is consistent
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TABLE 9 | Effects of TTO supplementation on the genes expression of H-FABP, CAPN1, CAST, and HAL in Longissimus dorsi muscle in the finishing pigs (n = 6).

Treatment1

Symbol Control LTO MTO HTO SEM P-value

H-FABP 1.00b 1.08b 1.37a 0.60c 0.06 <0.001

CAPN1 1.00b 0.96b 1.29a 1.34a 0.05 0.001

CAST 1.01 1.01 1.10 1.20 0.09 0.89

HAL 1.00 1.09 1.14 1.06 0.09 0.96

a,b,cMeans in the same row with different superscripts differ significantly for treatment effect. 1CON(control), pigs receiving a control diet; LTO (low tea tree oil supplemented treatment),

pigs receiving a control diet supplemented with 100 mg/kg tea tree oil; MTO (middle tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 200 mg/kg

tea tree oil; HTO (high tea tree oil supplemented treatment), pigs receiving a control diet supplemented with 300 mg/kg tea tree oil; TTO, tea tree oil.

with the study that IGF-II plays a vital role in the embryonic
development rather than in postnatal development (20). MSTN,
a member of the transforming growth factor type b (TGFβ)
super-family, is a negative regulator of muscle growth (21).
This research showed that the mRNA expression of MSTN was
decreased in the liver and LD muscle by TTO supplementation.

Hormones associated with the hypothalamic-pituitary-
adrenal axis are the main effectors for translating stress into
a physiological action. These hormones include the cortisol-
containing glucocorticoid group, which are widely regarded
as regulators of immune function (22–24). In addition, the
ability of a TTO supplemented diet to mount an innate immune
response is well documented (8). Serum IgA, IgG, and IgM levels
positively correlate with body immunity. IgG is the primary
immunoglobulin that can protect animals against infections by
microorganisms (25). Our result showed that supplementation
with TTO increased the serum IgG and IgM concentration.
Based on this research, supplementation with TTO could
enhance the immune response in finishing pigs.

The liver is a digestive gland that secretes bile, participates
in the metabolism of protein, sugars, and fat, and has essential
functions, including detoxification and provision of immunity
(26). The ALT and AST are clinically helpful in evaluating acute
hepatocellular injury in viral hepatitis (27). The levels of ALT
and AST activities are negatively correlated with the health of
hepatocytes. The activity of ALT and AST is at a low level
when the liver is in a healthy state, and the activity of ALT and
AST is significantly increased when liver cells are damaged (28).
The biologically active compounds in TTO also influence liver
metabolism (16), as lower activity of AST was determined in
blood plasma, which agrees that dietary supplementation with
TTO increased the liver weight, indicating improved liver health
originating from TTO supplementation.

Reactive oxygen species (ROSs) are produced by cells during
normal metabolism (29). However, ROS over-generation in pigs
leads to oxidative stress, resulting in reduced immune function
and decreased growth performance (30). The antioxidant
capacity of the host was evaluated by the determination of related
enzymes inhibiting ROS formation, such as MAD, SOD, T-AOC,
and GSH-Px. Broiler fed with essential oil in diet exhibited
increased T-SOD and T-AOC levels, but down-regulation of
MDA concentration has been reported (31, 32). Puvaca et al.
(33) reported that a diet supplemented with TTO improves the

anti-oxidative ability of laying hens by increasing SOD and GSH-
Px activities. Supplementation of animal diets with essential oil
to feed can improve the antioxidant status of the animal body
and increase meat quality (34). Consistent with previous studies,
our result demonstrated that diet supplemented with TTO
enhanced GSH-Px levels and decreased MAD levels in serum.
Improved oxidative status observed when TTO supplemented
diets are fed might be due to its ingredients, such as α-terpinene,
terpinen-4-ol, and γ-terpinene, which have enhanced antioxidant
abilities described in the previous study (35, 36).

Our previous studies have demonstrated that TTO could
improve meat quality (13). Meat is a primary source of fat in
human diets. It has been reported that saturated fatty acid (SFA)
may increase cholesterol levels and the risk of cardiovascular
diseases (37, 38). Previous experiments conducted on TTO
supplementation mainly focused on its anti-inflammatory and
anti-oxidative ability, although the essential oils have a positive
effect on body lipid metabolism (15). The concentration of fatty
acids can influence the meat quality and meat products (39).
However, limited studies have been conducted to evaluate the
effect of TTO supplementation on the fatty acid composition of
pork. Therefore, we hypothesized that dietary supplementation
with TTO could increase the polyunsaturated fatty acid (PUFA)
and SFA concentration in meat. The mass consumption of
SFA has been associated with an increased risk of obesity
and the inception of other related diseases. Conversely, UFA,
especially PUFA, reduced the risk of coronary heart disease
(40). Fatty acid composition positively correlates with meat
quality by determining the nutritional value of muscle and
oxidative stability. The level of fatty acid saturation can affect the
degree of fat firmness, consequently influencing the quality and
acceptability of meat products (39). Therefore, appropriate levels
of SFA and PUFA should be maintained to ensure superior meat
quality. In the current study, diets supplemented with TTO had
decreased SFA (lauric acid (C:12:0) and palmitic acid (C:16:0) and
increased PUFA (mainly methyl linolelaidate (C18:2n6t) levels in
meat, which confirmed our hypothesis. H-FABP is involved in the
intracellular targeting of fatty acids and facilitates the transport
of fatty acids from the membrane to the sites of fatty acid
oxidation or esterification into TAG or phospholipids (41, 42).
H-FABP, first discovered in the heart, has been associated with
the intramuscular fat content of pigs. Meanwhile, the mRNA
expression of H-FABP affects the intramuscular fat content of
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pigs (43). In the present study, diet supplemented with TTO
increased the mRNA expression of H-FABP. It has been reported
that mRNA expression of H-FABP was positively correlated
with intramuscular fat content (44), which agrees with our
results. Previous researches indicated that higher intramuscular
fat content could lead to improvements of flavor, marbling
score, and tenderness of pork, and the quality and content
of intramuscular fat content could be influenced by various
factors including nutrition levels, nutrients, market weight, age,
and animal breed (45–47). In addition, supplementation with
perilla seed extract significantly increased the intramuscular fat
content of fattening cattle’s longissimus muscle (48). Tenderness
is another index of meat quality. The extent of protein proteolysis
is the main factor in determining tenderness (49). Calpains
belong to the protease family and play a vital role in meat quality.
Moreover, there is a positive association between calpain activity
and meat quality (50). It has been demonstrated that calpain
1 is mainly responsible for myofibrillar protein degradation in
the skeletal muscle (51). The CAST act as a calpain-specific
endogenous inhibitor (52). In the present study, supplementation
with TTO increased the mRNA expression of calpain 1, but the
expression of CAST was not affected in the LD muscle.

In conclusion, we provide significant evidence for the
effect of TTO on growth performance, meat quality, serum
biochemical indices, and antioxidant capacity in the finishing
pigs. Supplementation with TTO improve growth performance
through modulating the expression genes of GH, IGF-I,
and MSTN. Supplementing this ingredient into the finishing
pigs’ feed improved the meat quality by increasing the ratio
of PUFA/SFA, modulating the expression genes associating
with meat quality, and improving intramuscular fat content.
Simultaneously, TTO can improve antioxidant capacity and body
immunity in the finishing pigs. Therefore, TTO is recommended
for supplementation in the diet of the finishing pigs.
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Vitamin D signaling is important for intestinal homeostasis. An increase in vitamin D

receptors in immune cells canmodulate cell phenotype and cytokine secretion. Cytokines

regulate both pro- (interleukin 17; IL-17) and anti-inflammatory (IL-10) responses

triggered by external stimuli. Inflammation in intestinal tissues can disrupt the structure

and the remodeling of epithelial tight junction complexes, thus, compromising the

protective barrier. The objective of the study was to determine the impact of dietary

supplementation with 25-hydroxycholecalciferol (25OHD3), a hydroxylated metabolite of

vitamin D, on intestinal cytokine abundance and epithelial barrier integrity over time in

broilers. A randomized complete block design experiment was conducted to evaluate

the effect of dietary 25OHD3 inclusion on relative protein expression of the cytokines,

IL-17 and IL-10, and tight junction proteins, Zona Occludens 1 (ZO-1), and Claudin-1

(CLD-1), in broiler chicken duodenum and ileum from 3 to 21 days post-hatch. On day

0, male chicks (n = 168) were randomly assigned to raised floor pens. Experimental

corn–soybean meal-based treatments were as follows: (1) a common starter diet

containing 5,000 IU of D3 per kg of feed (VITD3) and (2) a common starter diet containing

2,240 IU of D3 + 2,760 IU of 25OHD3 per kg of feed (25OHD3) fed from days 0 to 21.

On days 3, 6, 9, 12, 15, 18, and 21, 12 birds per treatment were euthanized to collect

tissue samples for quantitative, multiplex, and fluorescent Western blot analysis. Target

proteins were quantified using Image Quant TL 8.1 and expressed relative to total protein.

Feeding 25OHD3 post-hatch decreased ileal IL-10 (anti-inflammatory) protein expression

in 21-day-old broilers compared with VITD3 only (P = 0.0190). Broilers fed only VITD3

post-hatch had greater IL-17 (pro-inflammatory) protein expression in the ileum at 18 and

21 days-of-age (P = 0.0412) than those that fed 25OHD3. Dietary inclusion of 25OHD3

lowered the abundance of key inflammatory cytokines in the ileum of young broilers.

Keywords: 25-hydroxyvitamin D, cytokine, inflammatory responses, interleukin, intestine, tight junctions

INTRODUCTION

Poultry enteric challenges are commonly caused by bacteria or parasites. These challenges
cost the United States poultry industry over US$1.6 billion in losses every year (1, 2).
Pathogenic and non-pathogenic bacteria are common inhabitants of a broiler gastrointestinal
tract. The proliferation of pathogenic, toxin-secreting strains of gut bacteria promotes intestinal
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upsets in broiler chickens. To mitigate these challenges,
immunological responses in the gastrointestinal tract take place
near the epithelial cell wall. Upon pathogen recognition by toll-
like receptors, innate immune cells are activated and initiate a
signaling cascade, recruiting phagocytes to the site of infection.
Inflammation is a by-product of innate immune responses that
can decrease feed intake (3, 4) and lead to lower availability and
utilization of nutrients (5). In addition, inflammatory responses
can distort intestinal integrity by modulating epithelial tight
junction complexes (6, 7). The cost of inflammation stems
from nutrient mobilization toward immune mechanisms and
loss of tissue function from collateral damage caused by such
mechanisms (8).

Immune cells, such as macrophages and lymphocytes,
secrete signaling molecules to regulate inflammatory actions.
Cytokines and other regulatory peptides modulate proliferation
or inhibition of different cell types related to inflammation.
Pro-inflammatory cytokines, such as IL-17, are associated
with inflammation and the recruitment of phagocytes to the
infection area. Comparably, IL-10 is an anti-inflammatory
cytokine that acts on target cells to reduce or inhibit the
production of pro-inflammatory cytokines. Inflammation is
a component of necessary immune reactions that clearly
modulate epithelial barrier integrity (9). Antibiotic growth-
promoters (AGPs) are used in feed to inhibit populations of
Clostridium perfringens and pathogens (10). Regulating bacterial
populations in the gut can reduce immunological responses and
consequently inflammation.

Concerns over AGP use in feed have encouraged the
evaluation of other nutritional strategies to support immune
function and disease prevention in poultry. The microbial
effects of several probiotics and other feed additives have been
assessed in poultry gastrointestinal tracts (11, 12). Lu et al.
(13) reported similar inflammatory cytokine IL-6 modulation by
AGP and plant or yeast-based antibiotic alternatives in young
broilers orally vaccinated with Eimeria species. Common feed
ingredients, such as minerals and vitamins, are necessary for
optimal health and performance. Dietary supplementation of
vitamins A, E, and D has been shown to play crucial roles in avian
immune modulation (14–16), and their inclusion in poultry diets
supports humoral and immune responses.

Vitamin D is a fat-soluble vitamin known for its role in
calcium and phosphorus homeostasis and bone mineralization.
Different metabolites of vitamin D can be included in production
animal diets. Dietary vitamin D is supplied in poultry diets as
vitamin D3 or as a combination of D3 and 25-hydroxyvitamin
D3 (25OHD3), a hydroxylated form of vitamin D3 and major
circulating vitamin D metabolite (17). The presence of the
vitamin D receptor in cells unrelated to mineral metabolism
suggests that vitamin D plays an important role in more
tissues (18). Vitamin D and its metabolites have been studied
in other areas, such as muscle development and immunity.
Dietary addition of 25OHD3 has resulted in increased broiler
performance relative to vitamin D3 supplementation only (19).
Both pro- and anti-inflammatory immunomodulatory effects
have been reported in the intestine and immune organs of
immune-challenged birds fed 25OHD3 compared to vitamin D3

only diets (20, 21). Furthermore, dietary inclusion of 25OHD3

modulates gene expression of intestinal tight junctions in layer
hens under stress conditions (22). Immunomodulatory effects of

25OHD3 in intestinal tissues of broiler chickens could regulate
local inflammation and support epithelium integrity. This study
was designed to determine the impact of dietary supplementation
with 25OHD3 on intestinal cytokine abundance and epithelial
barrier integrity over time in broilers.

MATERIALS AND METHODS

The Auburn University Institutional Animal Care and Use
Committee approved the use of live birds in this experimental
protocol (PRN 2017-3212).

Bird Husbandry
Broiler chicks were raised as described by Leiva et al. (23).
In brief, day-old, male, unvaccinated Yield Plus × Ross 708
broiler chicks were obtained from the University of Georgia
at Athens (n = 168). On the day of placement, chicks were
identified with a wing tag and randomly allotted in groups of
four to raised floor pens (0.05 m2/bird) located in a solid-sided,
temperature-controlled, and dehumidified research facility. Each
pen was bedded with new pine shavings, contained individual
metal feeders, and 2 nipple waterers. During days 1 through
7, a supplemental plastic feeder was included in each pen to
facilitate feed consumption. On day 7, broilers were reallocated
to individual pens (n = 168; n = 84 pens/treatment) with their
correspondent dietary treatment (n = 1 bird/pen; 0.20 m2/pen).
The ambient temperature was set to 32◦C at placement and
gradually reduced to 21◦C by day 21 to maintain bird comfort.
Birds were reared with a photoperiod of 23 h at 30 lux of light
intensity during the first 7 days of age, followed by an 18 h
light period at 10 lux from days 8 to 21. Broilers were fed 1
of 2 corn and soybean-meal–based treatment diets formulated
to contain 5,000 IU of D3 per kg of feed (VITD3), or 2,240
IU of D3 (Rovimix D3 500; DSM Nutritional Products Inc.,
Parsippany, NJ) + 2,760 IU of 25OHD3 (69 µg Rovimix Hy-D;
DSM Nutritional Products Inc.) per kg of feed (25OHD3). Feed
was provided as a starter crumble diet throughout the experiment
(day 1 to 21), and feed and water were offered ad libitum. Diets
were analyzed by DSM Nutritional Products TMAS laboratory
(Beldivere, NJ). Association of Official Agricultural Chemists
(AOAC) official method 2011.12 was used to measure vitamin D3

content (Table 1). The concentration of 25OHD3 in the feed was
measured using HPLC and mass spectroscopy (Table 1).

Sample Collection
On days 3, 6, 9, 12, 15, 18, and 21 post-hatch, 12 birds per
treatment from 12 randomly selected blocks were euthanized
by cervical dislocation. Duodenum tissue samples were collected
just distal to the duodenal loop to prevent the inclusion of
pancreatic tissue. Ileum tissue samples were collected 4 cm
proximal to the cecal tonsil attachment. Following excision of
tissues, samples were immediately flushed with tris buffered
saline (TBS; pH 7.4; Thermo Fisher Scientific, Fair Lawn, NJ)
to remove intestinal contents, flash-frozen in liquid nitrogen,
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TABLE 1 | Composition of broiler diets.

Ingredients, % Broiler dieta

D3 25OHD3

Ground corn 50.96 50.96

Soybean meal 38.50 38.50

Dried distiller grains 3.00 3.00

Soybean oilb 2.50 2.50

Dicalcium phosphate 1.80 1.80

Limestone (fine) 1.50 1.50

Salt 0.40 0.40

DL-Methionine 0.35 0.35

L-Lysine 0.15 0.15

L-Threonine 0.04 0.04

Choline chloride 60% 0.10 0.10

Trace mineral premixc 0.10 0.10

No-D3 Vitamin premixd 0.05 0.05

D3 premixed hand-adde 0.05 -

25OHD3 hand-addf - 0.50

Amprol (Coccidiostat) 0.05 0.05

Total 100.00 100.00

Calculated nutrients

Vitamin D3, IU per kg of diet 5,000.00 2,240.00

25-Hydroxycholecalciferol, IU per kg - 2,760.00

Crude protein, % 23.40 23.40

Ca, % 1.00 1.00

Available P, % 0.40 0.40

ME, kcal per kg of diet 2,940.00 2,940.00

Digestible lysine, % 1.20 1.20

Digestible methionine, % 0.60 0.60

Analyzed nutrients

Vitamin D3, IU per kg of diet 4,390.00 2,144.00

25-Hydroxycholecalciferol, IU per kg - 1,978.00

aStarter (crumble): days 0 to 21. bSprayed 1.5% post-pellet. cSupplied per kg of diet:

Mn, 109mg as Mn sulfate; Zn, 90mg as Zn sulfate; Fe, 27mg as ferrous sulfate; Cu,

7mg as basic Cu chloride; I, 1.3mg as ethylenediamine hydroiodide; and Se, 0.3mg as

sodium selenite. dSupplied per kg of diet: vitamin A, 12,474 IU; vitamin E, 100mg; vitamin

K, 4mg; thiamine, 3mg; riboflavin, 8mg; pyridoxin, 4mg; cobalamin, 0.03mg; niacin,

60mg; pantothenic acid, 15mg; folic acid, 2.5mg; and biotin, 0.4mg. eSupplied per kg

of diet: 5,000 IU of vitamin D3. fSupplied per kg of diet: 69µg of 25-hydroxycholecalciferol

equivalent to 2,760 IU.

and stored at −80◦C prior to analysis for protein expression by
quantitative, fluorescent Western Blotting as described later.

Protein Extraction
Duodenum and ileum tissue samples (≈100mg) were placed
in ice-cold T-PER lysis buffer (Cat. No. 78510; Thermo Fisher
Scientific) supplemented with a 2X final concentration of Halt
protease and phosphatase inhibitor cocktail (Cat. No. 78441;
Thermo Fisher Scientific). Samples were homogenized using a
Qiagen TissueLyser II (Cat. No. 85300; Qiagen, Germantown,
MD, United States) two times at 30Hz for 2min. Following
homogenization, samples were centrifuged at 12,000 × g
for 10min. Supernatants were removed carefully and protein

concentrations were determined using a Pierce BCA Protein
Assay Kit (Cat. No. 23225; Thermo Fisher Scientific) with
a NanoDrop One spectrophotometer (ND-ONEC-W; Thermo
Fisher Scientific). The stock sample was divided into aliquots and
stored at−80◦C until analysis.

Primary and Secondary Antibodies
Primary antibodies used were as follows: mouse monoclonal
IgG2b anti-IL-10 (1:1,000 dilution; Cat. No. SC-365858; Santa
Cruz Biotechnology; Santa Cruz, CA, USA); rabbit polyclonal
IgG anti-Chicken IL-17 (1:2,000 dilution; Cat. No. LS C294849;
Lifespan Biosciences; Seattle, WA, USA); mouse monoclonal
IgG2b anti-claudin-1 (1:300 dilution; Cat. No. SC-166338;
Santa Cruz Biotechnology; Santa Cruz, CA, USA); and
rabbit polyclonal IgG anti-Rat TJP1/ZO-1 (1:1,500 dilution;
Cat. No. LS C145545; Lifespan Biosciences; Seattle, WA,
USA). Primary antibodies were detected using the following
secondary antibodies (1:10,000 dilution; Invitrogen, Thermo
Fisher Scientific Inc.; Waltham, MA, USA): Alexa-Fluor 488
conjugated goat anti-mouse IgG1 (Cat. No. A-11008) and Alexa-
Fluor 555 Plus conjugated goat anti-mouse IgG (Cat. No. A-
32727).

Western Blotting
Samples at 30 µg of total protein were mixed with T-PER
lysis buffer to achieve an 8-µl final volume. Samples used to
analyze Claudin-1 expression utilized 60 µg of total protein.
Samples were then mixed with 1 µl of Cy5 dye from the
Amersham QuickStain Protein Labeling Kit (Cat. No. RPN4000;
GE Healthcare, Chicago, IL, USA) for a total protein stain.
Samples were incubated at room temperature with no light
for 30min using an Amersham QuickStain Protein Labeling
Kit. Subsequently, 4X Protein Sample Loading Buffer (Cat.
No. 928-40004; LI-COR Biosciences; Lincoln, NE, USA) and
β-mercaptoethanol were added to each sample to achieve
a final concentration of 1X sample buffer and 10mM β-
mercaptoethanol. Samples were vortexed and then heated in a
water bath at 95◦C for 3min. Samples were loaded onto 24-well,
4 to 20% gradient Criterion TGX precast midi gels (Cat. No.
5671095; Bio-Rad, Hercules, CA, United States) with Amersham
ECL Plex Fluorescent Rainbow Markers (Cat. No. RPN851E;
GE Healthcare) added to first and last lanes of each gel as
a marker of molecular weights. Gels were electrophoresed at
85V for 15min and then 125V for 60min (until the dye front
reached the bottom of the gel) in a Criterion ElectrophoresisMidi
Vertical Cell (Cat. No. 1656001; Bio-Rad). After electrophoresis,
gels were transferred to low-fluorescent polyvinylidene fluoride
(PVDF) membranes from a Trans-Blot Turbo RTA Midi LF
PVDF Transfer Kit (Cat. No. 1704275; Bio-Rad) using a Trans-
Blot Turbo Transfer System (Cat. No. 1704150; Bio-Rad).
Membranes were then blocked for 1 h at room temperature using
Intercept (TBS) Blocking Buffer (Cat. No. P/N: 927-60001; LI-
COR Biosciences). After blocking, membranes were incubated
in primary antibodies: IL-10 and IL-17, Claudin-1, or ZO-1
diluted in Intercept T20 (TBS) Antibody Diluent (Cat. No.
P/N:927-65001; LI-COR) overnight (∼16 h) at 4◦C. Following
incubation in primary antibodies, membranes were washed three
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times for 5min each in tris-buffered saline + 0.01% Tween 20
(TBST). Membranes were incubated in AlexaFluor Plus 555 and
AlexaFluor 488 secondary antibodies diluted in Intercept T20
(TBS) AntibodyDiluent at room temperature for 1 h.Membranes
were then washed three times for 5min each in TBST and allowed
to air dry for 3 h in a dark room.

Image Capture and Analysis
Dried membranes were imaged using an Amersham Imager 600
(Cat. No. 29083461; GE Healthcare) using fluorescent settings
for green/Cy3 (IL-10, Claudin-1, and green fluorescent protein
ladder markers), blue/Cy2 (IL-17 and ZO-1), and red/Cy5 (total
protein and red fluorescent protein ladder markers) channels on
automatic exposure time. Fluorescent band intensity for target
proteins and total proteins were quantified using ImageQuant TL
8.1 software (Cat. No. 29000737; GE Healthcare). Target proteins
were measured relative to the total protein of each lane.

Statistical Analysis
Data were subjected to one-way ANOVA using Statistical
Analysis Software (SAS) version 9.4 (SAS Institute Inc., Cary,
NC) generalized linear mixed model (GLIMMIX) procedure in
which DIET served as a fixed effect. Bird (n = 168) served as
an experimental unit. Proportional data were analyzed using the
events/experiments syntax with a binomial distribution and both
continuous and proportional data were analyzed using an R-side
covariance structure. Pairwise least square mean comparisons
were performed using the PDIFF option of SAS. Means were
declared different when P ≤ 0.05.

RESULTS AND DISCUSSION

Intestinal Cytokine Abundance
The effects of vitamin D on mammalian immunity are
well documented (24). Poultry findings display conflicting
immunomodulatory effects of 25OHD3 on in-vitro–cultured
chicken macrophage cell lines. Shojadoost et al. (25) reported
a reduction in chemokine CXCL8 and pro-inflammatory
interleukin IL-1β gene expression by 25OHD3-pretreated chicken
macrophages 24 h post-lipopolysaccharide (LPS) stimulation.
Another research group concluded that chicken macrophages
cultured in a 25OHD3-supplemented medium increased mRNA
levels of IL-1β and IL-10 after 48 h of LPS stimulation (26).
Thus, modulation of pro- and anti-inflammatory cytokines by
chicken immune cells can be attributed to 25OHD3 treatment.
Similar results are reported in live bird experiments, Morris et
al. (27) noted lower IL-1β mRNA amounts in the liver of 28-
day-old broilers fed 25OHD3 compared with the broilers fed
vitamin D3 only, following LPS injection. Yet, unchallenged
broilers had similar gene expression regardless of dietary vitamin
D form supplemented. Authors suggest an effect of 25OHD3 on
extrarenal activation of vitamin D by 1α-hydroxylase, known
to catalyze the synthesis of vitamin D into its active form
in the kidney. A dose-response to 25OHD3 was observed in
the immune organs of broilers fed low-nutrient levels. The
spleen of broilers fed low calcium and phosphorous diets with
the aforementioned recommended addition of 25OHD3 (9,800

IU/kg) had a greater transcription of toll-like receptors and anti-
inflammatory cytokines IL-4, IL-10, and IL-13 compared with
those fed optimal levels of calcium or lower supplementation
of 25OHD3 (≤2,760 IU/kg) (28). But mRNA quantification in
the bursa of Fabricius, an essential organ for the development
of adaptive immunity, reveals an opposite response for IL-
4 and IL-13. The effect of 25OHD3 in broiler immune cells
and signaling molecules is apparent when exposed to an
immune challenge or stressor, but the response can vary
among tissues.

In this study, dietary treatments did not influence
the abundance of duodenal cytokines in broilers
(Supplementary Figures S1–S7). However, dietary inclusion
of 25OHD3 in broiler diets decreased the expression of pro-
and anti-inflammatory cytokines in ileal tissues of 18- and
21-day-old broilers compared with the diets containing vitamin
D3 as the only source of vitamin D (Figures 1, 2, respectively).
Similar intestinal cytokine abundance among vitamin D
treatments from days 3 to 15 is supported by previous findings
under unchallenged conditions (27). However, expression of
pro-inflammatory IL-17 decreased in 18-day-old-broilers fed

25OHD3 (0.488 vs. 0.595 relative to total protein; P = 0.041;
Figure 1A) and this was sustained for 21-day-old-broilers
(0.573 vs. 0.703 relative to total protein; P = 0.024; Figure 2A).
Meanwhile, anti-inflammatory IL-10 abundancy also decreased
in 21-day-old-broilers fed 25OHD3 (1.265 vs. 1.719 relative
to total protein; P = 0.019; Figure 2A). Literature indicates
cytokine transcription differences among broilers fed different
dietary vitamin D metabolites only when broilers are under a
physiological stressor (27–29). Broilers used in this experiment
were not intentionally exposed to immunological stress, so
these differences cannot be attributed to a certain stimulus.
It is reported that the addition of 25OHD3 to human CD4+
T cells inhibited T helper 17 (Th17) cell differentiation (30).
Th17 lymphocytes secrete pro-inflammatory IL-17 and play an
important role in adaptive immunity (31, 32), hence, decreased
IL-17 expression may be an indirect effect of 25OHD3 on
Th17 lymphocyte differentiation. In the nucleus, the ligand-
binding activates the vitamin D receptor (VDR) which acts as
a transcription factor (33). Recruitment of retinoid X receptors
(RXR) by 1,25OHD3-bound VDR forms a heterodimer complex
that binds to VDR response elements (VDREs) in promoter
regions of responsive genes (34). Multiple immune-related
genes in human monocytes are targeted by vitamin D (35).
The interactive response of avian immune-related genes to
external stimuli and different vitamin D metabolites is elusive.
However, greater 25OHD3 inclusions (110 vs. 25 µg/kg of feed)
upregulate mRNA amounts of IL-10 and CD4+CD25+ immune
cells in the cecal tonsils of turkeys challenged with Eimeria
maxima oocyst (20), suggesting anti-inflammatory actions.
Our results provide evidence of broiler cytokine modulation
by different vitamin D metabolites without an intentional
immune challenge.

Intestinal Tight Junction Abundance
Epithelial cells are bound together by tight, adherent, and
gap junction complexes. These proteins prevent the entry of
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FIGURE 1 | Effect of dietary 25-hydroxycholecalciferol supplementation on 18-day-old broiler chicken ileal protein abundance. In total, 24 birds were sampled on

each sampling day (n = 12 birds of each treatment). Dietary treatments: VITD3 = 5,000 IU of vitamin D3 per kg of broiler chicken feed; 25OHD3 = 2,760 IU of

25-hydroxycholecalciferol + 2,240 of vitamin D3 per kg of broiler chicken feed. Protein expression was measured using quantitative, fluorescent Western Blot relative

to total protein. (A) IL-10, IL-17, ZO-1, and Claudin-1 protein abundance. (B) Day 18 representative fluorescent Western Blot. Abundance of IL-17 was grater for

VITD3-fed birds. a,bBars with different superscripts differ at P ≤ 0.05.
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FIGURE 2 | Effect of dietary 25-hydroxycholecalciferol supplementation on 21-day-old broiler chicken ileal protein abundance. In total, twenty-four birds were

sampled on each sampling day (n = 12 birds of each treatment). Dietary treatments: VITD3 = 5,000 IU of vitamin D3 per kg of broiler chicken feed; 25OHD3 = 2,760

IU of 25-hydroxycholecalciferol + 2,240 of vitamin D3 per kg of broiler chicken feed. Protein expression was measured using quantitative, fluorescent Western Blot

relative to total protein. (A) IL-10, IL-17, ZO-1, and Claudin-1 protein abundance. (B) Day 21 representative fluorescent Western Blot. Abundance of IL-10 and IL-17

was grater for VITD3-fed birds. a,bBars with different superscripts differ at P ≤ 0.05.
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pathogens and toxins and create selective channels to allow the
passage of ions (36). Transcription of intestinal tight junctions
of broilers is altered by immune challenges (37, 38) and nutrient
availability (39). An experiment involving VDR knock-out mice
suggests that the VDR-mediated action involves the stabilization
of intestinal epithelial junction complexes (40). Furthermore, a
functional VDRE is reported in the Cdx1 site of the epithelial
junction Claudin-2 promoter (41). Indicating a possible direct
modulation of the Claudin 2 gene by vitamin D. These claims
are supported by Kühne et al. (42) who reported lower duodenal
Claudin 2 abundance in VDR-knockout mice compared with
the wild type mice, while all other tight junctions were similarly
expressed among mice types. Evaluating the effect of vitamin
D metabolites on nutrient transport across poultry intestinal
epithelium has been a research focus due to the role of
vitamin D in mineral metabolism (43). Studies evaluating the
effect of vitamin D on broiler epithelium integrity are limited.
However, Putkey and Norman (44) observed a vitamin D-
induced decrease in accessibility of actin to iodination reagents
in the intestinal brush border of chicks. Actin is a protein
associated with the formation of tight junction complexes (45),
thus, vitamin D could alter components related to gut integrity
and function.

The expression of tight junction proteins in the duodenum
and ileum tissue samples was similar to our experimental dietary
treatments (Figures 1, 2; Supplementary Figures S1–S7). In
a similar study, layer hens under stocking density stress
conditions expressed lower Claudin-1 mRNA in jejunal mucosa
when diets use vitamin D3 as the only source of vitamin
D, as birds fed a combination of vitamin D3 and 25OHD3

maintained similar Claudin-1 gene expressions under low-
or high-stocking densities (22). In mammals, intestinal tight
junction expression of weaned pigs increased with a porcine
epidemic diarrhea virus infection challenge when 5.5 µg/kg
of 25OHD3 was supplemented in diets (46). Although higher

25OHD3 inclusions (118 and 155.5 µg/kg of feed) did not
generate this increase. Thus, modulation of intestinal tight
junctions by dietary 25OHD3 supplementation is subject to
inclusion rates. However, 25OHD3 did not influence tight
junction abundance at the rate supplied in this experiment
(69 µg/kg).

Intestinal Cytokine Abundance Over Time
Intestinal cytokine modulation is affected by bird age. Xu et al.
(47) observed a linear increase of anti-inflammatory cytokines
genes from days 0 to 21 in the ileum of pigeon squabs, but a
linear decrease for pro-inflammatory cytokines. In the broilers,
an increase in mRNA expression of IL-1β and IL-2, a decrease in
IL-8, and similar levels for IL-17 were detected in the jejunum
of broilers from day 22 to day 28 post-hatch (48). A study
involving 3 sample-collection timepoints noted a quadratic trend
in IL-1β and IL-10 mRNA expression in the ceca of broilers
sampled in weeks 1, 3, and 6 (49). Expression patterns of
inflammatory cytokines in the duodenum and ileum for this
study are presented in Figure 3. The relative abundance of
both IL-10 and IL-17 was significantly (P < 0.0001) affected by
age and displayed a cubic trend (P < 0.0001) over time. The

greatest relative expression of duodenal IL-10 was observed on
days 3 and 12, both followed by a linear decrease (Figure 3A).
Broilers sampled on day 21 post-hatch had the lowest duodenal
IL-10 abundance. Contrastingly, ileal IL-10 relative abundance
was lowest on day 3, then increased linearly until day 9,
remained constant from day 9 to 15, followed by a decrease on
days 18 and 21 (Figure 3C). Expression of IL-17 was greater
on day 3 for both intestinal tissues. Relative abundance was
lowest in the duodenum on day 18 (Figure 3C) and in the
ileum on days 18 and 21 (Figure 3D). In a similar study,
Song et al. (50) evaluated the development and functionality
of the immune system in broilers from days 0 to 35 post-
hatch by measuring relative amounts of immune-related genes
in serum and ileum mucosa samples. This research group
concluded that the immune system matures until days 30 to
34 and has not developed or functions well in 6- to 13-day-
old broilers. Contrasting with our results, they observed lower
transcription of cytokines in ileum of 7-day-old compared with
21-day-old broilers. Differences in sampling locations, target
proteins, and quantification techniques may explain some of
these differences.

Intestinal Tight Junction Abundance Over
Time
In increased intestinal barrier integrity, tight junction expression
is expected to increase. Tight junctions have a highly dynamic
nature, these proteins can be remodeled and redistributed in
response to various stimuli in different regions of the small
intestine including dietary protein, amino acid concentration,
and nutrient transporters (51). Intestinal tight junction protein
abundance for this experiment is presented in Figure 4. The
expression of ZO-1 and Claudin-1 was significantly (P < 0.0001)
affected by age. The expression pattern of ZO-1 follows a cubic
trend (P < 0.0001) for duodenum and ileum tissue samples,
while that of Claudin-1 displays a quadratic trend (P ≤ 0.0401).
Duodenal ZO-1 abundance was highest on days 3 and 6,
proceeded by day 15, and was lowest in 21-day-old broilers
(Figure 4A). However, ZO-1 abundance in the ileum was the
lowest on day 3, increased on day 6, decreased on day 9, and
linearly increased until day 18 (Figure 4B). In the duodenum,
12-, 15-, and 21-day-old broilers presented the greatest Claudin-
1 relative expression, numerically lower abundance was observed
on day 3 but was similar to days 6 and 9 (Figure 4C). Ileal
Claudin-1 relative expression was the highest on days 3, 9, 12,
and 21, the lowest on days 6 and 18, and intermediate on day 15
(Figure 4D). Claudin-1 results from this experiment differ from
a similar experiment that measured mRNA levels of Claudin-
1 and ZO-1 in the jejunum and ileum of broilers from days
0 to 14. In their experiment, Proszkowiec-Weglarz et al. (52)
observed a constant decrease in gene expression of Claudin-1
from days 3 to 14 in both jejunum and ileum tissue samples.
However, an increase in ZO-1 mRNA abundance was reported
from days 3 to 10, followed by a decrease until day 14. Similar
fluctuation in ZO-1 abundance in the ileum was observed in our
experiment for different timepoints. It is important to note that
Proszkowiec-Weglarz et al. (52) observed a higher expression
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FIGURE 3 | Effect of bird age on intestinal cytokine protein abundance. On each sampling day, a total of 24 birds (n = 12 birds of each treatment from 12 blocks)

were selected for tissue collection. Protein expression was measured using quantitative, fluorescent Western Blot relative to total protein. (A) Duodenal IL-10

abundance. (B) Duodenal IL-17 abundance. (C) Ileal IL-10 abundance. (D) Ileal IL-17 abundance. a−eBars with different superscripts differ at P ≤ 0.05.

of tight junction-related genes in both tissues 4 h post-hatch
compared with the subsequent sampling time points. Functional
maturation of GIT is triggered bymicrobiota and dietary antigens
immediately after hatch (53). As bacterial communities in the
intestine fluctuate along the life cycle of a chicken (54, 55),
immune and tight junction proteins could be responding to
these changes.

Our findings demonstrate cytokine downregulation by dietary

25OHD3 supplementation in the small intestine of broiler

chickens in an environment set for homeostatic conditions.
Dietary 25OHD3 supplementation decreased the expression of
both anti- and pro-inflammatory molecules compared with
broilers fed vitamin D3 as the only source of vitamin D.
Distinct from previous work on poultry, where 25OHD3

supplementation displayed regulation of cytokine genes only
after the infliction of an immune challenge (21, 28, 29), this
study suggests cytokine modulation in the ileum by dietary

25OHD3 supplementation. Effects of 25OHD3 supplementation
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FIGURE 4 | Effect of bird age on intestinal tight junction protein abundance. On each sampling day, a total of 24 birds (n = 12 birds per treatment) were selected for

tissue collection. Protein expression was measured using quantitative, fluorescent Western Blot relative to total protein. (A) Duodenal ZO-1 abundance, (B) Duodenal

Claudin-1 abundance, (C) Ileal ZO-1 abundance, and (D) Ileal Claudin-1 abundance. a−eBars with different superscripts differ at P ≤ 0.05.

on immune parameters were observed in the older birds, which
could indicate the importance of this metabolite at later phases
of growth. Therefore, future studies aimed at determining the
effects of dietary 25OHD3 inclusion on the intestinal abundance
of immunomodulatory molecules should consider bird age and
potential external stimuli.
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The purpose of the study was to assess the recovery, immune function, and breeding

efficiency of postpartum dairy cows fed Astragalus membranaceus (AM) as a feed

additive. The experiment used a completely randomized design. Cows were randomly

assigned to two groups: (1) Control group fed total mixed ration (TMR; CON group, n

= 15); (2) AM group fed TMR and AM (AM group, n = 15). The AM group was fed

675 g/day. The experimental results showed that compared with the CON group. The

breeding interval of the AM group of dairy cows had a tendency to shorten (0.05 < p

< 0.1). Plasma viscosity (PV), Plasma fibrinogen (FIB), the red cell aggregation index

(TRCAI), Calcitonin (CT), Immunoglobulin M (IgM), and Luteinizing hormone (LH) results

of AM group showed a time-treatment interaction (p < 0.05). Furthermore, the result of

the study revealed that feeding AM as feed additives to dairy cows during the postpartum

period had positive effects on wound recovery, immune function, endocrine regulation,

and breeding efficiency.

Keywords: postpartum dairy cows, Astragalus membranaceus, plant additives, postpartum recovery, alternative

to antibiotics

INTRODUCTION

The perinatal period is a special and important part of the production cycle of dairy cows because
the health of dairy cows during the perinatal period will directly affect the subsequent milk
production and breeding (1). The physical health of cows during the perinatal period is highly
challenged due to enormous pressure from calving and subsequent lactation (2). Cows within the
perinatal period experience perinatal weakness or diseases such as metritis, postpartum paralysis,
and various inflammations arising from wound infection (3). These diseases possess serious harm
to the production of dairy cows, and dairy cows may even be culled (4). The administration of
antibiotics has long been the only option employed to help cows through the perinatal period,
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especially the difficult post-perinatal period (5). However, the
large-scale use of antibiotics, notably in the animal feed and
food industry (6), is of major concern due to the presence of
residues of antibiotics within animal products (meat, milk, and
dairy products) which pose a threat to human health (7). Recently
within the food industry, consumers have been very critical and
mostly oppose the purchase of foods containing antibiotics (8).

Plants usually contain a variety of bioactive substances with
anti-inflammatory and bacteriostatic effects, such as flavonoids,
phenols, and terpenes (9). Numerous studies have demonstrated
the positive effects of plants and plant extracts on animal
growth and health (10). Astragalus membranaceus (AM) is
a leguminous plant widely distributed in temperate regions
of the world. AM is also a widely used medicinal plant
(11). The previous studies have shown that AM contains
more than 100 active substances. The major phytoconstituents
of Astragalus species with beneficial properties are saponins,
flavonoids, and polysaccharides (12). AM is a plant with
various effects such as antioxidant, anti-inflammatory, antiviral,
and promoting wound recovery (13). There are around 170
saponins of the cycloartane- and the oleanane type (14).
Astragaloside IV has anti-inflammatory, antioxidant, anti-
aging, and preventing arteriosclerosis properties (15), and
has the function of protecting the nervous system (14).
Regarding its anti-infective properties, its mechanism may
involve inhibition of viral replication (16). There are over 60
kinds of flavonoids compounds, such as isoflavones, rosetanes,
flavonols, isoflavonols, and dihydroisoflavones (17); isoflavones
are the main active substances (18). These flavonoids confers
anti-inflammatory, antiviral (18), anti-infection, and anti-
osteoporosis effects on AM (19). More than 30 kinds of
A. membranaceus polysaccharides (APS) have been found in
AM, and their pharmacological activities have been verified
in both in vivo and in vitro studies. The main dextran and
heteropolysaccharides have anti-inflammatory and immune-
enhancing properties (20). The previous studies have shown that
APS can directly, or insights inhibit the replication of a variety of
animal viruses (21). AM fed to lambs had positive antioxidant
effect and feed intake. Feeding AM extract specifically A.
membranaceus polysaccharide to mice significantly improved
their immunity (22). Furthermore, feeding fermented AM as an
antibiotics replacement to laying hens promoted hens immunity,
anti-inflammatory, and antioxidant effects (23). Feeding AM
root powder to fattening sheep improved their antioxidant and
immune function (24). AM has anti-inflammatory, antiviral, and
immune-boosting effects. However, in the existing literature,
there is scarcity of research assessing the potential use of AM
to alleviate the negative impact associated with the difficult
perinatal period experienced by dairy cows. It is, therefore,
hypothesized that, the various bioactive substances contained
in AM would help the uterus and body of dairy cows
recover as soon as possible without the use of antibiotics. This
would ensure that dairy cows can smoothly enter the next
production cycle.

Thus, this experiment utilized an AM-based additive, which
was fed to dairy cows in the post-perinatal period for
21 days.

TABLE 1 | Astragalus membranaceus (AM) feed additive contents.

Items Content, %

Astragalus membranaceus powder 20

Brown sugar 8

Yeast powder 10

Corn 34

Soya bean meal 10

Salt 1

Palm oil 2

Flax meal 10

Bran 5

Total 100

MATERIALS AND METHODS

Ethical Considerations
All Holstein bovines used in this research were strictly cared for
in accordance with the principles of the Institutional Animal Care
and Use Committee (IACUC) of Yangzhou University (SYXK
(Su) 2016-0019).

Source of Astragalus membranaceus
The raw material of traditional Chinese medicine used in this
experiment was provided by the Nanjing University of Chinese
Medicine. The main raw material was AM powder, which was
processed into granular feed by Jiangsu Youxin Feed Company.

Experimental Design, Animals, Diets, and
Management
The experiment was conducted from October to December
2021 at the Experimental Base of Animal Nutrition and Feed
Engineering Research Center, Yangzhou University (China). The
experiment used a completely randomized design. Cows were
randomly assigned to two groups: (1) Control group fed total
mixed ration (TMR) (CON group, n = 15); (2) AM group fed
TMR and AM (AM group, n= 15). All 30 experimental Holstein
cows were first-born cows, and had similar body weight (613.4±
32.6 kg) and health status. The AM group supplement 675 g/day
feed additives containing AM supplements are provided by the
Nanjing University of Chinese Medicine and the composition of
the AM is shown in Table 1. The composition of the TMR is
shown in Table 2. The trial commenced on the day parturient
cows calved and followed by the feeding of AM feed additive. The
duration of the experiment was 21 days. All 30 Holstein cows had
free access to TMR (105%) and freshwater. Holstein cows were
fed at 8:00 and 14:00 and at 21:00. The time of milking was the
same as the time of feeding.

Data Collection and Analysis
The experiment began after the parturition of the experimental
cows. The body measurements were carried out on the 7th, 14th,
and 21st days postpartum. The body weight of the cows was
calculated based on body measurement. The lochia discharge of
the cows was observed and recorded every day. The breeding
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situation of experimental cows was monitored by recording the
success rate of breeding cows within 60 days after giving birth.

Two sets of vacuum collection tubes (non EDTA and EDTA)
was used to collect 10ml of tail vein blood on the 0th, 1st,
7th, 14th, and 21st days postpartum. Non EDTA set of tubes
were centrifuged immediately at 3,000 rpm at 4 ◦C for 30min.
The supernatant was collected and stored at −80 ◦C for
subsequent analysis.

The EDTA tube was promptly dispatched to Yangzhou
University Animal Hospital for blood routine indicators.

After all experimental bovine serum has been collected, the
cow serum samples were be tested for platelet count (PLT),

TABLE 2 | Basal diet formulations and nutritional contents (DM basis, %).

Items Content

Alfalfa hay 8.39

Oat hay 6.43

Whole corn silage 52.18

Corn 8.1

Soya bean meal 10.8

Cotton seed meal 6.8

DDG 4.8

Premix1 2.5

Total 100

Nutrient levels

CP 15.15

EE 3.75

NDF 33.51

ADF 21.72

Ash 7.12

Calcium 0.42

Phosphorus 0.25

NEL (MJ/kg)2 6.14

DDGS, distiller dried grains with soluble; CP, crude protein; EE, ether extract; NDF, neutral

detergent fiber; ADF, acid detergent fiber.
1Per kilogram of premix provide 55mg ofMn asMnSO4; 62.5mg of Zn as ZnSO4; 0.55mg

of Se as Na2SeO3; 75mg of Fe as Fe2 (SO4 )3; 32mg of Cu as CuSO2; 1.00mg of I as KI;

0.55mg of Se as Na2SeO3; 0.40mg of Co as CoCl2; 1,100,000 IU of Vitamin A; 270,000

IU of Vitamin D; 200,000mg of Vitamin E; 4,200mg of Vitamin K3.
2Predicted values from NRC (2001) model (25).

plasma viscosity (PV), plasma fibrinogen (FIB), the red cell
aggregation index (TRCAI), IL-2, IL-6, C-reactive protein (CRP),
Calcitonin (CT), IgM, IgG, IgA, prostaglandin 2α (PGF2α),
Gonadotropin-releasing hormone (GnRH), prolactin (PRL),
estradiol (E2), luteinizing hormone (LH), follicle stimulating
hormone (FSH), and progesterone (P).

Clotting time serum sample testing was done by Beijing
Huaying Biotechnology Company.

Statistical Analysis
The analysis was performed using SPSS statistical software,
version 20.0 (IBM Corporation, Armonk, New York, USA) and
the model included the random effect of cow, period, and
treatment sequence and the fixed effects of a covariate, treatment,
day of treatment, and their interaction. In addition, Table 4 used
an independent sample t-test. Different letters indicate significant
differences (p< 0.05), and the same letters indicate no significant
differences (p > 0.05).

RESULTS

Cow Performances and Reproductive
Performance
No interaction between time and treatment was observed in the
results of this trial in the measurement of chest circumference
(p > 0.05, Table 3). Nonetheless, after treatment, the AM group
showed significantly higher results than the CON group in terms
of bust circumference (p < 0.05, Table 3). A similar trend was
observed with respect to the calculated body weight (p < 0.05,
Table 3). However, no interaction of time and treatment was
observed in the results of body oblique length. This finding is
similar to that of other scholars, thus adding AM to the diet
can increase the energy intake of animals. This relieved the cows
negative energy balance after birth, but did not stop it. In terms

TABLE 4 | Time from calving to next pregnancy in AM and CON.

Items Treatments SEM p-value

CON AM

Calving to pregnancy (day) 126.10 112.00 7.21 0.07

TABLE 3 | Effects of AM on body condition of dairy cows in perinatal period.

Items Treatments SEM p-value

CON AM Time Treat Interaction

7 days 14 days 21 days 7 days 14 days 21 days

Chest circumference (m) 2.10 2.08 2.05 2.12 2.10 2.09 0.03 0.07 <0.01 0.79

Oblique length (m) 1.53 1.52 1.52 1.57 1.56 1.55 0.02 0.89 0.23 0.99

Weight1 (kg) 611.22 594.11 575.45 630.59 619.34 605.62 13.4 0.22 <0.01 0.93

1Wight was calculated, and the rest were measured.

Weight = chest circumferenc × chest circumferenc × oblique length × 90.
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FIGURE 1 | Coagulation index of CON and Astragalus membranaceus (AM) in Holstein dairy cows at 21 days postpartum. (A) Platelet count, (B) Plasma viscosity, (C)

Plasma fibrinogen, and (D) The red cell aggregation index. Data shown are means ± SEM. Different lowercase letters indicate significant differences.

of reproductive performance (Table 4), the time from calving to
pregnancy in the AM group was smaller than in the CON group,
and there was a downward trend (p = 0.07). This result is vital
and directly reflects the effect of this experiment in helping to
shorten the mating interval.

Coagulation Index
The results of this experiment show that AM plays a certain role
in helping blood coagulation and wound recovery in perinatal
dairy cows. The results show that the interaction of PV, FIB,
and TRCAI in time and treat is significant (p < 0.05). The PV
and TRCIA of AM group were significantly higher than the
CON group at 14 and 21 days of AM (p < 0.05, Figures 1B,D).
TRBIC trend was higher in AM group than in CON group for
14 days (p = 0.055). However, this difference did not appear in
the early stages of the experiment, that is, from the start of the
experiment to the 7th day of the experiment. The reason for this
phenomenon may be that drugs commonly require continuous
use to have a certain effect, so this is a normal phenomenon.
This phenomenon also appeared in the FIB result. There was no

significant difference between the AM group and the CON group
in the early stage of the experiment. However the AM group was
significantly higher than the CON group when FIB was fed AM
for 21 days (p< 0.05, Figure 1C). The results of this study showed
that there was no interaction between PLT time and treatment in
the AM group (p > 0.05, Figure 1A).

Inflammatory Factor and Immunoglobulin
The results showed that CRP, CT, and IL-6 had time-treat
interaction in the AM (p < 0.05, Figures 2A–D). Among
them, the interaction effect of CRP was due to the effect
of time, and the treatment did not bring about a significant
difference. The AM group had a higher trend than the
CON group when CT was fed for 14 days (Figure 2B).
However, this difference was only observed in the monitoring
results on day 14. IL-6 in the AM group tended to be
higher than the CON group when fed for 7 days (p =

0.074, Figure 2D). This trend is also appeared only on the
7th day.
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FIGURE 2 | Inflammatory factor of CON and AM in Holstein dairy cows at 21 days postpartum. (A) C-reactive protein, (B) Calcitonin, (C) IL-2, (D) IL-6. Data shown

are means ± SEM. Different lowercase letters indicate significant differences.

The effect of this test on immunoglobulin is shown in the
following aspects. There was a time–treat interaction for IgA (p
< 0.05, Figure 3A), with CON being significantly higher than
AM at 1-day feeding (p < 0.05). However, this significance faded
in subsequent monitoring, only to reappear at 14 days. The AM
group was significantly higher than the CON group at 14 days of
feeding (p < 0.05). There was an interaction trend between time
and treat of IgM in AM group (p = 0.04, Figure 3B). The AM
group was significantly higher than the CON group at both 1 and
21 days of feeding (p < 0.05). No differences were seen at other
monitoring times points.

Reproductive Hormones
The results showed that E2, P, and PGF2α had time–treat
interaction after AM feeding (p < 0.05, Figures 4A–F). A similar
trend was observed with GnRH (p = 0.06, Figure 4C). At the
beginning of the experiment, there was no difference in the
LH of AM and CON groups. Nevertheless, LH of AM group
was significantly higher than the CON group on days 14 and
21 of monitoring (p < 0.05, Figure 4D). There was an upward

trend in AM group when PLR was fed for 7 days (p < 0.05,
Figure 4G). No differences in PLR were found in monitoring at
other time points.

DISCUSSION

The AM is generally used by mixing a variety of plants in a
certain proportion. However, in the AM used in this experiment,
its main component is AM powder. Some experiments have
shown that adding AM to the basal diet will increase animal feed
intake (24), improve animal body condition and increase body
weight (26). Similarly, in this study, cows fed AM exhibited a
certain advantage in body condition. Although postpartum body
fat mobilization, body weight, and body indexes declined in all
experimental cows groups, cows fed AM experienced a smaller
decrease compared to the CON group. This is primarily due
to the fact that the cows are under intense stress after giving
birth, and the feed intake is at a low level, leading to a negative
energy balance and an overall poor body condition of the cows
(27). That notwithstanding, the results still indicated that adding
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FIGURE 3 | Immunoglobulin of CON and AM in Holstein dairy cows at 21 days postpartum. (A) Immunoglobulin A (IgA), (B) Immunoglobulin M (IgM), (C)

Immunoglobulin (IgG). Data shown are means ± SEM. Different lowercase letters indicate significant differences.

FIGURE 4 | Reproductive hormones of CON and AM in Holstein dairy cows at 21 days postpartum (A) Estradiol, (B) Follicle stimulating hormone, (C)

Gonadotropin-releasing hormone, (D) Luteinizing hormone, (E) Progesterone, (F) Prostaglandin 2α, (G) Prolactin.

AM alleviated the weight loss of dairy cows to a certain extent
during this period. While this does not completely stop the
cows from losing weight, it relatively helps to reduce the stress

cows experience during postpartum period. A cow in the better
physical condition is always more resistant to risks than a cow in
poor physical condition.
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Calving is a painful process, accompanied by heavy bleeding.
This severe bleeding is manifested not only in external wounds
but also in internal bleeding caused by the rupture of blood
vessels in the body (28). Hence, accelerating blood clotting can
help cows recover from vascular damage in the body, thereby
relieving a series of postpartum diseases caused by massive
bleeding in cows. In the present study, a number of indicators
revealed that adding AM to dairy cow feed in the postpartum
period could accelerate blood coagulation in dairy cows and help
cows recover wounds. At the same time, the TRCIA value of the
AM group was lower than that of the CON group (29), which
infer that this blood coagulation is not due to blood coagulation
originating from the aggregation of red blood cells (30). In other
words, the AM used in this study did not induce thrombus while
promoting blood coagulation in cows. The result of a previous
study involving rat-fed AM-containing feed is consistent with the
conclusions of this study (31). This is also in line with the theory
of qi and blood in traditional Chinese medicine (32). However,
the mechanism by which AM promotes blood coagulation is yet
to be elucidated.

The AM is a plant rich in various active substances,
such as flavonoids, polysaccharides, and terpenoids (13). These
active substances have various anti-inflammatory properties and
antioxidant functions (33). After calving, the immunity of the
dairy cows is at its lowest point, and concurrently, there are
huge wounds within the reproductive tract (34). These wounds
can be easily infected, causing reproductive tract inflammation
(35). The results of this experiment showed that both IL-6 and
CRP in the AM group were significantly lower than those in the
CON group. IL-6 and CRP are important inflammatory markers.
This difference in the levels of inflammatory markers means that
adding AM to postpartum feeds can effectively help animals fight
postpartum inflammation (36). The cows are able to recover from
this weakening period after parturition as soon as possible. For
the anti-inflammatory mechanism of AM, studies have shown
that extracts of AM inhibit gene expression of iNOS and TNF-α at
the transcriptional level (37), interfere with the NF-κB signaling
pathway, and then inhibit the expression of IL-6 and CRP (38).

The level of CT, to a certain extent, can indicate the degree
of bacterial infection experienced by the animal (36). In certain
period of dairy cows late perinatal stage, the content of CT
has other vital connotations. Cows enter the lactation stage
immediately after calving, and a large amount of calcium enters
the mammary gland for milk production (39). During this stage,
cows tend to mobilize bone calcium, resulting in a decreased
calcium content of bodily tissues (40). Excessive utilization of
bone calcium will cause osteoporosis in dairy cows, which can
cause skeletal diseases and bring huge losses to production (41).
CT has the function of inhibiting the activity of osteoclasts
and promoting the activity of osteoblasts (42). CT plays a huge
role in calcium homeostasis in dairy cows, and the level of
CT content determines to a certain extent whether dairy cows
can rapidly recover from postpartum weakness. Studies have
demonstrated that the CT content of normal cows after calving
is 3.9 times that of paralyzed cows (43). The results of this study
showed that the CT content of dairy cows in the AM group was
significantly higher than that in the CON group. This means that

the inclusion of AM in dairy cows diets had a positive effect on
postpartum dairy cow’s bone health. The previous studies have
shown that various extracts in AM can improve the immune
activity of animal bodies (44). The previous study had shown
that the inclusion of AM in mice diet is capable of treating
skeletal disease due to the ability of active substances in AM to
act on the RANKL-RANK pathway (45). This is in agreement
with the effect of AM used in this study on skeletal diseases of
dairy cows.

Immunoglobulin is a self-produced anti-toxic factor. Many
studies have proved that it plays an important role in animal
immunity (46). APS is the most important active substance in
AM. APS regulates the body’s immune function and the release
of immunoglobulins by increasing the immune organ index
(47), stimulating the release of immune factors and affecting
immune signaling (48). In this experiment, after adding AM
for a period of time, the IgM and IgA in the serum of the
experimental animals were significantly higher than those in the
CON group. This implies that the AM used in this experiment
can promote the production of immunoglobulins in dairy
cows and strengthen the immunity of animals. Under natural
conditions, the immunoglobulin level of dairy cows during the
perinatal period will be at a low level (4). The addition of
AM in this experiment can effectively alleviate this situation,
which is of special significance. Similar results were reported
with pigs fed a similar traditional Chinese medicine additive.
The immunoglobulin in the treatment group was significantly
higher than that in the control group, which confirms the effect
of traditional Chinese medicine feed additives in improving the
immunity of animals (49).

Compared with the CON group, the breeding rate of AM
group had an upward trend, which is a manifestation of
the effect of traditional Chinese medicine in this experiment.
Animals’ hormone levels tend to change significantly in the weeks
following delivery (50). LH level of dairy cows tended to increase,
E2 level remained for a period of time, and the P level decreased
in short time (51). The previous studies have shown that GnRH
stimulates the release of LH after parturition in dairy cows (52).
In this study, the LH of AM group was significantly higher than
that in CON group. LH is an important hormone that regulates
the estrus cycle of dairy cows and promotes ovarian recovery. The
increase of LH will stimulate the release of other sex hormones
to promote positive feedback, and under the combined action
of multiple sex hormones, help cows restore ovarian function,
and enter the next follicle maturation period (53). Compared
with the CON group, there was an upward trend in PRL in
the AM group. PRL is an important hormone that promotes
lactation and mammary gland development in animals. Research
has showed that PRL could promote the proliferation of cow
mammary epithelial cells (54).

CONCLUSIONS

In conclusion, the results of this study have shown that
the inclusion of AM positively impacts the reproductive
performance, immunity, and endocrine of dairy cows during the
perinatal period. This provides new ideas that can be used by
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dairy farmers to ensure the safe transition of cows during the
perinatal period and to reduce antibiotic dependence.
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The purpose of this study was to appraise the effect of the inclusion of multicomponent

synbiotic “Kormomix® Rumin” in feeding lactating Holstein cows on milk productivity,

indicators of rumen fermentation metabolism, and some hematological and biochemical

parameters of the blood. For this study, 40 highly productive Russian Holstein cows

were selected according to their productivity, physiological condition, live weight, and

age. They were divided into four groups (10 heads/each). All animals received the

basal total mixed ration (TMR), which was balanced and corresponded to the nutritional

requirements for cows during the milking period with a milk yield of 36 kg/daily. The first

group (control) fed basal (TMR) only while the 2nd, 3rd, and 4th group fed the basal (TMR)

supplemented with a multicomponent synbiotic “Kormomix® Rumin” in amounts 25, 50,

and 75 g/head/day, respectively, which was administered manually and individually after

morning feeding daily and mixing carefully together with the concentrates directly after

calving until 120 DIM. Milk, ruminal fluid, and blood samples were collected for studying

the studied parameters. The highest values in all studied milk parameters were recorded

in the 2nd experimental group but the differences were not significant. The inclusion of

“Kormomix® Rumin” increased significantly the synthesis of volatile fatty acids in the 2nd

experimental group (9.38 vs. 7.04 mmol/100ml) in the control group. The level of serum

α-Amylase (total) decreased significantly in the 2nd experimental group compared with

other groups. The urea level recorded the lowest value in the control group, while the

urea/creatinine ratio recorded the lowest value in the 4th group and the differences were

significant when compared with the 2nd group. Accordingly, the inclusion of synbiotic

“Kormomix® Rumin” in the diets of lactating cows has no impact on milk production.

Whereas, it improves the intensity of rumen fermentation, which contributes to more

efficient utilization of feed without any harmful effects on blood traits. Moreover, the

recommended dose for use in their diets is 25 g/head/day.

Keywords: Russian Holstein, multicomponent symbiotic, milk yield, rumen fermentation, hematological and

biochemical indicators
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INTRODUCTION

The process of developing dairy cattle breeding in Russia
has undergone significant changes in recent years. The milk
productivity of cows has increased up to 8,000–10,000 kg of
milk/cow/year. However, such realization of genetic potential
is possible only with a systematic approach providing a
unique attitude toward optimization of feeding conditions and
considering the biological peculiarities and metabolism of highly
productive animals in different physiological periods (1–4).

One of the important causes of culling highly productive
cows is the negative effects resulting from metabolic disorders.
These metabolic-related diseases in dairy cattle appear during the
period of intensive milk synthesis (mainly in the 1st lactation
phase). The linking between the rumen microflora and the
animal’s body is relatively constant, but its equilibrium depends
on one hand on the physiological and immunological status
of the body, and on the other hand, on the quantitative and
species composition as well as the biochemical activity of rumen
microorganisms (5–8).

When changing the feeding regime or the ration composition,
upon changing from drying to milking, it takes several days
for the organisms to adapt to the change in the proportions of
volatile fatty acids in the rumen. During this period, the activity
of cellulolytic bacteria and fungi may be inhibited. In this case,
the digestibility of structural and nonstructural carbohydrates
is reduced, as well as, protein and lipids, which will eventually
be reflected in the reduction of feeding efficiency of cows with
genetically laid high productivity (5, 9). Also, the use of a limited
set of feeds, violations in the technology of feed preparation,
improper grinding of feed products, poor weather conditions,
animal stress during rearing, and housing technology, all can
lead to inaccessibility or poor assimilation of nutrients in the diet
(10, 11).

The use of feed additives with antibiotics as growth promotors
in feeding high-yielding animals has been forbidden by the
European Union since 2006. The use of various chemical and
antibiotic-like feed additives in the diets of high-yieldingHolstein
cows to obtain ecologically safe food animal products in feeding
high-yielding animals is undesirable. In this regard, finding
alternative feed additives to prevent health problems, to increase
productivity and economic efficiency is necessary (8, 12–14).

These alternatives include digestive enzymes, probiotics,
prebiotics, phytobiotics, plant extracts, and multicomponent
feed additives with synbiotic action. Alternative feed additives
possessing biologically active substances and contributing to
better utilization of the nutrients in the ration and obtaining
ecologically safe milk are multicomponent synbiotics (feed
additives with live microorganisms and enzymes). Synbiotic is
defined as “amixture of probiotics and prebiotics that beneficially
affects the host by improving the survival and implantation
of live microbial dietary supplements in the gastrointestinal
tract, by selectively stimulating the growth and/or activating the
metabolism of one or a limited number of health-promoting
bacteria, and thus improving host welfare” (15). Multicomponent
synbiotics contain both probiotics and prebiotics in addition to
enzymes. Usage of synbiotics helps increase the digestibility of

structural carbohydrates, cow productivity, and milk quality and
optimizes the body’s metabolic processes (4, 7, 13).

At present, the use of multicomponent feed additives based
on probiotic cultures containing Bacillus subtilis and Bacillus
licheniformis, which regulate the rumen microbial synthesis
and allow reducing the adverse effects of evolving digestive
system diseases of young and adult animals, as well as the
consequences of feeding low-quality feed, is practiced worldwide
(4, 5, 13). Moreover, the inclusion of feed additives of pro-
and prebiotic action (synbiotics) contributes to increasing the
productivity of cows, improving the quality of milk, and the
intensity of rumen digestion (16, 17) had shown that, the use of
B. subtilis and B. licheniformis, complex enzymes, and probiotic
cultures positively affects animal productivity and stimulates the
fermentation of nutrients in the rumen of highly productive
dairy cows.

Therefore, the perspective directions of research are the
provision of multicomponent feed additive contains (probiotic,
prebiotic, and enzymes) to use nutrients and energy from
different components of the ration more effectively on the bases
of natural physiological processes in the rumen by supporting
and stimulating fermentation processes in the rumen (18).
Consequently, our research aimed to appraise the influence of
inclusion of multicomponent synbiotic “Kormomix R© Rumin” as
a feed additive in the ration of the lactating Holstein cows on the
milk productivity, indicators of rumen fermentation metabolism
as rumen pH, the concentration of volatile fatty acids (VFA)
and ammonia, as well as, some hematological and biochemical
blood parameters.

MATERIALS AND METHODS

Characteristics of Objects and Conditions
of Research
The research was conducted from December 2020 to June 2021
on a farm belonging to the joint-stock company “Plemkhoz
Naro-Osanovsky” of the Odintsovsky district of the Moscow
region, Russia. The experiment was conducted according to
methods approved by the scientific council of the Institute
of Zoology and Biology of the RSAU – MTAA (Protocol №.
198 from 12.10.2020). The animal study was reviewed and
approved by the Bioethics Commission of the Institute of Animal
Science and Biology of the Russian State Agrarian University —
Moscow Timiryazev Agricultural Academy (Protocol № 2021-4
from 12.10.2021).

Forty highly productive Holstein dairy cows during the dry
period (3 weeks before calving), giving into account their origin,
age, live weight, physiological condition, and milk production.
The animals were clinically healthy and kept under the same
conditions throughout the experiment (3 weeks before calving
until the end of the stage of lactation (120 DIM)). Cows were
milked three times/day (3×).

All animals under the study consumed the same total
mixed ration (TMR), which was nutritionally balanced and
corresponded to the feeding rate for cows during the milking
period with a milk yield of 36 kg of milk per day. The first
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TABLE 1 | Basal (TMR) composition fed to Russian Holstein cows.

Ingredients Amount/kg/day

Meadow bluegrass hay (Poa pratensis L.) 1.0

Corn silage 24.0

Grain and legume haylage 13.0

Beer pellet (fresh) 6.0

Beet pulp (fresh) 3.0

Compound feed 10.5

Sunflower cake 1.5

Sodium chloride 0.17

Limestone (calcium carbonate) 0.10

Disodium phosphate 0.10

group of animals served as control and received only the basic
(TMR) consistent with the normal standards of feeding highly
productive cows (Federal Research Center for Animal Husbandry
named after Academy Member L.K. Ernst (19) (Tables 1, 2).
while the 2nd, 3rd, and the 4th group fed the balanced (TMR)
supplemented with themulticomponent synbiotic “Kormomix R©

Rumin” in amounts (25, 50, and 75 g/head/day) respectively
until the end of the 1st phase of lactation. Administration
of multicomponent synbiotic “Kormomix R© Rumin” was done
manually and individually to each animal after the morning
feeding and mixed thoroughly and carefully together with the
concentrate once/daily.

Multicomponent synbiotic “Kormomix R© Rumin” consisted
of an enzyme mixture that includes amylase, cellulase,
xylanase, β-gluconate, protease, phytase, live probiotic cultures
(B. subtilis and B. licheniformis), prebiotic culture based on
mannanoligosaccharides, and mineral filler (Figure 1) (silicon
dioxide). The nutritional value of “Kormomix R© Rumin”
up to 100 g, is very low and will not significantly affect the
composition of the diet. However, it contains many micro and
macro elements. Because the action of this additive is aimed to
manipulate the rumen fermentation to increase the efficiency of
feed conversion and animal productivity. The Multicomponent
synbiotic “Kormomix R© Rumin” as a product was manufactured
by LLC PO “Sibbiofarm” company (Berdsk, Russia).

Animal rations were balanced using the FeedOptima program
(v. 2020.8.17251) to satisfy cows’ needs (energy, protein, lipids,
carbohydrates, vitamins, and minerals) during the early lactation
period (120 DIM). Feed samples were sent to the Cherkizovo
Research and Testing Center (Yakovlevskoe village, Troitskiy
Autonomous District, Moscow) for measuring the chemical
composition of the (TMR) fed to the experimental animals.

Milk samples were collected (from all dairy cows under the
study) in a personal container and stored in a refrigerator at 4◦C
until sent to the laboratory. Fat and protein content in milk was
determined in the laboratory of selective milk quality control of
the regional information and selective breeding center of JSC
“Moskovskoe” for breeding work (Noginsk, Moscow region) on
a Combi Foss FT+ device. For the objectivity of measurements,
we used referencemilk samples intended for metrological control

TABLE 2 | Nutritional value of basal (TMR) fed to Russian Holstein cows/daily.

Indication Feeding rate (FRC

for Animal

Husbandry, 2016)

Nutritional value of

diet/daily

Metabolic energy (ME), MJ 251.0 254.0

Dry matter, kg 22.7 24.6

Crude protein, g 3,980.0 4,067.0

Digestible protein, g 2,885.5 3,008.2

Degradable protein, g 2,408.5 2,896.2

Undegradable protein, g 1,572.0 1,180.5

Crude fiber, g 3,714.5 5,219.0

Neutral detergent fiber (NDF), g 7,604.0 11,295.0

Starch, g 4,646.0 3,613.2

Sugar, g 2,102.0 803.4

Crude fat, g 956.0 1,210.0

Calcium, g 194.0 227.1

Phosphorus, g 140.5 137.6

Magnesium, g 44.5 56.1

Potassium, g 194.0 293.4

Sulfur, g 60.0 65.7

Iron, mg 2,245.5 5,666.3

Copper, mg 305.5 532.0

Zinc, mg 1,949.5 1,821.3

Manganese, mg 1,990.5 2,118.5

Cobalt, mg 25.5 24.7

Iodine, mg 28.3 37.6

Carotene, mg 1,399.0 779.3

Vitamin A, thousands of IU 223.0 262.5

Vitamin D, thousands of IU 28.5 29.31

Vitamin E, mg 954.0 2,105.3

(calibration), made according to international standards: the
mass fraction of fat according to ISO 1211-2012. 2446-2009;
mass fraction of protein according to ISO 8968-1-2008. Control
milking and milk tests were measured every 10 days. The gross
yield of protein and fat in the milk of cows was calculated. Daily
and gross milk yields of natural and 4% FCM were estimated
based on control milkings. The gross milk yield of 4% FCM
was calculated according to the formula proposed by (20) based
on the gross daily milk yield of natural fat and the chemical
composition of milk.

At the age of 3 months of lactation (90 DIM), blood samples
were collected 3 h after the morning feeding on the subcostal
vein (three cows from each group) into vacuum tubes with a
coagulant coagulation activator (for obtaining blood serum for
estimation of some biochemical parameters by the campaign
of Zhejiang Gongdong Medical Technology Co., Ltd., China)
and tubes with K3 EDTA (whole blood) for obtaining whole
blood in order to estimate of hematological parameters on an
ABC VET analyzer (Horiba ABZ. France) using “UniGem”
reagent kits (Reamed, Russia). Biochemical blood parameters
were determined at a certified independent veterinary laboratory
(Moscow) on a Beckman Coulter AU 480 device (Beckman
Coulter. Inc., USA).
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FIGURE 1 | Multicomponent synbiotic “Kormomix® Rumin”.

FIGURE 2 | Ruminal fluid sample collection.

Samples of ruminal fluid were drawn after feeding using a
transesophageal tube (rumen probe) according to the method
of (21) approximately 3 h after feeding, considering that the
maximum amount of saliva enters the ruminal fluid sample at
the beginning of probing (Figure 2). The first portion (200ml)
was not used for analysis to determine volatile fatty acids (VFA)
concentration, ammonia, and pH. Physio-chemical parameters
of rumen fluid were determined in the laboratory of chemical
and analytical studies of the department of physiology and
biochemistry of farm animals of the Federal Research Center for
Animal Husbandry named after Academy Member L.K. Ernst
(Podolsk, Moscow region). In the rumen content, pH was
determined directly after collection on an Aquilon 420 pH meter
(Aquilon, Russia). During samples transportation from the farm
to the lab, the samples were placed in a bag with refrigerating
elements. The level of volatile fatty acids and ammonia was
determined 2 h after sample collection. The rumen contents were
then filtered through four layers of gauze and in the liquid
part, the total amount of volatile fatty acids was determined by
steam distillation in a Markham distillation unit apparatus and
the concentration of ammonia nitrogen by the micro-diffusion
method according to (22).

Statistical Analysis
Data were statistically analyzed using the SPSS program (23),
according to the following statistical model:

Yij= µ + Gi+ Eij
Yij, is an observed value of the dependent variable; µ, is a

constant common to all observations; Gi, is an effect due to
ith treatment (1st = 0 g Kormomix R© Rumin), (2nd = 25 g
Kormomix R© Rumin), (3rd = 50 g Kormomix R© Rumin), (4th

= 75 g Kormomix R© Rumin); Eij, A random deviation due to
unexplained sources of variation.

Percentage data were subjected to the arcsine value. Duncan’s
multiple range tests were used for multiple comparisons among
means at (P < 0.05) (24). Kolmogorov–Smirnov’s test was used
to test the data’s normal distribution.

RESULTS

Indicators of Cow’s Productivity and Milk
Quality
Results of milk productivity indicators in the early lactation
period when supplementing multicomponent synbiotic
“Kormomix R© Rumin” are presented in Table 3. The average
daily milk yield and gross milk yield of natural fat were not
significantly different (P > 0.05) among treatments, with the
highest values at (33.87 & 4,064.80 kg) in the 2nd experimental
group while the lowest values at (31.62 & 3,794.60 kg) in the
control group Table 3. The same pattern was recorded in the
case of the gross milk fat yield and milk protein yield.

The highest value for the average daily milk yield and gross
milk yield of 4 FCM% was recorded in the 2nd experimental
group and represented (34.12 & 4,094.22 kg) while the lowest
values were recorded in the control group and represented
(31.75 & 3,810.22 kg), respectively. Similarly, in the case of
mass fraction of milk fat and protein % also, the highest
values were recorded by the cows of the 2nd experimental
group and represented (4.05 & 3.29 %). While the lowest
were recorded by the control group and represented (4.02 &
3.23%), respectively, and the differences were not significantly
differed (P > 0.05).

Indicators of Fermentation in the Rumen
Results that summarize the effect of multicomponent synbiotic
“Kormomix R© Rumin” inclusion on rumen fermentation
indicators are presented in Table 4.

The rumen fluid pH of all cows was within 6.87–7.10, which
is located within the physiological norm. The total VFA content
in the rumen of supplemented cows with multicomponent
synbiotic “Kormomix R© Rumin” exceeded the control group
by 2.34, 1.36, and 1.82 mmol/100ml, respectively. In the 2nd
group, the cows were fed (25 g/head/day) multicomponent
synbiotic “Kormomix R© Rumin” in their diet had the highest
VFA concentration, which represented (9.38 mmol/100ml) and
reliable difference (P< 0.05) compared to the control group (7.04
mmol/100ml). Moreover, the level of ammonia in the ruminal
content of supplemented groups was not significantly different
among treatments, with the highest value at (10.01 mg/dl) in the
4th experimental group while the lowest at (7.65 mg/dl) in the
control group.
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TABLE 3 | Milk productivity of cows in early lactation period (120 DIM).

Indicators Experimental groups

1st 2nd 3rd 4th SEM P-Value

Gross milk yield, kg/head 3,794.60 4,064.80 3,936.70 4,001.40 46.32 0.198

Daily milk yield, kg/head 31.62 33.87 32.81 33.35 0.39 0.199

Gross milk fat yield, kg/head 153.04 164.54 158.74 161.17 2.27 0.343

Gross milk protein yield, kg/head 122.53 133.50 127.95 130.39 1.81 0.180

Gross milk yield of 4% fat, kg/head 3,810.22 4,094.22 3,955.43 4,017.61 50.04 0.231

Daily milk yield of 4% fat milk, kg/head 31.75 34.12 32.96 33.48 0.42 0.230

Mass fraction of milk fat, % 4.02 4.05 4.04 4.04 0.04 0.995

Mass fraction of milk protein, % 3.23 3.29 3.25 3.26 0.03 0.904

Values are expressed as means.

SEM, standard errors of the mean.

TABLE 4 | Indicators of rumen fermentation (metabolism).

Indicators Unit of measurement Experimental groups

1st 2nd 3rd 4th SEM P-Value

Concentration hydrogen ions (pH) Unit pH 7.10 6.89 6.99 6.87 0.08 0.785

Volatile fatty acids (VFA) mmol/100ml 7.04b 9.38a 8.40ab 8.86ab 0.35 0.049

Ammonia Mg/dl 7.65 8.32 9.60 10.01 0.69 0.654

Values are expressed as means.

SEM, standard errors of the mean.

Means denoted within the same row with different superscripts are significant (P < 0.05).

a and b are indicating letter to the significance between means.

Morpho Biochemical Blood Parameters
Biochemical Blood Parameters
Results of biochemical blood parameters when supplementing
multicomponent synbiotic “Kormomix R© Rumin” are shown in
Table 5. Blood glucose concentration recorded non-significant
differences between different groups and ranged from 3.17 to
3.27 mmol/L.

Concerning total alpha-amylase as a criterion for
energy metabolism it recorded the highest value in
the blood of the control group. The differences were
significant in comparison with the 2nd experimental group
and represented (122.33 vs. 52.67 mmol/L). Regarding
creatine phosphokinase (CPK), the differences were
not significantly different and the highest value was
recorded in the 2nd experimental group and represented
(353.00 U/L).

When analyzing the protein metabolism data, significant
differences were obtained in urea concentration and
urea to creatinine ratio among cows in the 2nd and 4th
experimental groups and represented (4.20 & 28.50 vs. 2.83 &
20.43), respectively.

Morphological Composition of the Blood of Dairy

Cows
Analyzing results of morphological studies of blood at (90
DIM) revealed the superiority of Russian Holstein dairy cows
supplemented with multicomponent synbiotic “Kormomix R©

Rumin” in their diets when compared to the control group
(Table 6).

The range of the number of leukocytes in the blood of
experimental groups is (6.03–7.24 vs. 8.40∗109/L) in control.
The maximum level of hemoglobin was recorded by the 2nd
group in which the dairy cows were fed with (25 g/head/day)
of multicomponent synbiotic “Kormomix R© Rumin” in their
diets and represented (85.97 g/L). Hematocrit percentage was
not significantly different (P > 0.05) among treatments, with the
highest value at 34.30% in the 4th experimental group and the
lowest value at 29.80% in the control group.

DISCUSSION

Indicators of Cow’s Productivity and Milk
Quality
The inclusion of multicomponent synbiotic “Kormomix R©

Rumin” in the diets of Russian Holstein cows under the study
affected non significantly the fat and protein content in milk.
Our results disagree with those obtained by (25, 26); they
recorded an increase in the percentage and yield of milk
protein in early lactating cows fed supplemental B. subtilis.
Feeding the multicomponent synbiotic “Kormomix R© Rumin”
produced an additional 4% FCM in supplemented groups
of Holstein dairy cows when compared with the control.
Still, the difference among treatments was not significantly
different. Consequently, we can assume that the inclusion

Frontiers in Veterinary Science | www.frontiersin.org 5 July 2022 | Volume 9 | Article 884177173

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


Trukhachev et al. Holstein Performance Fed Multicomponent Synbiotic

TABLE 5 | Biochemical parameters of cow’s blood (90 DIM).

Parameters Unit of measurement Experimental groups

1st 2nd 3rd 4th SEM P-Value

Energy metabolism

Glucose mmol/L 3.27 3.17 3.17 3.27 0.06 0.908

α-Amylase (total) U/L 122.33a 52.67b 107.67a 87.33ab 10.02 0.043

Lactate dehydrogenase U/L 944.33 1,058.00 874.67 918.33 31.98 0.218

Creatinine mcmol/L 72.33 79.33 352.33 73.33 69.93 0.450

Creatine phosphokinase U/L 157.00 353.00 189.33 151.00 46.18 0.409

Protein metabolism

Total protein g/L 82.80 74.10 77.80 73.27 2.02 0.360

Albumin g/L 33.03 34.20 31.63 33.67 1.08 0.887

Globulin g/L 49.77 39.90 46.17 39.60 2.86 0.584

Urea mmol/L 3.73ab 4.20a 3.37ab 2.83b 0.22 0.048

Aspartate Amino transferase (AST) U/L 84.67 90.33 88.67 75.00 3.51 0.464

Alanine Amino transferase (ALT) U/L 28.00 30.33 30.33 29.00 1.66 0.965

De Ritis ratio 3.13 3.10 2.97 2.60 0.13 0.488

Albumin/Globulin 0.74 0.86 0.72 0.85 0.06 0.812

Ratio Urea/Creatinine 27.17ab 28.50a 22.97ab 20.43b 1.37 0.049

Gamma-glutamyl transferase U/L 83.83 34.10 30.20 24.87 15.45 0.566

Values are expressed as means.

SEM, standard errors of the mean.

Means denoted within the same row with different superscripts are significant (P < 0.05).

a and b are indicating letter to the significance between means.

TABLE 6 | Morphological composition of the blood of dairy cows.

Indication Unit of measurement Experimental groups

1st 2nd 3rd 4th SEM P-Value

Leukocytes 109/L 8.40 6.03 7.24 6.7 0.93 0.875

Erythrocytes 1012/L 6.30 6.70 7.13 7.28 0.20 0.341

Hemoglobin g/L 81.25 85.97 80.90 81.97 1.32 0.545

Hematocrit % 29.80 34.27 33.20 34.30 0.97 0.344

Values are expressed as means.

SEM, standard errors of the mean.

Values differ non-significantly (p>0.05).

of multicomponent synbiotic “Kormomix R© Rumin” had no
impact on milk productivity parameters compared with the
control group. Our results come in the opposite direction
from those obtained by (27), who reported that milk yield
increased in response to supplementation of B. subtilis. They
mentioned that cows fed 2 × 1011 CFU of B. subtilis daily
produced 1.7 kg more milk than the control group. Our
results also did not match those obtained by (25, 26) they
reported that the milk yield increased by (3.3 and 3.4 kg/day),
respectively, compared to the control group when early lactating
cows’ diets.

Indicators of Fermentation in the Rumen
In the rumen content such indices as the concentration of
hydrogen ions (pH), the total amount of VFA and ammonia

from different sides reflect the efficiency of the fermentation
process. There was no impact on ruminal pH in supplemented
cows with multicomponent synbiotic “Kormomix R© Rumin”
which may be due to more intensive carbohydrate fermentation
with the formation of VFA as well, the ruminal fluid was
likely taken in the morning where there was an insufficient
number of carbonates in the saliva. Thus, we assumed that the
inclusion of multicomponent synbiotic “Kormomix R© Rumin”
did not affect ruminal pH. This result follows those obtained
by (18) who found no effects on ruminal pH when bacterial
probiotics were administered to dairy cows suffering subacute
ruminal acidosis.

Russian Holstein dairy cows fed (25 g/head/day)
multicomponent synbiotic “Kormomix R© Rumin” in their
diet had the highest VFA concentration which differed (P <
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0.05) from the control group. This may be attributed to the
more intense digestibility of carbohydrates in the rumen of these
cows. This result comes in the same way as those obtained by
(7) they recorded a significant difference in total VFA between
supplemented dairy cows with the 40 g of Saccharomyces
cerevisiae in addition to 40 g of Lactobacillus plantarum and the
control group. Conversely, the present finding contrasts with
those obtained by (28). They mentioned that supplementation
of bacteria-based probiotics revealed no difference in VFA
concentration among experimental groups.

With regard to the level of ammonia in the ruminal content
of supplemented groups, it was not significantly different among
groups when compared to the control group. This finding
disagrees with those obtained by (29) which recorded that
treatment with feeding Lactobacilli (LAB) probiotic of the diet
revealed significantly higher concentrations of ruminal ammonia
when compared with non-supplemented animals.

Morphobiochemical Blood Parameters
The quantitative characteristics of biochemical blood
parameters are one of the tools for controlling the nutrient
and energy requirements of the body of animals. Blood glucose
concentration recorded non-significant differences between
different groups. Total alpha-amylase as a criterion for energy
metabolism recorded the highest value in the blood of the
control group and the lowest value in the 2nd experimental
group. At the same time, the differences between the two
groups were significant (30) mentioned that, the normal
physiological limit of alpha-amylase in the blood of dairy
cows (15–107 U/L). The addition of dietary digestive enzymes
may improve the digestion of intestinal nutrients and provide
additional nutrients for the development of normal microbiota.
Intestinal microorganisms also play a vital role in the process of
nutrient digestion, and can also affect the secretion of digestive
enzymes (31).

Probably, the decrease in total alpha-amylase content is
due to the optimal ratio of physiologically beneficial and
pathogenic bacteria, the immune system, and the intestinal
epithelial barrier, which in case of feeding disorders can lead to
dysbiosis (disruption of the microbiota homeostasis). Due to the
violation of the integrity of the intestinal mucosa, pathogenic
microflora can enter the pancreas. The pancreas does not have
its own microbiota, and therefore inflammatory and tumor
processes affecting the gland may be associated with intestinal
dysbiosis (32–34), which in turn is the cause of increases in the
content of pancreatic enzymes, including amylase, in the blood.
The inclusion of an additive based on probiotic and prebiotic
cultures contributes to the improvement of the physico-chemical
parameters of the rumen and in further work, the microbial
community of the rumen of lactating cows will be studied. There
is the fact that amylase in the blood when increased, it indicates
a destructive effect on the intestines or pancreas. Thus, the lower
level of amylase in the blood of supplemented cows represented
a positive effect of the supplemental feed additive which means
that the cows’ bodies received additional metabolites of rumen
fermentation, strengthening the metabolic and immune status of
animals (35).

The observed creatinine concentrations indicate an increase in
nitrogen metabolism in general, which is due to the physiological
state of animals and is consistent with data on milk productivity
and the chemical composition of milk. The decrease in the
urea/creatinine ratio in the blood during the period is probably
due to the high consumption of urea for the synthesis of
microbial protein in the rumen and the use of muscle proteins for
synthetic processes in the mammary gland of highly productive
cows (3). The ratio of urea/creatinine intensively affects nitrogen
metabolism and reflects the state of the kidneys the higher the
ratio, the higher the probability of kidney disease due to impaired
excretion of creatinine and urea.

The morphological studies of blood at the early lactation
period revealed the superiority of Russian Holstein dairy cows
supplemented with multicomponent synbiotic “Kormomix R©

Rumin” in their diets compared to the control group. Thus,
we conclude that the inclusion of multicomponent synbiotic
“Kormomix R© Rumin” in diets of Russian Holstein dairy cows, in
general, did not deteriorate the blood characteristics. Our results
match those obtained by (27); they mentioned that hematological
and biochemical parameters did not vary between dairy cows fed
different treatments of B. subtilis.

CONCLUSION

Inclusion of the multicomponent synbiotic supplement
“Kormomix R© Rumin” into the ration of the highly productive
Russian Holstein lactating cows has no impact on milk
productivity in the early phase of lactation (120 DIM). At the
same time, it improves the intensity of the rumen fermentation
process. Moreover, it does not deteriorate the physiological
and health status of the supplemented animals. Consequently,
we recommend the inclusion of the multicomponent synbiotic
feed additive “Kormomix R© Rumin” at (25 g/head/day) as the
most appropriate dose in the cows’ ration for balancing the
diets to optimize rumen’s physiological processes. Nevertheless,
an economic analysis (cost-benefit) is required in order to,
determine if the inclusion of the multicomponent synbiotic
feed additive “Kormomix R© Rumin” in the rations of Russian
Holstein dairy cows is effective or not as well as, further
investigation of its effect throughout the entire lactation season
(305 DIM) is also needed.
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sulfate heptahydrate reduces
oxidative stress and promotes
tender meat production in goats
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Population Health Sciences, Faculty of Veterinary Medicine, Utrecht University, Utrecht, Netherlands

Pre-treating anthocyanin-rich black cane with ferrous sulfate heptahydrate

(FSH) produces high-quality silage with anthocyanin and nutritional losses.

However, it’s unclear how to apply this to studies on how FSH-treated silage

a�ects animal performance and meat quality. Therefore, this study aimed

to investigate the e�ects of a standard total mixed ration (TMR) containing

anthocyanin-rich black cane silages either with or without dilutions of FSH

on animal performance, blood biochemical indices, rumen fermentation,

microbial community, and carcass characteristics in meat goats. Forty healthy

crossbred Thai-native Anglo-Nubian male goats (14.42 ± 1.4 kg) were used

to compare the feasibility of using anthocyanin-rich black cane silage (ABS)

as a functional feed resource as opposed to anthocyanin-rich black cane

treated with 0.030% commercial FSH silage (ABSF). All goats received a

90-day routine feeding of two isocaloric and isonitrogenous experimental

diets: the control group received TMR containing 50% anthocyanin-rich black

cane silage (ABS; n = 20), and one group received TMR containing 50%

FSH-treating anthocyanin-rich black cane (ABSF; n = 20). As performance

indicators, average daily weight gain (ADG) and dry matter intake (DMI)

were measured. Samples of meat, blood, and rumen were taken at the end

of the experiment. There were no di�erences in final body weight, ADG,

DMI, or ADG/DMI between the two groups. The ABSF group did not di�er

from the ABS group in terms of rumen pH, but the ABSF had a tendency

to lower rumen ammonia N levels, and to higher total volatile fatty acid

(VFA) concentrations. Individual VFA concentrations di�ered, with the ABSF

group having more Ruminococcus albus and the ABS group having more

methanogenic bacteria. Blood biochemical indices di�ered, with the ABSF

group having lower TBARS concentrations and the ABS group having lower

TAC, SOD, CAT, GSH-Px, and GSH-Rx concentrations. In comparison to goat
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meat from the ABS group, goat meat from the ABSF group contained more

intramuscular fat and was more tender. The current results indicate that the

feeding of a TMR containing 50% anthocyanin-rich black cane, along with

FSH pre-treatment prior to ensiling, reduces oxidative stress and promotes the

production of tender meat without a�ecting animal performance.

KEYWORDS

anthocyanin, antioxidant capacity, agricultural waste, carcass characteristics,

fermentation, microbial rumen, iron-treated silage

Introduction

Ensiling has been proposed as an efficient method

of preserving roughage in light of the fact that such

agricultural activities pose a significant disposal problem, e.g.,

decomposition or open burning. However, it necessitates a

suitable effort prior to ensiling because the breakdown of

biomass during anaerobic fermentation results in functional

microorganisms and chemicals that reduce nutrient loss in

addition to harmful substances (1). Using iron dilutions can

help significantly with forage preservation (2). These additives

can contribute to the retention of nutrients in silage, hence

strengthening its feed value and improving the production

efficiency of ruminants (3, 4). Several direct-fed iron sources

had been shown to improve the health and productivity of small

ruminants (3, 5). Direct-fed irons are typically given orally as an

encapsulated capsule or incorporated into the diet (6). Of our

knowledge, there have been few studies on the viability of direct-

fed iron, especially ferrous sulfate heptahydrate (FSH), for goats;

hence, introducing direct fed FSH into the diet via silage could

be a novel strategy to administering these additives to goats.

In recent years, oxidative stress generated by heat stress has

become a well-known limiting factor for animal performance

and health in tropical regions (7, 8). From a practical standpoint,

the feeding of anthocyanin-rich black cane (Saccharum sinensis

Robx.) can be regarded as a beneficial feed resource in tropical

ruminant nutrition, including beneficial anthocyanins for meat

goats (9, 10). Anthocyanin-rich black cane is a by-product of

agricultural production, and the total yield of anthocyanin-rich

black cane is estimated to be 1.2 × 107 metric tons of dry

matter (DM) in 2021 from 1.58 × 106 ha in Thailand (9, 11).

However, the highly lignified components of anthocyanin-rich

black cane reduce the bioaccessibility of anthocyanin during

rumen feeding. In addition, earlier studies demonstrated that

the incorporation of anthocyanin-rich black cane with dilutions

of FSH at levels ranging from 0.015 to 0.030% on fresh weight

(FW) into anthocyanin-rich black cane silages improved the

nutritional balance with massively decreased lignin contents, as

well as modulated anthocyanin stability during ensiling, and

in vitro ruminal fermentation of anthocyanin-rich black cane

silages (1, 2). These findings support the notion that using those

FSH levels might aid the current study in terms of decreasing

the lignin content of anthocyanin-rich black cane silages prior to

feeding. FSH is a beneficial inorganic salt that acts as a catalyst

in enzymatic hydrolysis and fermentation during ensiling (1, 2).

Besides, anthocyanin in black cane-treated FSH was discovered

to be stable throughout rumen fermentation (2). This such

benefit of the black cane’s anthocyanin is resistant to ruminal

digestion and, as a result, may be absorbed by small intestine.

As a consequence of this, anthocyanins are made available

for absorption and may be able to utilize their antioxidative

properties to provide protection against the damaging effects

of oxidative stress. Furthermore, ensiling anthocyanin-rich

black cane with 0.030% FSH included increased the acetate

to propionate ratio, as well as a shift in the structure and

relative abundance of the microbial population in incubated

rumen fluids in vitro (1, 2). Similarly, recent studies showed that

the microbial community in slaughtered goat rumen fluid was

shifted to have a tendency to increase the acetate to propionate

ratio, as influencing anthocyanin fractions from purple corn

(12) and black cane (9). Increases in ruminal acetic acid

production caused by anthocyanins may make more substrate

available for de-novo fat synthesis (13). However, the molecular

weight of anthocyanins can differ between plant species or

during processing (14, 15), which makes it difficult to directly

extrapolate the findings reported by Tian et al. (12) or Suong

et al. (9).

To date, however, evaluation of anthocyanin-rich black cane

silage treated with FSH has been limited to laboratory scale silos

and in vitro laboratory procedures (1, 2). It is unclear how to

apply current in vitro results to studies on how FSH-treated

silage affects animal performance and meat quality in practice.

Therefore, the objective of present study was to investigate

the effects of a standard total mixed ration (TMR) containing

anthocyanin-rich black cane silages either with or without

dilutions of FSH on animal performance, blood biochemical

indices, rumen fermentation, microbial community, and carcass

characteristics in meat goats (Figure 1).
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FIGURE 1

A 90-day routine feeding was conducted to investigate the feasibility of using anthocyanin-rich black cane silage (ABS) as a functional feed

resource vs. anthocyanin-rich black cane with 0.03% FSH (ABSF) in healthy crossbred Thai-native Anglo-Nubian male goats.

Materials and methods

Roughage harvesting and ensiling

Anthocyanin-rich black cane (cane hybrid: Saccharum

spontaneum x Saccharum officinarum) was cultivated and

harvested at the Suranaree University of Technology (SUT)

goat and sheep research farm in Nakhon Ratchasima, Thailand

(14◦52’49.1“N, 102◦00’4.9”E, 243m above sea level). An

experimental field study was carried out between August

2017 and January 2018, during the monsoon season, with

plant management in accordance with Suong (16). Fresh

anthocyanin-rich black cane was sampled on the 60th d after

120 d of regrowth by cutting well above the soil surface

(10 cm above ground level). Six random spots in the field

were sampled for the fresh materials. The gathered materials

were then chopped to a length of 2–3 cm using a crop

cutter and homogenized thoroughly. Following two treatments,

anthocyanin-rich black cane materials were ensiled without

wilting: no additives or anthocyanin-rich black cane only

(ABS) and anthocyanin-rich black cane treated with 0.030%

commercial ferrous sulfate heptahydrate (FeSO4xH2O; Merck

KGaA, Darmstadt, Germany) on fresh weight (ABSF). The

dosage level was selected based on previous studies and animal
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safety assessments (2, 17). In brief, 0.030 g FSH was prepared

in a Beaker glass and stirrer by adding up to 1000mL of

water. The prepared FSH mixture was then sprayed onto a

portion of the ABSF (1 kg) and mixed until homogeneity was

achieved. The prepared silages were stored at 25–27◦C in

plastic drums (Misumi, Bangkok, Thailand). These procedures

were similar to the ABS portion but did not include the

administration of FSH. Both silages fermented well after 90

d of ensiling. This was shown by a sensory evaluation and

a pH value measured with a portable pH meter (Oakton

pH 700, Long Branch, New Jersey, NJ, USA) when the

drum containing the silage was opened. The composition and

fermentation characteristics of ABS and ABSF are detailed in

Supplementary Table 1.

Goats and experimental diets

Forty healthy crossbred Thai-native Anglo-Nubian male

goats with a body weight (BW) of 14.42 kg (±1.4 SD) were

selected from a total of 400 goats raised by cooperating Thai

farmers. Individually housing and randomly assigning the goats

to one of two experimental diets (Table 1) were: 1) Untreated

silage-based diet (n = 20, 50% ABS) or 2) treated silage-based

diet (n= 20, 50% ABSF) using a completely randomized design.

The remaining elements were identical to those used in an

NRC-compliant basal total mixed ration (TMR) diet at 50:50

of roughage to concentrate ratio (R:C) level (18). Prior to the

trial, the goats were acclimatized to routine feeding and their

diets were properly adjusted during a 14-day adjustment period.

The animals were fed experimental diets gradually during the

adjustment phase. After 14 d, the experimental diets were fed

to the animals on a daily basis for a total of 90 d. During

the duration of the experiment, the average amount of feed

consumed by the animals was ∼ 95% of the total amount

provided, which were∼ 465 gDMof TMR each day, divided into

two equal amounts at 0700 and 1,600. The goats had unrestricted

access to clean water and a block of trace mineral salt. To

determine animal performance, feed refusals were recorded on

a daily basis and utilized to determine DM intake (DMI). The

BW of the goats was recorded in order to evaluate their growth

performance throughout the routine feeding period.

Feed sampling and analysis

Every 14 d, samples of dietary ingredients, two experimental

diets, and feed refusals were collected, dried at 55◦C in an air

oven, and pulverized in a Wiley Mill using a (Retsch SM 100

mill; Retsch Gmbh, Haan, Germany) with a 1-mm screen. The

dried samples were kept in order to be analyzed for chemical and

nutritional content. The nitrogen content of two experimental

diets and diet refusals was measured with a KjeltecTM 8400

TABLE 1 Ingredients and nutrient composition of experimental diets.

Item ABS ABSF

Ingredient, DM basis

Anthocyanin-rich black cane silage 50.0 0.0

Anthocyanin-rich black cane silage treated with irona 0.0 50.0

Cassava pulp 3.8 3.8

Cassava chip 19.5 19.5

Mineral mixb 0.7 0.7

Palm meal 14.0 14.0

Compound premixc 0.2 0.2

Rice bran 5.5 5.5

Soybean meal 4.0 4.0

Sulfurd 0.4 0.4

Sunflower oil 1.0 1.0

Urea 0.9 0.9

Nutrient composition, DM basis

Metabolizable energy (Mcal/kg) 17.36 17.34

Crude protein (%) 11.61 11.64

Neutral detergent fiber (%) 52.93 52.87

Acid detergent fiber (%) 24.41 24.33

Neutral detergent lignin (%) 3.38 2.67

Hemicellulose (%) 28.52 28.54

Cellulose (%) 21.03 21.66

Ash (%) 10.53 11.05

Total anthocyanins (mg/g) 0.17 0.28

Anthocyanin profile (% of total anthocyanins)

Cyanidin-3-glucoside 4.83 3.14

Pelargonidin-3-glucoside 7.24 5.62

Delphinidin 16.90 15.04

Peonidin-3-O-glucoside 16.21 14.71

Malvidin-3-O-glucoside 14.14 18.43

Cyanidin 25.17 16.86

Pelargonidin 1.72 1.49

Malvidin 13.79 24.71

aAnthocyanin-rich black cane treated with 0.30% of ferrous sulfate heptahydrate.
bContained (g/kg): NaCl (600), P (160), Ca (240). cVitamin A (4,200.000 IU/kg), vitamin

A3 (840,000 IU/kg), vitamin E (10,000 IU/kg), vitamin K3 (2 g/kg), vitamin B1 (2.4 g/kg),

vitamin B2 (3.5 g/kg), vitamin B6 (1.8 g/kg), vitamin B12 (0.01 g/kg), vitamin B5 (4.6

g/kg), vitamin C (12 g/kg), folic acid (0.28 g/kg), vitamin 7 (0.4 g/kg), coper (12 g/kg),

manganese (40 g/kg), zinc (3.2 g/kg), iron (42 g/kg), iodine (0.8 g/kg), cobalt (0.8 g/kg),

selenium (0.35 g/kg). d Sulfur Cube Was Derived From Commercial Purchase (Sand Sea

Sun Shop: TG-6731, Bangkok, Thailand) and Ground (Sieve Size of 1 mm).

fully automated Kjeldahl analyser (FOSS, Hilleroed, Denmark);

6.25 was used as the conversion factor to get crude protein

(CP) values. The contents of neutral detergent fiber (NDF, with

heat-stable α-amylase), acid detergent fiber (ADF), and acid

detergent lignin (ADL) were determined using a fully automated

system according to Van Soest et al. (19). Hemicellulose content

was determined by subtracting NDF from ADF, while cellulose

content was determined by subtracting ADF fromADL. Further,
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the second subsample was extracted at 50◦C for 24 h with

0.01N hydrochloric acid (HCl) dissolved in 80% methanol (14),

and the supernatant was transferred to a 50-mL volumetric

flask for HPLC analysis of anthocyanin composition. The

chromatographic separation was performed in quadruplicates

using a reversed-phase Zorbax SB-C18 (3.5µm particle size, i.d.

4.6 × 250mm, Agilent Technologies, Santa Clara, CA, USA)

for 65min at 28◦C and evaluated using a photodiode array UV

detector set to 520 nm (20–22). To note, when the measured

nutrient values of the diet were different from the initial values,

the formula for the diet was changed to meet the measured

nutrient values.

Blood sampling and analysis

Blood samples were collected 2 h after morning feeding at

09:00 on the last feeding week through jugular venepuncture

into a single 10-mL heparin-containing vacuum tube.

Plasma concentrations of urea, total protein, glucose,

insulin, triglycerides, alanine transaminase, and aspartate

aminotransferase were measured in quadruplicate using an

automated enzymatic colorimetric approach on a Cobas Integra

400 Instrument (Roche Diagnostics, Mannheim, Germany),

as given by Suong et al. (9). Remaining plasma was then

utilized to assess plasma antioxidant (TAC, TBARS, SOD,

CAT, GSH-Px and GSH-Rx) utilizing an automated enzymatic

colorimetric approach on a Microplate (96 wells, UV plate),

quadruplicate, equipped into microreader (Varioskan-LUX

multimode microplate reader, Thermo Scientific, USA), as

described in prior research (8).

Rumen fluid sampling and analysis

At the end of the experiment, all 40 goats were slaughtered.

Immediately, samples (about 500mL, mixture of liquid and

solid) were collected from the dorsal, central, and ventral

sections of the rumen to produce a composite sample,

which was then strained through four layers of cheesecloth

to extract rumen fluid. The pH of the rumen fluid was

then immediately measured using a portable pH meter. The

strained rumen fluid was then transferred to the laboratory

in a sterilizing thermos flask. The filtered rumen fluid was

separated into two aliquots upon arrival in the laboratory.

The first aliquot of the filtrates, which was 5mL, was

treated with 0.5mL of HCl with a concentration of 50%

(v/v), 0.5mL of a metaphosphoric acid solution with a

concentration of 187.5 g/L, and a solution of formic acid

(250mL), and then it was placed in a freezer at −18◦C until

the measurements of the chemical analysis of the ammonia-

N and volatile fatty acid (VFA). The analyses for ammonia

N determined using a micro-Kjeldahl method [Kjeltec 8100,

Hillerd, Denmark, (23, 24)] and VFA determined using a

gas chromatography (Agilent 6890 GC, Agilent Technologies,

Wilmington, DE, USA) with a 30m × 0.25mm × 0.25µm

column [DB-FFAP; (25)] were conducted in quadruplicate,

and the mean result was used for statistical analysis. The

second aliquot of the filtrates (5mL) was homogenized

for microbiological detection and stored at −80◦C until

the relative abundances of specific rumen bacteria were

investigated. Preparation, extraction, and quantification of

specific rumen bacteria DNA (including primers) were carried

out in accordance with past observation (9). References

for the relative abundances of total bacteria, Ruminococcus

albus, Ruminococcus flavefaciens, Fibrobacter succinogenes,

Butyrivibrio fibrisolvens, Megasphaera elsdenii, Streptococus

bovis, methanogen, and protozoa were obtained from Vivantis

Technologies Sdn Bhd (Selangor Darul Ehsan, Malaysia). To

ensure consistency, quantitative real-time PCR assays were

done in quadruplicate using both standards and genomic DNA

samples for each specified species or group of bacteria. The

Ct values were translated into normalized relative numbers

using Roche Applied Science’s LightCycler 480 software

version 1.2.9.11 (Basel, Switzerland), which adjusted for PCR

efficiency. The values for the 16S rRNA gene of a given

microorganism species or group are expressed as a percentage

of total bacteria.

Carcass and meat measurements

Following animal handling management by Suong et al.

(9), goats were fasted for 24 h at the ending of the routine

feeding trail before being loaded (at 0500 h) and transported

half a mile to a modified university slaughterhouse (F14

equipment building, Suranaree University of Technology,

Nakhon Ratchasima, Thailand). Before fasting, the final BW

of each goat was determined in order to define the dressing

percentage. On the day of slaughter, the hot carcass weight was

calculated, and the carcasses were subsequently stored at 4◦C for

48 h. The weight of cold carcasses and the weight of shrinking

carcasses were determined. Carcasses were sliced up between the

12th and 13th ribs to assess carcass quality characteristics and

yield grade indicators. Characteristics of carcass quality included

fat thickness at the 12th rib, longissimus muscle (LM) area,

intramuscular fat, and final pH values. The carcass color was

determined by using a portable Chroma Meter to measure the

L∗, a∗, and b∗ color values on the cut lean surface and carcass

external fat along the lateral side of the carcass (CR-300, Minolta

Corporation, Osaka, Japan). Color measurements were taken

in quadruplicate in the CIELAB color spaces L∗ (0 = black,

100 = white), a∗ (negative values = green, positive values =

red), and b∗ (negative values = blue, positive values = yellow);
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large portions of connective tissue and intramuscular fat were

removed. The operational handbook (26) was used to determine

color saturation.

Meat samples were stripped of external fat and

connective tissue to measure ash, protein, moisture, and

ether extractable lipid following a previous study (9).

Tenderness values of meat samples were expressed as

the Warner-Bratzler shear force (WBSF) and determined

using the AMSA (1995) recommendations with slight

modifications (9). The analyses of meat samples were carried

out in quadruplicate, and the mean data was used for

statistical analysis.

Statistical analysis

Animal performance, blood biochemical indices, rumen

fermentation, microbial community, carcass characteristics, and

meat quality were analyzed statistically using the SAS 9.4 general

linear model procedure and the following model: Yij = µ + τi

+ εij, where Yij is the response variable, µ is the overall mean,

τi is the experimental diet I = ABS or ABSF), and ij is the

residual error. Diet was considered a fixed factor in this model,

while the animal was considered a random variable. Using the

Shapiro–Wilk test, all data were normalized. The student’s t-test

was used to evaluate all of the data. The least-squaresmeans were

reported, and a significance level of P < 0.05 was declared for

all analyses.

Results

Experimental diets, feed intake and
growth performance

The chemical composition and fermentation characteristics

of anthocyanin-rich black cane silage (ABS) and anthocyanin-

rich black cane silage treated with ferrous sulfate

heptahydrate (FSH, ABSF) after 90 d of ensiling were distinct

(Supplementary Table 1). However, such silages can be used

as functional roughage sources in otherwise isocaloric and

isonitrogenous experimental diets (Table 1). The hemicellulose

and cellulose contents, but not the lignin content, were

comparable between the two experimental diets. Furthermore,

the anthocyanin content of ABSF was found to be nearly 1.4

times higher than that of ABS. In the anthocyanin fraction, the

difference between ABSF and ABS was greatest for the malvidin

fraction, which was 1.8 times greater in ABSF than in ABS

(Table 1).

Table 2 summarizes the DMI, ADG, and the ratio of ADG

to DMI of crossbred Thai-native Anglo-Nubian male goats.

After 90 days of routine feeding, the ABSF diet had the same

TABLE 2 Growth performance of goats fed a total mixed ration

supplemented with anthocyanin-rich black cane silage (ABS) or

anthocyanin-rich black cane silage treated with ferrous sulfate

heptahydrate (ABSF).

Itema Experimental diet SEM P-value

ABS ABSF

Animal number 20 20

Initial body weight (kg) 14.44 14.40 0.323 0.493

Final body weight (kg) 17.67 18.03 0.503 0.181

ADG (g/d) 35.93 40.33 0.540 0.444

DMI (g/d) 456.61 473.47 0.610 0.175

ADG/DMI 0.08 0.09 0.315 0.625

aADG, average daily weight gain; DMI, dry matter intake; SEM, standard error of mean.

effect on animal growth performance as the ABS it replaced

(P > 0.05).

Blood biochemical indices

The ABSF diet had no effect (P > 0.05) on plasma

concentrations of glucose, albumin, cholesterol, insulin,

triglycerides, HDL, LDL, VLDL, or plasma urea nitrogen

(Table 3). Likewise, no significant differences in IgG, alanine

transaminase, or aspartate aminotransferase concentrations

were found between the two groups (P > 0.05). The

concentration of TBARS, on the other hand, was ∼ 10%

lower (P < 0.05) when the goats were fed ABSF (Table 3). In

contrast, feeding ABSF instead of ABS resulted in higher plasma

TAC concentrations (P < 0.05) and higher SOD, CAT, GSH-Px,

and GSH-Rx activities (P < 0.05).

Rumen fermentation and microbial
community

The variables of rumen fermentation are summarized in

Table 4. Rumen fluid pH values were comparable between the

two groups. The rumen ammonia N concentration was found

to be ∼ 0.9% lower (P < 0.05) when the goats were fed ABSF.

When ABSF was fed to the goats, on the other hand, the total

VFA concentration was∼ 1.5% higher (P< 0.05). Feeding ABSF

instead of ABS resulted in higher acetate proportions (P < 0.05).

ABSF feeding had no effect on the propionate and butyrate

proportions (P > 0.05). Following the administration of ABSF,

the ratio of acetate to propionate was found to be∼ 4.6% higher

(P < 0.05).

The abundances of total bacteria and total protozoa

population were not significantly different (P > 0.05) between

diets. Generally, log10 copies of 16 rRNA genes in total

Frontiers in Veterinary Science 06 frontiersin.org

183

https://doi.org/10.3389/fvets.2022.969321
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Purba et al. 10.3389/fvets.2022.969321

TABLE 3 Blood biochemical indices of goats fed a total mixed ration

supplemented with anthocyanin-rich black cane silage (ABS) or

anthocyanin-rich black cane silage treated with ferrous sulfate

heptahydrate (ABSF).

Itema Experimental diet SEM P-value

ABS ABSF

Total protein (g/L) 72.49 71.09 0.822 0.266

Albumin (g/L) 33.35 32.70 0.659 0.118

Globulin (g/L) 39.14 38.39 0.749 0.190

Blood urea N (mmol/L) 8.01 8.00 0.307 0.778

Insulin (µU/mL) 1.72 1.79 0.490 0.195

Glucose (mmol/L) 5.13 5.35 0.720 0.454

Total cholesterol

(mmol/L)

3.12 2.81 0.688 0.075

Triglyceride (mmol/L) 0.57 0.47 0.102 0.287

HDL (mmol/L) 1.72 1.90 0.285 0.129

LDL (mmol/L) 1.02 1.12 0.429 0.420

VLDL (mmol/L) 1.14 0.93 0.449 0.521

Alanine transaminase

(U/L)

29.78 29.91 0.740 0.435

Aspartate

aminotransferase (U/L)

34.88 35.02 0.615 0.573

IgG (g/L) 11.99 12.04 0.496 0.757

TAC (nmol/µL) 32.66 39.90 0.680 0.014

SOD (U/mL) 83.85 93.04 0.443 0.001

CAT (U/mL) 68.28 75.62 0.752 0.017

GSH-Px (U/mL) 44.03 48.57 0.332 0.010

GSH-Rx (U/mL) 53.24 63.46 0.381 0.016

TBARS (nmol/mL) 40.20 36.08 0.465 0.039

aHDL, high density lipoprotein; LDL, low density lipoprotein; VLDL, very low-density

lipoprotein; IgG, immunoglobin G; TAC, total antioxidant capacity; SOD, superoxide

dismutase; CAT, catalase; GSH-Px, glutathione peroxidase; GSH-Rx, glutathione

reductase; TBARS, thiobarbituric acid-reactive substances; SEM, standard error of mean.

protozoa and total bacteria ranged from 6.81–6.94 and 9.47–

9.51, respectively. The relative abundances of R. flavefaciens, F.

succinogenes, B. fibrisolvens, M. elsdenii, and S. bovis (Figure 2)

were comparable in the two groups (P > 0.05). In contrast, when

ABSF was fed, the relative abundance of R. albus increased (P <

0.05), but methanogen decreased (P < 0.05).

Carcass and meat characteristics

The hot and cold carcass weights at slaughter (Table 5) were

comparable (P > 0.05) between the two diets. Therefore, the

dressing percentage was similar between diets (P > 0.05). ABSF

had no effect on 12th rib fat thickness, LMA, or pH (P >

0.05). Also, there were no significant differences in the indices of

TABLE 4 Rumen fermentation of goats fed a total mixed ration

supplemented with anthocyanin-rich black cane silage (ABS) or

anthocyanin-rich black cane silage treated with ferrous sulfate

heptahydrate (ABSF).

Itema Experimental diet SEM P-value

ABS ABSF

pH value 6.83 6.74 0.200 0.194

Ammonia N (mg/dL) 13.39 13.27 0.076 0.043

Total VFAs (mM) 84.53 85.86 0.565 0.021

Individual VFA (molar % of total VFAs)

Acetate 59.29 60.43 0.461 0.033

Propionate 28.34 27.61 0.779 0.178

Butyrate 12.37 11.96 0.597 0.088

Acetate/Propionate 2.09 2.19 0.173 0.023

aVFAs, volatile fatty acids; SEM, standard error of mean.

external fat color or 12th rib lean color between the two groups

(P > 0.05).

According to Table 6, cooked rate, drip loss, moisture,

protein, and ash percentages of steaks were comparable between

the two experimental diets (P > 0.05). However, after feeding

ABSF, the percentage of intramuscular fat in steak samples was

found to be ∼ 16.8% higher (P < 0.05). However, when ABSF

was fed, the WBSF value of tenderness was ∼ 12.1% lower (P

< 0.05).

Discussion

Anthocyanin is a naturally occurring plant pigment that

has beneficial effects not only on the plant itself, but also

on other organisms, including humans and animals. In order

to accurately provide anthocyanin to ruminant animals via

ensiled anthocyanin-rich black cane, it is crucial to investigate

the quantitative changes in anthocyanin content during

preservation. The majority of the anthocyanin is expected

to be lost during silage fermentation. The present findings

demonstrated that ensiling anthocyanin-rich black cane without

an additive resulted in a loss of anthocyanin, whereas adding

0.030% FSH to anthocyanin-rich black cane prior to ensiling

reversed this nutrient loss. It is well-established that FSH

can increase the nutritional value of lignocellulosic biomass

and reduce anthocyanin loss during roughage preservation for

ruminant feed (1, 2). According to the findings of this study,

using FSH to preserve roughage appears to be an appealing

alternative to developing roughage-based ruminant diets.

The current in-vivo results are the first to report on

feeding anthocyanin-rich black cane treated with 0.030% FSH

(ABSF). The data show that feeding ABSF instead of untreated

anthocyanin-black cane (ABS) led to a higher relative abundance
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FIGURE 2

The relative abundances of selected microbial rumen bacteria in goats fed a total mixed ration supplemented with anthocyanin-rich black cane

silage (ABS) or anthocyanin-rich black cane silage treated with ferrous sulfate heptahydrate (ABSF). The values are means, with horizontal bars

representing standard errors. The values were di�erent (* P < 0.05; ns P > 0.05).

TABLE 5 Carcass characteristics of goats fed a total mixed ration

supplemented with anthocyanin-rich black cane silage (ABS) or

anthocyanin-rich black cane silage treated with ferrous sulfate

heptahydrate (ABSF).

Itema Experimental diet SEM P-value

ABS ABSF

BW (kg) 17.67 18.03 0.503 0.181

HCW (kg) 8.51 8.74 0.796 0.147

CCW (kg) 8.40 8.63 0.963 0.234

DP (%) 48.16 48.47 0.669 0.101

12th–rib fat thickness (cm) 0.233 0.234 0.037 0.407

LMA (cm2) 14.52 14.5 0.686 0.556

pH value 6.85 6.83 0.518 0.424

External fat colorb,c

L* 22.42 22.49 0.748 0.598

a* 15.09 14.62 0.320 0.279

b* 6.59 6.71 0.420 0.314

c* 16.47 16.08 0.306 0.209

12th–rib lean color

L* 48.74 48.9 0.581 0.321

a* 9.85 9.62 0.401 0.350

b* 6.71 6.88 0.342 0.115

c* 11.92 11.83 0.377 0.097

aBW, body weight; HCW, hot carcass weight; CCW, cold carcass weight; DP, dressing

percentage; LMA, LM area measured at 12th rib; SEM, standard error of mean. bFat color

measurements obtained approximately 20 cm ventrally to the lateral process of the split

carcass adjacent the 13th rib. cCIE color measurements: L* , lightness, black (0) to white

(100); positive a* , red; negative a* , green; positive b* , yellow; negative b* , blue; c* , color

saturation= [(a*)2 + (b*)2]1/2 whereby a large number is considered to be more vivid.

of R. albus. ABSF, on the other hand, had no effect on the relative

abundances of R. flavefaciens, F. succinogenes, B. fibrisolvens, M.

TABLE 6 WBSF and chemical composition of steak samples of goats

fed a total mixed ration supplemented with anthocyanin-rich black

cane silage (ABS) or anthocyanin-rich black cane silage treated with

ferrous sulfate heptahydrate (ABSF).

Itema Experimental diet SEM P-value

ABS ABSF

WBSF (kg) 7.53 6.72 0.468 0.020

Cooked rate (%) 43.02 42.61 0.340 0.282

Drip loss (%) 8.67 11.08 0.490 0.107

Moisture (%) 79.35 78.19 0.351 0.381

Protein (% DM) 88.46 88.27 0.240 0.548

Intramuscular fat

(% DM)

5.71 6.86 0.398 0.016

Ash (% DM) 6.18 6.34 0.283 0.083

aWBSF, Warner-Bratzler shear force values of tenderness; SEM, standard error of mean.

elsdenii, and S. bovis. As a result, ABSF’s overall effect on the

selected rumen bacteria might be regarded as minimal. This

finding appears to be consistent with the findings reported by

Tian et al. (12). Indeed, the latter found that supplementary

purple corn anthocyanin (PCA) had no effect on the majority

of rumen bacteria with a relative abundance of more than 1%

at the genus level. Other recent discoveries originated from

anthocyanin plant sources, supplementary black cane had no

effect on overall bacteria, but anthocyanin content of 0.02% (DM

basis) of black cane silage produced an increase inR. albus. In the

current investigation, the total anthocyanin content of the diet

was 0.03% (DM basis), whereas Tian et al. (12) used a maximum

PCA content of about 0.14% (DM basis). It is therefore possible

to postulate that the total anthocyanin content of the ABSF-diet
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was insufficient to significantly affect the microbial community.

The current findings indicate to verify the prior in vitro data

published on the FSH-treated black cane-induced improvement

of relatively abundance for R. albus (2, 9) can be generalized,

at least qualitatively, to realistic feeding settings. In addition to

this, the feeding of the ABSF led to a decrease in the relative

abundance of the methanogens. The observed R. albus effects of

anthocyanins on lower methanogens are difficult to explain, but

the current findings are consistent with findings in sheep and

goats that show a reduced relative abundance of methanogens

in rumen fluids after feeding mulberry leaf (27) and black cane

(9). The drop in the relative abundance of methanogens can

be read as methane generation being reduced by feeding ABSF

rich in anthocyanin components rise due to residual FSH. Our

findings support prior research indicating residual FSH in ABSF

appears to impair methanogenesis by making electron exchange

more difficult for FSH-reducing bacteria and methanogens

harboring Fe oxides (28). This explanation, however, contradicts

the reported rise in the rumen acetate to propionate ratio. The

latter discovery can be interpreted as ABSF feeding promoting

only decreased methane generation via reductive acetogenesis

(29). Indeed, it is widely accepted that the synthesis of acetate,

rather than propionate, provides a source of hydrogen (30, 31).

The apparent disparity between the current results on acetic acid

and the relative abundance ofmethanogens is difficult to explain,

but it cannot be ruled out that acetogenic bacteria utilized

hydrogen to produce acetate. Acetogenic bacteria, in fact, can

directly convert carbon dioxide and hydrogen into acetate (32).

In this in-vivo study, unfortunately, neither the formation of

methane nor the quantity of acetogenic bacteria were evaluated,

and the results do not provide any further indications to further

speculate on the fate of the hydrogen. Future research is thus

needed to shed more light on this topic.

Similar to previous studies (2, 9) that observed in vitro

black cane treated with 0.030% FSH, our findings confirm

that those in vitro results can be translated to actual feeding

situations. Feeding ABSF instead of ABS enhanced overall VFA

concentration. The latter result indicates that the ABSF diet

made more substrate accessible for fermentation. This could be

explained by the role of anthocyanins in bacterial population

regulation, as evidenced by the increased relative abundance

of R. albus. FSH could accelerate the breakdown of the lignin

portion in ABSF, increasing the availability of sugar and, as

a result, enhancing fermentation acid generation for R. albus

(2). Despite the fact that we were unable to assess nutritional

digestibility during goat digestion, our finding of an increased

relative abundance of R. albus seemed to support this view.

These findings are supported by the findings of Yusuf et al.

(33), who revealed that includingAndrographis paniculata leaves

that are high in plant active substances (lactones, anthocyanin,

flavonoids, and sterols) in the diet of goats increased the quantity

of ruminal R. albus while preserving the total bacteria in

the ruminal fluid. This inevitably resulted in an improvement

in the digestibility of nutrients. According to the current

findings, a treated silage-based diet containing 50% ABSF may

have a higher rumen bioavailability than an untreated silage-

based diet containing 50% ABS. It should be noted that the

cellulose, hemicellulose, and CP contents of the two silage-

based diets were equivalent, as was the DMI. The idea that

ABSF provided more carbohydrates to the ruminal bacteria

is supported by the decreased ammonia-N concentrations

seen when ABSF was fed. It is generally understood that

fermentable carbs play an important role in boosting rumen

microbe growth and, as a result, in the conversion of rumen

degradable CP to microbial protein (34, 35). Instead, it cannot

be ruled out that the increased consumption of anthocyanins

led to a reduction in the rumen solubility of the dietary

proteins, which in turn led to a reduction in the rumen

concentrations of ammonia-N (12, 36). Unfortunately, it is

abundantly clear that the current study does not provide any

more information on anthocyanin-induced protein solubility

reduction, and future research is required to find a solution

to this issue. The increased total VFA concentrations induced

by the ABSF diet were not related with an increase in DMI

or an improvement in the growth performance of meat goats.

The significance of the larger overall VFA concentrations can

therefore be contested. Unfortunately, neither the fermentable

organic matter nor the apparent fecal digestibility of the

two diets were measured in the current experiment. As a

consequence, any attempt to substantiate the idea that the two

experimental diets differ in their ability to be digested by the

rumen was hampered. To note, the non-significant effect of

dietary ABSF versus dietary ABS on DMI is consistent with

previous research (9, 12) on meat goats with anthocyanin

content (0.2–1.4 g/head/day). These findings show that an

appropriate supplementation of dietary anthocyanin from the

experimental diets (ABS or ABSF; ∼ 0.3 g/head/day) accounted

to∼ 465 g DMI of TMR per day, which is within the usual range

for healthy goats.

The current findings support our notion that feeding ABSF

reduced the goats’ oxidative stress, as seen by lower TBARS

values and higher TAC levels. These findings are consistent

with prior research as dietary PCA (12), mangosteen peel

(37), and piper meal (8). It is possible that the anthocyanins

in the ABSF diet, such as cyanidin-3-glucoside, pelargonidin-

3-glucoside and malvidin-3-Oglucoside, can explain these

findings. These anthocyanins have been shown to fight free

radicals and reduce inflammation (9). Simultaneously, feeding

ABSF triggered the activity of antioxidant enzymes such as

SOD, CAT, and GSH. These results support those of Purba

et al. (8), who found modified oxidative markers including

SOD, CAT, and GSH activities in ruminal fluid, blood, milk,

and mammary tissue in lactating goats fed a total mixed

ration comprising piper meal containing flavonoids (potentially

including anthocyanin fraction), essential oils, and phenolic

acids. Increasing antioxidant enzyme activity in ruminal fluid
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or blood, on the other hand, may result in a decrease in

TBARS levels by optimizing the rumen and its rumen bilayers

for dietary bioactive compounds derived from piper meal by

boosting membrane fluidity (38). In the current investigation,

we hypothesized that increasing the amount of anthocyanin

consumed in the ABSF diet could operate as an electron

donor, hence mitigating the build-up of reactive oxygen species.

Among intracellular enzymes, SOD is the first line of defense

against reactive oxygen species scavenging. Activation of CAT

and GSH-Px or GSH-Rx, on the other hand, implied that

the superoxide anion radical in the dismutation exceeded the

limit, resulting in reactive oxygen species being scavenged

enzymatically by CAT or GSH before being reduced to water

(9). It appeared that SOD, CAT, and GSH were all working

together to decrease the scavenging of reactive oxygen species.

It would therefore suggest that the lower TBARS values

and the higher TAC levels are not only generated by the

antioxidative activity of anthocyanin itself, but are also caused

by the higher expressions of SOD, CAT, and either GSH-Px

or GSH-Rx.

The ABSF feeding had no effect on any of the carcass

parameters studied (Table 5, e.g., carcass weight or color),

which is similar with recent findings in small ruminants

(9, 39), whereas cattle showed a positive effect (40). The

disparity in results between research is most likely due to a

multitude of factors, including the content of the anthocyanin-

based diet utilized in the study, the age of slaughter, and

the bioavailability of flavonoids or anthocyanins in ruminants.

Additionally, neither the adipose nor the lean tissue color (L∗,

a∗, b∗, or c∗) of goats was modified by the untreated or

treated anthocyanin-rich black canes, which indicates that lipid

peroxidation was comparable between the two experimental

diets. Meat that has less color (a∗ and b∗) tends to turn

brown, which suggests that the oxymyoglobin to metmyoglobin

conversion stage and the interaction with lipid peroxidation

were involved in meat turning brown (9, 39). Anthocyanins

that contained malvidin and malvidin-3-O-glucoside were able

to stabilize muscle membranes, which led to an improvement

in the color of the meat (9). Similarly, both the ABS

and ABSF diets contain malvidin, cyanidin-3-glucoside, and

malvidin-3-O-glucoside, which may prevent lipid peroxidation

and retain meat coloring, as we discovered. Moreover, the

ABSF diet was associated with increased intramuscular fat

contents. The increased intramuscular fat accumulation in

goats fed ABSF is most likely due to the increased rumen

acetate production. In fact, an increase in acetate production

makes more substrate accessible for de novo fat synthesis

(41). Previous research found a negative relationship between

intramuscular fat content and WBSF tenderness values (42).

Therefore, it is posited that the lowerWBSF values are explained,

at least in part, by larger intramuscular fat contents. The

ABSF-induced reduced WBSF value is consistent with earlier

findings (9, 39).

Conclusions

The feeding treated anthocyanin-rich black cane with

0.030% ferrous sulfate heptahydrate appears to be an appealing

alternative processing method for anthocyanin-rich black cane

in meat goat nutrition. The current results show that giving

a total mixed ration with 50% treated anthocyanin-rich black

cane and 0.030% ferrous sulfate heptahydrate reduces oxidative

stress and makes the meat more tender. However, the treated

silage-based diet had no effect on dry matter intake or

growth performance, and thus could be generalized, at least

qualitatively, to realistic feeding settings. In addition, the

concentration of total volatile fatty acids and the proportion

of acetate were found to be higher in goats fed treated silage-

based diets as opposed to untreated silage-based diets, with only

a minor effect on the microbial community. The latter could

account for both the greater fat content and tenderness of the

meat when fed a treated silage-based diet. Research into the

impact of the treated silage diet on digestion and carcass traits,

particularly the antioxidant profile and the texture of the meat

from other animals (cattle, sheep, etc.), is needed to support

these findings.
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E�ect of methionine hydroxy
analog feed supplements:
Significant alteration and
enrichment of rumen microbiota
and metabolome in Hu sheep

Shujie Li, Hanfang Zeng, Changjian Wang and Zhaoyu Han*

College of Animal Science and Technology, Nanjing Agricultural University, Nanjing, China

Methionine hydroxy analogs (MHA) are widely used as the main sources of

methionine in ruminant feed production. The purpose of this study was to

explore the e�ect of using MHA supplements such as MHA as a salt of calcium

(MHA-Ca) and 2-hydroxy-4-(methylthio)-butanoic acid isopropyl ester (HMBi)

as sources of methionine on the rumen microbiota and metabolome in Hu

sheep. Seventy-two healthy Hu sheep were randomly assigned to three dietary

treatment groups: control, MHA-Ca, and HMBi groups. The results showed

that the concentrations of total volatile fatty acids, acetate, and propionate

were higher in the HMBi group than in the control group. The HMBi and MHA-

Ca groups had higher alpha diversity values than those in control group. We

compared the rumen microbiota by using 16S rRNA gene sequencing. At the

phylum level, the HMBi group had a higher relative abundance of Firmicutes

and a lower relative abundance of Synergistetes than did the control group.

At the genus level, the control group had a higher relative abundance of

Treponema_2 than did the HBMi group and a higher relative abundance of

Prevotellaceae_UCG_004 than did the MHA-Ca group. Metabolomic analyses

revealed that fatty acids, amino acids, lipids, organic acids, sugars, amines,

and nucleosides were significantly altered in both MHA-Ca and HMBi groups.

Metabolites with significant di�erences were enriched in amino acid and

carbohydrate metabolisms, such as phenylalanine metabolism, biosynthesis

of amino acids, tryptophan metabolism, galactose metabolism, and tyrosine

metabolism. Above all, the findings presented in this study indicate that

MHA alter the rumen microbiota and metabolites and that di�erent forms of

MHA have di�erent impacts. The results of our study contribute to a better

understanding of the e�ects of MHA.

KEYWORDS

methionine hydroxy analog, rumen fermentation, rumen microbiota, rumen

metabolome, Hu sheep
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Introduction

Many studies have reported that methionine (Met) is the first

or second limiting amino acid in ruminant protein synthesis

because of its low concentration in dietary feed (1). Met is

degraded by microorganisms after entering the rumen, which

results in a lesser quantity of Met reaching the small intestine

for utilization and absorption. One approach for the protection

of Met from degradation in the rumen is to supply methionine

hydroxy analogs (MHA) that resist microbial breakdown (2).

The isopropyl ester of 2-hydroxy 4-(methylthio)-butanoic acid

(HMBi) and calcium salt of the hydroxy analog of methionine

(MHA-Ca) are two different forms of MHA. HMBi is produced

by the esterification of 2-hydroxy-4-methylthiobutyric acid

with isopropanol (3). MHA-Ca is obtained by neutralizing

an MHA with calcium hydroxide or calcium oxide, which is

then dried, crushed, and sieved (4). It has been determined

that ∼50% of MHA is directly absorbed by the rumen wall

and converted into Met and the rest is metabolized in the

rumen utilized by the rumen microorganisms of adult cattle

(5, 6). Previous studies have shown that supplementation

with HMBi results in increased milk fat content and protein

yield (7, 8). Extensive research has also indicated that that

dietary supplementation of HMBi can improve the growth

performance and the feed efficiency of finishing beef cattle by

potentially changing bacterial community (6). Evidence suggests

that the addition of MHA-Ca to methionine-deficient diets

can significantly improve nitrogen deposition in pigs (9). The

addition of 0.15%MHA-Ca to the diet of lactating dairy cow can

effectively improve the production performance, milk quality,

and feed digestion as well as utilization (10). Studies on the

effects of MHA on rumen fermentation have shown conflicting

results. MHA has no apparent effect on rumen fermentation

(11). However, dietary supplementation with 2-hydroxy-4-

(methylthio)-butanoic acid (HMB) and HMBi increased the

concentrations of volatile fatty acids (VFA) and the abundance

of Lactobacillus and Flavobacterium in the rumen (12).

The rumen is a complex microbial ecosystem inhabited by

various microorganisms such as bacteria, protozoa, fungi, and

viruses (13). According to previous research, dietary changes

can have a significant effect on the microbiota (14). The gut

microbiota can have dramatic effects on host development and

metabolism. Studies in mice suggest that gut microbiota may

influence brain development and function (15). Changes in

metabolite production may also affect the fatty acid metabolism

of hosts, thereby altering their lifespan (16). MHA is partially

degraded in the rumen and can serve as a source of Met

for rumen microorganisms. Whether MHA can affect animal

growth and development by altering rumen microbiota and

metabolism remains unknown. This lack of knowledge has

resulted in an inability to properly evaluate the effects of MHA

on ruminant feed production.

Hu sheep are native to China and are excellent for both

wool and meat (17). Previous research have mainly concentrate

on the effects of MHA on the performance of high-production

dairy cows (18, 19). Few studies have investigated the effect

of MHA on rumen microbiota and metabolome in Hu sheep.

Consequently, the main purpose of this research was to describe

the effects of consuming feed with different MHA on the rumen

microbiota and metabolome in Hu sheep. In addition, the

relationship between the rumen microbiota and metabolome

was also determined.

Materials and methods

Animals, diets, and experimental design

Seventy-two healthy Hu sheep comprised half male and half

female (60–70 days old and weighing 19.99 ± 2.04 kg) were

randomly divided into three dietary treatment groups: control

(CON), MHA-Ca, and HMBi groups. Each group consisted of

24 Hu sheep, half male and half female, divided into 6 replicates

(each replicate consisted of 4 sheep of the same sex), and each

replicate was housed in individual pen. The sheep house was a

semi-closed sheep house. The experimental period was autumn

in China. The temperature range was 5–25◦C, the relative

humidity was 40–80%, and the light was natural light. All the

sheep were fed twice a day at 06:00 h and 19:00 h, and water was

available over the course of the experiment. All animals were fed

a pelleted total mixed ration diet. The diet was formulated in

conformity with the feeding standards of meat-producing sheep

(NY/T816-2004, China). The nutrient composition of the basic

diet was essentially the same among the three treatments except

for the supplementation of MHA. The chemical compositions

and ingredients of the diets are listed in Table 1. The CON

group was fed the same basal diet with no rumen-protected

Met, whereas diets of the MHA-Ca and HMBi groups were

additionally supplemented with 1.5 kg/t MHA-Ca and 1.5 kg/t

HMBi. There were 80 days in the experimental period, with the

first 7 days being used for preadaptation.

Sample collection and measurements

All Hu sheep were kept food-deprived for 24 h and

water-deprived for 2 h. Then, one sheep from each replicate

was randomly selected for slaughter (i.e., a total of six

sheep from each group). We collected the ruminal fluid

samples immediately after slaughter and strained them through

cheesecloth. Approximately 20mL of ruminal fluid was stored

in liquid nitrogen for the determination of fermentation

parameters, extraction of microbial DNA, and metabolome

measurements. The fermentation parameters were analyzed
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TABLE 1 Composition and nutrient levels of the basal

diet (DM basis) %.

Ingredients Content, % of

DM

Chemical

composition,

% of DM4

Content, % of

DM

Corn 30.8 DM 87.19

Soybean meal 5.8 ME/(MJ/kg) 16.91

Peanut meal 3.0 CP 14.61

Bean straw 24.0 NDF 49.71

Corn germ meal 15.0 ADF 13.04

Rice husk 5.0 EE 4.71

Wheat middling 2.0 Ash 10.06

Molasses 1.0 Ca 1.08

Malt root 6.0 P 0.62

NH4Cl 0.4

Limestone 2.0

Premix 5.0

Total 100

The premix provided the following per kg of the diet: VA 16000 IU, VD 25000 IU, VE400

IU, Fe 35mg, Cu 20mg, Zn 65mg,Mn 40mg, I 0.2mg, Se 0.3mg, Co 0.15mg,MHA 1.5 g.

using gas chromatography (7890A, Agilent, Palo Alto, CA, USA)

according to the procedure by Mao et al. (20).

Microbial DNA extraction and sequencing

Using the DNA extraction kit (QIAGEN, D Neasy Power

Soil Kit 10) to extract the total genomic DNA of the ruminal

fluid sample. The purity and concentration of the DNA was

verified with Nano Drop and agarose gel. Taking an appropriate

amount of the sample into a centrifuge tube, dilute the

sample with sterile water to 1 ng/µ L. Using the diluted

genomic DNA as the template, according to the selection

of the sequencing region, using the specific primers with

Barcode, Takara Ex Taq high-fidelity enzyme from Takara

Company for PCR to ensure the amplification efficiency and

accuracy. For bacterial diversity analysis, V3-V4 (or V4-V5)

variable regions of 16S rRNA genes was amplified with primer

pairs 343F (5’- TACGGRAGGCAGCAG−3’) and 798R (5’-

AGGGTATCTAATCCT-3’).

Rumen microbiota bioinformatic analyses

Raw data is in FASTQ format. The original paired-end

sequences were descrambled using Trimmomatic version 0.35

software (21). Detected and truncated the ambiguous base N

and used the sliding window method to check the average

base quality (21). When the quality was lower than 20, the

preceding high-quality sequence was truncated. The paired-end

sequence after decontamination was performed using FLASH

version 1.2.11 software (22). The splicing parameters were as

follows: the smallest overlap was 10 bp, the largest overlap was

200 bp, and the largest mismatch rate was 20%. To ensure

the accuracy of the results, precise impurity removal could be

performed to remove sequences containing ambiguous bases,

homologous single bases, and sequences that were too short

in length. The parameters for precise impurity removal were:

remove sequences containing N bases, and retain sequences

with a base quality score Q20 of at least 75% (23). After

the sequencing data was preprocessed to generate high-quality

sequences, the Vsearch version 2.4.2 software was used to

classify the sequences into multiple OTUs according to the

similarity of the sequences (24). The parameter was sequence

similarity greater than or equal to 97% to be classified as an

OTU unit (25). The representative sequences of each OTU

were selected using the QIIME version 1.8.0 software (http://

qiime.org/scripts/index.html) and all representative sequences

were aligned and annotated with the database (26). 16S was

aligned with Green genes or Silva version123 database, species

alignment was annotated with RDP classifier software, and

annotation results with confidence intervals >0.7 were retained

(24). The relative abundance of the phylogenetic investigation of

communities by reconstruction of unobserved states PICRUSt -

predicted metabolic pathways of ruminal bacterial microbiome

in three groups. The extended error bar plot was generated using

STAMP software (http://kiwi.cs.dal.ca/Software/).

Metabolomic measurement

Eighty microliter of sample was transfered into

1.5ml EP tubes. Then 10 µL of internal standard (L-2-

chlorophenylalanine, 0.3 mg/mL in methanol) was added and

vortexed for 10 s. Two hundred forty microliter of methanol-

acetonitrile (2:1) mixed solution were added and vortexed for

1min. Ultrasonic extraction in ice water bathed for 5min and

were stand at−20◦C for 10min. The sample was centrifuged

for 10min (12,000 rpm, 4◦C) and transfered 150 µL of the

supernatant into a glass derivatization bottle. Quality control

samples (QCs) were prepared by mixing equal volumes of

extracts from all samples and each QC had the same volume as

the sample. Eighty microliter of methoxyamine hydrochloride

in pyridine (15 mg/mL) was added to a glass derivatized vial,

vortexed for 2min and performed oximation in a shaking

incubator at 37◦C for 90min. After the sample was taken out,

80 µL of BSTFA (containing 1% TMCS) derivatization reagent

and 20 µL of n-hexane were added. The sample was left at room

temperature for 30min for GC-MS metabolomic analysis.

The samples were tested on an Agilent 7890B gas

chromatography system and an Agilent 5977A MSD system

(Agilent Technologies Inc., CA, USA). The derivatives were
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separated to utilized the DB-5MS fused-silica capillary column

(30m × 0.25mm × 0.25µm, Agilent J & W Scientific, Folsom,

CA, USA). The injection volume was 1 µL and the injection

was splitless with a solvent delay of 5min. The temperature

of the injection port was 260◦C.The initial temperature of

the column oven was 60◦C, the temperature was programmed

to 125◦C at 8◦C/min, and 5◦C/min was heated to 210◦C;

10◦C/min was heated to 270◦C, 20◦C/min to 305◦C and held

for 5 min.

Rumen microbiota data preprocessing
and statistical analysis

The data matrix was imported into SIMCA software

(version 14.0, Umetrics, Umea, Sweden) and autonomous

principal component analysis (PCA) was used to determine

the overall distribution among samples and the process of

general analysis. The partial least squares analysis (PLS-DA)

and orthogonal partial least squares analysis (OPLS-DA)

were used to distinguish the overall differences in metabolic

profiles between groups and to find differential metabolites

between groups. The combination of multidimensional

analysis and single-dimensional analysis were used to

compare the differential metabolites between groups.

In the OPLS- DA analysis, the variable weight value

(Variable important in projection, VIP) was used to

measure the impact strength and explanatory power

of the expression pattern of each metabolite on the

classification and discrimination of each group of samples.

Metabolites with VIP>1 were considered differential

metabolites. Further t-test (student’s t-test) was used to

verify whether the metabolite differences between groups

were significant.

Data analyses

The data on ruminal fermentation parameters were analyzed

using a one-way analysis of variance (SPSS v. 25.0, SPSS Inc.,

Chicago, IL, USA). The results were expressed as mean ±

standard deviation, and p < 0.05 was considered a significant

difference. Principal coordinate analysis was used to detect

differences between the microbial communities from different

experimental groups.Wilcoxon-Mann-WhitneyU-test was used

to identify phylum and genus-level differences in microbes.

Metabolites with variable influence on projection (VIP) values

larger than 1.0 and p-values from a two-tailed Student’s t-test

<0.05 were considered differential metabolites. The correlation

matrix between bacterial families and altered metabolite levels

was generated using Spearman’s correlation coefficients and

visualized using R language.

TABLE 2 Ruminal fermentation parameters of CON, MHA-Ca and

HMBi groups.

Item CON MHA-Ca HMBi P-value

pH 6.99± 0.03 7.02± 0.02 7.01± 0.03 0.33

Acetate (mmol/L) 31.97± 4.34b 47.57± 7.95ab 55.98± 4.96a 0.02

Propionate (mmol/L) 8.16± 1.10b 12.71± 2.52ab 16.21± 2.60a 0.03

Isobutyrate (mmol/L) 1.71± 0.35 2.45± 0.38 2.36± 0.54 0.34

Butyrate (mmol/L) 4.83± 0.52 8.21± 1.98 8.68± 1.01 0.08

Isovalerate (mmol/L) 2.83± 0.56 3.72± 0.76 3.83± 0.97 0.41

Valerate (mmol/L) 0.72± 0.08 1.23± 0.28 1.31± 0.29 0.14

Total VFA (mmol/L) 50.24± 6.39b 75.92± 13.42ab 88.39± 9.49a 0.03

A:P 3.96± 0.25 4.03± 0.41 3.69± 0.41 0.63

Acetate (%) 63.65± 2.08 64.08± 2.81 64.06± 2.53 0.91

Propionate (%) 16.20± 0.61 16.19± 0.81 18.13± 1.81 0.31

Butyrate (%) 9.71± 0.23 10.12± 1.19 9.78± 0.44 0.95

CON (Control group) = sheep fed total mixed ration pellet diet with a basal diet.

MHA-Ca (MHA-Ca group) = sheep fed total mixed ration pellet diet additionally

supplemented with MHA-Ca. HMBi (HMBi group)= sheep fed total mixed ration pellet

diet additionally supplemented with HBMi. VFA = volatile fatty acid. A: P = the ratio

of acetate to propionate. In the same row, values with different small letter superscripts

mean significant difference (P < 0.05) while with the same letter or no letter superscripts

mean no significant difference (P>0.05). The same as below.

Results

Ruminal fermentation parameters

The HMBi group had higher concentrations of total volatile

fatty acid, acetate, and propionate (p = 0.03, p = 0.02, and p =

0.03, respectively), than the CON group. However, there was no

significant difference in pH, butyrate, isovalerate, and valerate

concentrations between the three groups (Table 2).

Richness, diversity, and composition of
the ruminal bacterial communities

The number of observed species was higher (p = 0.015) in

the HMBi group than in the CON group. The Chao 1 value was

higher (p < 0.01) in both MHA-Ca and HMBi groups than that

in the CON group (Table 3). There was no significant difference

in the Shannon–Wiener and Simpson indices among the three

groups. According to the principal coordinate analysis profile

(Figure 1), the CON,MHA-Ca, andHMBi groups were detached

(axis 1+ axis 2+ axis 3= 55.2%).

In total, we identified 18 bacterial phyla in the ruminal

fluid samples. Abundant taxa (relative abundance ≥ 0.01%)

are presented in Table 4. The analyzed DNA sequences

typically belonged to the phyla Bacteroidetes, Firmicutes,

and Proteobacteria. We found that the HMBi group had a

significantly higher (p = 0.04) relative abundance of Firmicutes

than the CON group did. In contrast, the relative abundance of
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TABLE 3 Alpha diversity of ruminal bacterial communities of CON, MHA-Ca and HMBi groups.

Item CON MHA-Ca HMBi P-value

Observed species 1493.08± 75.88b 1682.88± 41.13ab 1818.88± 81.80a 0.015

Chao 1 value 1795.61± 105.59b 2073.17± 36.09a 2195.98± 77.29a 0.008

Shannon wiener 7.44± 0.11 7.29± 0.23 7.85± 0.21 0.125

Simpson index 0.98± 0.01 0.96± 0.01 0.98± 0.01 0.282

CON (Control group) = sheep fed total mixed ration pellet diet with a basal diet. MHA-Ca (MHA-Ca group) = sheep fed total mixed ration pellet diet additionally supplemented with

MHA-Ca. HMBi (HMBi group)= sheep fed total mixed ration pellet diet additionally supplemented. a,bThe same letters indicate no significant difference in functional abundance between

the two groups; different letters indicate significant differences in functional abundance between the two groups.

FIGURE 1

A=CON group,B=MHA-Ca group,C=HMBi group; Unweighted UniFrac metric PCoA of microbial diversity in CON group, MHA-Ca and HMBi

groups. The percentage of variation explained by PC1, PC2, PC3 are indicated on the axis.

Synergistetes was significantly higher in the CON group than

that in the HMBi group. No significance was found in the

abundance of Bacteroidetes, Spirochaetae, Tenericutes and other

bacterial phyla between the three groups.

In total, we identified 190 taxa in the ruminal fluid samples.

The abundant taxa (relative abundance ≥ 0.01%) are presented

for clarity and visualization in Table 5. The relative abundance

of Ambiguous taxa was higher (p = 0.01) in both the MHA-

Ca and HMBi groups than in the CON group. In the CON

group, the relative abundance of Prevotellaceae_UCG_004 was

higher (p = 0.04) than that in the MHA-Ca group, whereas

the relative abundance of Ruminococcaceae_UCG_014 taxa was

lower (p = 0.03) than that in the HBMi group. In addition,

a significant increase (p = 0.04) in the relative abundance

of Treponema_2 was observed in the CON group compared

with that in the HBMi group. The other genera showed

no significant difference between the CON, MHA-Ca, and

HMBi groups.

Predicted functions of ruminal bacterial
microbiota

This study inferred that 18 gene families in the ruminal

microbiota showed significantly different abundances between

the CON and the MHA-Ca groups (Figure 2A), and 25 gene

families in the ruminal microbiota showed significantly different

abundances between the CON and HMBi groups (Figure 2B).

Furthermore, compared with the CON group, the gene families

involved in base excision repair, aminoacy-tRNA biosynthesis,

and amino acid-related enzymes were significantly decreased,
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TABLE 4 The relative abundance of phylum level (% of total sequences) in ruminal bacterial communities of CON, MHA-Ca and HMBi group.

Phylum Relative abundance (%) P-Value

CON MHA-Ca HMBi

Bacteroidetes 72.73± 2.41 70.14± 4.91 73.51± 1.49 0.75

Firmicutes 12.90± 1.45b 14.43± 0.63ab 16.11± 1.22a 0.04

Proteobacteria 7.35± 1.18 10.15± 5.25 5.10± 1.16 0.23

Spirochaetae 2.63± 0.31 1.92± 0.26 1.68± 0.41 0.14

Fibrobacteres 2.01± 0.39 1.27± 0.26 1.77± 0.27 0.27

Tenericutes 1.78± 0.48 1.38± 0.34 1.15± 0.27 0.51

Lentisphaerae 0.24± 0.07 0.27± 0.03 0.19± 0.06 0.62

Other 0.11± 0.03 0.15± 0.03 0.19± 0.02 0.23

Elusimicrobia 0.08± 0.05 0.12± 0.05 0.10± 0.03 0.83

Actinobacteria 0.07± 0.01 0.04± 0.01 0.06± 0.03 0.47

Cyanobacteria 0.02± 0.01 0.03± 0.01 0.04± 0.01 0.48

Saccharibacteria 0.02± 0.006 0.02± 0.005 0.03± 0.006 0.48

Synergistetes 0.024± 0.006a 0.011± 0.004ab <0.01b 0.04

CON (Control group) = sheep fed total mixed ration pellet diet with a basal diet. MHA-Ca (MHA-Ca group) = sheep fed total mixed ration pellet diet additionally supplemented with

MHA-Ca. HMBi (HMBi group) = sheep fed total mixed ration pellet diet additionally supplemented with HBMi. a,bThe same letters indicate no significant difference in functional

abundance between the two groups; different letters indicate significant differences in functional abundance between the two groups.

TABLE 5 The relative abundance of Genus level (% of total sequences) in ruminal bacterial communities of CON, MHA-Ca and HMBi group.

Genus Relative abundance (%) P-value

CON MHA-Ca HMBi

Prevotella_1 29.67± 3.69 26.21± 2.26 28.23± 4.51 0.79

Other 12.34± 0.79 11.57± 1.60 12.55± 1.58 0.87

uncultured_rumen_bacterium 10.17± 1.28 9.01± 1.89 9.92± 0.83 0.82

Rikenellaceae_RC9_gut_group 6.75± 0.87 9.66± 1.34 8.74± 1.23 0.23

Ambiguous_taxa 2.03± 0.81b 5.58± 0.95a 4.97± 0.37a 0.01

Prevotellaceae_UCG_001 4.79± 0.42 3.23± 0.44 3.66± 0.66 0.12

Succinivibrio 2.01± 0.78 8.65± 4.34 1.01± 0.34 0.10

Prevotellaceae_UCG_003 3.67± 0.99 3.26± 0.61 3.26± 0.71 0.91

uncultured 2.57± 0.42 3.63± 0.83 3.63± 1.13 0.60

Erysipelotrichaceae_UCG_004 3.34± 1.04 1.55± 0.17 1.62± 0.29 0.11

Treponema_2 2.47± 0.29a 1.69± 0.26ab 1.47± 0.35b 0.04

Fibrobacter 2.01± 0.39 1.26± 0.26 1.74± 0.26 0.27

Ruminococcaceae_UCG_002 0.84± 0.32 1.21± 0.31 1.24± 0.47 0.70

Prevotellaceae_UCG_004 1.37± 0.44a 0.50± 0.11b 1.25± 0.25a 0.03

uncultured_bacterium 1.25± 0.40 0.84± 0.37 0.94± 0.34 0.71

Lachnospiraceae_ND3007_group 0.95± 0.28 1.10± 0.19 0.91± 0.13 0.79

Alloprevotella 0.87± 0.26 0.82± 0.34 0.85± 0.27 0.99

Thalassospira 0.98± 0.31 0.51± 0.18 1.01± 0.69 0.67

Anaerovibrio 1.06± 0.47 0.54± 0.09 0.33± 0.05 0.19

Ruminococcaceae_UCG_014 0.44± 0.12b 0.41± 0.07b 1.04± 0.28a 0.04

Ruminococcaceae_UCG_010 0.58± 0.15 0.64± 0.11 0.59± 0.19 0.95

Selenomonas_1 0.61± 0.18 0.64± 0.31 0.38± 0.11 0.66

Ruminococcus_1 0.74± 0.15 0.45± 0.12 0.40± 0.10 0.15

CON (Control group) = sheep fed total mixed ration pellet diet with a basal diet. MHA-Ca (MHA-Ca group) = sheep fed total mixed ration pellet diet additionally supplemented with

MHA-Ca. HMBi (HMBi group) = sheep fed total mixed ration pellet diet additionally supplemented with HMBi. a,bThe same letters indicate no significant difference in functional

abundance between the two groups; different letters indicate significant differences in functional abundance between the two groups.
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FIGURE 2

The relative abundance of the phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) - predicted

metabolic pathways of ruminal bacterial microbiome in three groups: the CON group vs. MHA-Ca group (A); the CON group vs. HMBi group (B).

The extended error bar plot was generated using STAMP software. Welch’s two-sided test was used, and Welch’s inverted test was 0.95.

whereas that for thiamine metabolism was significantly

increased in both the MHA-Ca and HMBi groups.

GC/MS analysis of the ruminal fluid

To explore whether changes in rumen microbes could lead

to alterations in rumen metabolites, GC/MS-based metabolome

profiling was used to characterize rumen metabolism. A

total of 238 metabolites were found in the rumen samples,

including amino acids, organic acids, lipids, sugars, amines,

and nucleosides. Orthogonal partial least squares discriminant

analysis was performed on the metabolites in the CON,

MHA-Ca, and HMBi groups. The score plot showed a clear

separation between the CON and MHA-Ca groups (Figure 3A)

and between the CON and HMBi groups (Figure 3B). This

indicates the differences in metabolites in the rumen among the

three groups.

Di�erences in ruminal metabolites
between CON, MHA-Ca, and HMBi
groups

In addition, we compared these three sets of data to detect

differences in metabolites between the three groups. In total,

62 differential metabolites were detected between MHA-Ca and

CON, and 84 differential metabolites were observed between

the HMBi and CON groups. Based on the statistical analysis

and the VIP value obtained from the partial least squares

discriminant analysis (false discovery rate < 0.05, and VIP

> 1), 9 differential metabolites were identified in MHA-Ca

and CON groups, 24 differential metabolites were identified in

the HMBi and CON groups. These metabolites were shown

in Tables 6, 7, respectively. Generally, the ruminal metabolites

differedmainly in fatty acids, amino acids, organic acids, amines,

and nucleosides among the three groups.

Metabolic pathways of di�erential
metabolites

Pathway analysis was conducted to supply a inclusive view

of the different metabolites between the Hu sheep in the CON,

MHA-Ca, and HMBi groups. Results revealed that pentose and

glucuronate interconversions, 2-oxocarboxylic acid metabolism,

citrate cycle, biosynthesis of amino acids, glucagon signaling

pathway, carbon metabolism, phenylalanine, tyrosine, and

tryptophan biosynthesis, central carbon metabolism in cancer,

phenylalanine metabolism, and tryptophan metabolism were

the top 10 pathways which were significantly enriched in MHA-

Ca group compared with CON group (Figure 4A). Results of

the comparison between the HMBi and CON groups showed

that alanine, aspartate, and glutamate metabolism, Parkinson’s

disease, retrograde endocannabinoid signaling, galactose

metabolism, tyrosine metabolism, cAMP signaling pathway,

pentose and glucuronate interconversions, morphine addiction,

nicotinate and nicotinamide metabolism, and alcoholism were

the top 10 pathways which were significantly enriched in HMBi

group compared with CON group (Figure 4B).

Correlation analyses between the
ruminal metabolome and microbiome

Correlation analyses were performed using Spearman’s

correlation coefficients obtained for the microorganisms and

differential metabolites in the CON, MHA-Ca, and HMBi
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FIGURE 3

OPLS-DA score plots derived from the GC/MS metabolite profiles of rumen samples. OPLS-DA score plots (respectively) for: the CON group vs.

MHA-Ca group (A); the CON group vs. HMBi group (B).

TABLE 6 List of ruminal fluid metabolites that showed significant di�erence between MHA-Ca and CON groups.

Metabolite name Average RT Quant mass VIP FDR log2(FC)

Stigmasterol 30.21 144 1.969 <0.001 −1.988

Hydrocinnamic acid 13.52 104 1.910 0.003 −0.693

Arabitol 19.92 217 1.867 0.005 −0.697

Kynurenine 8.87 192 1.827 0.005 −1.049

Quinic acid 22.73 345 1.817 0.023 −0.788

2,4,7-Trihydroxypteridine 33.79 381 1.839 0.027 −0.817

5-Methoxypsoralen 6.53 173 1.801 0.027 −0.403

Chlorogenic acid 34.02 307 1.751 0.027 −0.811

Ribulose-5-Phosphate 25.59 317 1.676 0.027 −0.702

RT = retention time. VIP = variable importance in projection. FDR = false discovery rate. log2(FC) = The ratio of the average expression of metabolites in the two groups of samples,

positive value means up-regulation, negative value means down-regulation.

groups to investigate potential host-microbiota metabolic

interactions. The results of these analyses indicate a complex

connection between rumen microbiota and metabolites. For

example, the Spearman’s correlation constructed using data

from the CON and MHA-Ca groups showed that Oscillibacter,

Ambiguous taxa, and [Eubacterium]_coprostanoligenes_group

were negatively correlated with most metabolites (Figure 5A),

and in the CON and HMBi groups, Ruminococcaceae_UCG_014

was negatively associated with eight metabolites (including

proline, sorbitol, 4-aminobutyric acid, and kynurenine)

(Figure 5B).

Discussion

For Hu sheep, the rumen plays an important role in

digestion, metabolism, and health (27). VFA, such as acetate,

butyrate, and propionate, are the end products of rumen

microbial fermentation and are considered one of the rumen

fermentation indexes (28). Dietary or feed additives can

affect ruminal fermentation patterns. Changes in rumen VFA

concentrations may reflect changes in rumen fermentation

patterns (29, 30). In our study, the results showed that MHA can

significantly enhance the rumen fermentation characteristics of

Hu sheep, and the concentrations of acetate, butyrate, and total

VFA were higher in both theMHA-Ca and HMBi groups than in

the CON group. These results are consistent with those of Zhou

(31), who also found that HMBi can increase the concentrations

of acetate, butyrate, and total VFA in vitro. Previous studies have

reported that MHA can promote rumen fermentation, acetate

concentration was significantly decreased by HMBi deduction

(6, 32). A possible explanation for this might be that MHA

could use free ammonia nitrogen in the rumen to synthesize

Met, thereby increasing the amount of Met in the rumen. Met

promotes the establishment of microflora and improves the

digestibility of nitrogenous compounds and carbohydrates in

the rumen.

As an indicator of the ruminal microbiota physiological

state, the microbiota’s richness and diversity are important.

Ruminal bacterial microbiota can be influenced by dietary
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TABLE 7 List of ruminal fluid metabolites that showed significant di�erence between HBMi and CON groups.

Metabolite name Average RT Quant mass VIP FDR log2(FC)

Resveratrol 32.18 445 1.856 <0.001 2.261

Hydrocinnamic acid 13.52 104 1.820 <0.001 −0.613

Kynurenine 8.87 192 1.861 <0.001 −1.075

Arabitol 19.92 217 1.785 <0.001 −0.662

4-Hydroxycinnamic acid 25.62 293 1.910 <0.001 1.008

N-Acetylornithine 21.54 174 1.853 0.001 −0.918

Sorbitol 20.03 221 1.841 0.001 −0.656

4-(5-Methyl-2-Furanyl)-2-Butanone 6.49 152 1.829 0.001 −0.487

Epicatechin 30.77 179 1.676 0.001 2.299

N-Acetylputrescine 15.3 174 1.639 0.005 1.350

Hexaric acid 26.25 333 1.669 0.006 −0.477

Uridine 5’-Monophosphate 21.44 312 1.733 0.007 1.117

Nicotianamine 17.03 348 1.546 0.009 1.471

Tyrosol 31.3 179 1.550 0.011 1.630

3-Hydroxybutyric acid 8.45 191 1.624 0.012 0.710

2-Hydroxybutanoic acid 6.14 207 1.552 0.017 0.309

Adenosine 32.75 230 1.771 0.022 2.652

2-Monostearin 34.84 411 1.543 0.022 −1.294

Ethanolamine 5.27 174 1.618 0.024 −0.366

Pipecolic acid 11.23 156 1.630 0.031 −1.247

Cholesterol 36.32 329 1.413 0.045 −0.965

4-Aminobutyric acid 15.88 174 1.603 0.045 −0.636

N-Methylglutamic Acid 10.29 98 1.122 0.045 −1.421

5-Hydroxy-3-Indoleacetic acid 28.75 337 1.636 0.047 −1.825

RT = retention time. VIP = variable importance in projection. FDR = false discovery rate. log2(FC) = The ratio of the average expression of metabolites in the two groups of samples,

positive value means up-regulation, negative value means down-regulation.

FIGURE 4

Metabolome view map of the di�erential metabolites identified in three groups: the CON group vs. MHA-Ca group (A); the CON group vs. HMBi

group (B). The larger size indicates higher pathway enrichment, and darker color indicates higher pathway impact values.
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FIGURE 5

Correlation analyses between the di�erential metabolites and top 20 ruminal bacterial genera in three groups: the CON group vs. MHA-Ca

group (A); the CON group vs. HMBi group (B). The blue squares represent the positive correlations while orange ones represent the negative

correlations. *p < 0.05, **p < 0.01; ***p < 0.001.

feed (33). In the present study, we investigate the impact

of MHA feeding on the composition and diversity of the

rumen bacterial community. At the phylum level, Firmicutes

and Bacteroidetes were the two major phyla in all three

groups. At the genus level, Prevotella_1, uncultured rumen

bacterium, Rikenellaceae_RC9_gut_group, and Ambiguous taxa

were highly abundant. In addition, The HMBi and MHA-

Ca groups had higher alpha diversity values than those in

control group, which showed that the microbial community

composition was changed and tended to be more diverse in

Hu sheep in both the HMBi and MHA-Ca groups. These

results are consistent with those of previous research (34,

35), and previous studies have found that Met deficiency

hinders the growth and reproduction of rumen bacteria and

protozoa (36). MHA promotes rumen bacterial growth (37), and

MHA and HMBi supplementation increase VFA concentrations

in the rumen and the ruminal abundance of Fibrobacter

succinogenes and Ruminococcus flavefaciens (12). This result can

be explained by the fact that MHA can be used by ruminal

bacterial microbiota to promote the proliferation of rumen

microorganisms. Another important finding was that the MHA-

Ca and HMBi groups had a higher relative abundance of

Firmicutes than did the CON group. Firmicutes are a core

bacterial component of the rumen (38). It contains many fiber-

decomposing bacteria, including Ruminococcus, Butyvibrio, and

Eubacterium. The main function of Firmicutes is to degrade

fiber and cellulose (39, 40). Previous research have revealed

that dandelions (as potential functional feed additives) could

improve the abundance of rumen Firmicutes bacteria, and

a higher abundance of Firmicutes could enhance rumen

fermentation (41). When the supply of HMBi was reduced, the

ruminal microbiota was inhibited, which led to a decrease in the

Shannon index and the relative abundance of Firmicutes (32).

This is consistent with our study in which the concentrations

of total VFA, acetate, and propionate were higher in both

the MHA-Ca and HMBi groups than in the CON group. A

possible explanation for this might be that MHA-Ca and HMBi

can be metabolized to MHA in the rumen and thus enhance

rumen fermentation by increasing the abundance of rumen

Firmicutes bacteria.

Metabolomics explains phenotypic changes better than

genomics or proteomics (42). To better understand the effects of

MHA on rumen microorganisms, we conducted a metabolomic

study. Our data showed that the concentrations of many

rumen metabolites changed in both the MHA-Ca and HMBi

groups, which might be associated with changes in rumen

microbial abundance. Compared with the CON group, several

organic acids, such as hydrocinnamic, quinic, chlorogenic, 4-

hydroxycinnamic, and pipecolic acids, were less abundant in

both the MHA-Ca and HMBi groups. In contrast, levels of

4-hydroxycinnamic, 3-hydroxybutyric, and 2-hydroxybutanoic

acids were higher in the HMBi group than in the CON
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group. These organic acids, among other functions, are involved

in host development and metabolism. Several reports have

shown that hydrocinnamic acids exhibit antioxidant potential

(43). Quinic acid, an organic acid precursor of aromatic

amino acids, is integral to the metabolism of shikimic

acid (44, 45). Chlorogenic acid is a polyphenol with a

strong bacteriostatic activity (46, 47). Kynurenine, arabitol,

sorbitol, and N-acetylornithine were also identified. In addition,

correlation analysis revealed that arabitol and sorbitol had a high

positive correlation with Pyramidobacter and Succinatimonas.

N-acetylornithine and kynurenine were negatively correlated

with Ambiguous taxa and Ruminococcaceae_UCG_014. Using

the Kyoto encyclopedia of genes and genomes analysis, we

found that the metabolites with significant differences were

mainly enriched in amino acid and carbohydrate metabolisms,

such as phenylalanine metabolism, tryptophan metabolism,

alanine, aspartate, and glutamate metabolism, biosynthesis of

amino acids, galactose metabolism, and tyrosine metabolism.

This is consistent with earlier observations, which showed that

the contents of microbial amino acids such as phenylalanine,

methionine, isoleucine, and leucine in the rumen liquid and

solid phases were significantly increased when fed coated Met

and adsorbed MHA (48). Previous research have identified

that the metabolism of the rumen microbiota is affected by

substrate amino acids (49). Met was used as a nitrogen and

carbon source to study its effect on amino acid metabolism

of rumen microorganisms, and it was found that adding Met

can improve the utilization of valine, serine, cysteine, and

histidine, change the metabolism of histidine, and increase

the content of the product (50). These results indicate

that MHA has a significant effect on amino acid and

carbohydrate metabolisms.

Conclusion

In summary, the present study was designed to determine

the effect feeding an MHA to Hu sheep had on the

rumen microbiota and metabolome. These findings indicate

that ruminal fermentation was stimulated, as evidenced

by increased concentrations of total VFA, acetate, and

propionate. The composition of the bacterial community, such

as Firmicutes and Synergistetes, was altered, and the richness and

diversity of the ruminal microbiota were significantly enhanced

with MHA supplementation. Metabolomic analysis revealed

that some ruminal metabolites were significantly altered,

including amino acids, organic acids, and amines. Moreover,

correlation analysis of the metabolome and microbiome

showed some associations between the microbial groups

and metabolites. In general, this study contributes to our

understanding of the use of MHA as a feed supplement in

Hu sheep.
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“King of the forage”—Alfalfa
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growth, reproductive
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and meat quality of pigs
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As one kind of high-quality feed with rich nutrients, including high quality

protein and amino acids, dietary fiber, enriched vitamins and mineral elements

and bioactive molecules, alfalfa has been widely used in the production

of ruminant livestock. As the understanding of alfalfa becomes more and

more comprehensive, it is found that the high-quality nutrients in alfalfa

could have positive e�ects on pigs. An increasing number of researches

have shown that supplementing dietary alfalfa to the diet of gestating

sows reduced constipation, alleviated abnormal behavior, improved satiety

and reproductive performance; supplementing dietary alfalfa to the diet of

piglets improved growth performance and intestinal barrier function, reduced

intestinal inflammatory response and diarrhea; supplementing dietary alfalfa

to the diet of growing-fattening pigs improved production performance

and pork quality. Moreover, the mechanisms by which various nutrients of

alfalfa exert their beneficial e�ects on pigs mainly including dietary fiber

stimulating intestinal peristalsis, enhancing the activity of digestive enzymes,

and promoting the colonization of beneficial bacteria in the intestinal tract

through fermentation in the intestine, producing short-chain fatty acids and

thus improving intestinal health; high quality protein and amino acids are

beneficial to improve animal health condition; rich vitamins and mineral

elements play an important role in various physiological functions and growth

and development of the body; and bioactive molecules can improve the

antioxidant and anti-inflammatory level. Therefore, alfalfa could be used as pig

feed ingredient to alleviate various problems in the pig industry and to improve

pig production performance. In this review, we detail the current application

of alfalfa in pigs and discuss the potential mechanisms involved in how alfalfa

improves growth and reproductive performance, pork quality, and intestinal

health of the animals, thus laying the foundation for the increased application

of high-quality forage in pig production.
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Introduction

The current intensive farming model of animal husbandry

has brought about many negative problems, such as the

decline in reproductive performance of sows (1), the increase

of diarrhea in piglets (2) and the deterioration in pork

quality (3). Especially after the implementation of the

“antibiotic ban”, a series of problems have emerged in the

pig breeding industry. The development of grain-saving

healthy breeding has become an important goal in the current

animal husbandry.

Alfalfa (Medicago sativa L.) is one kind of perennial herb

belonging to the legume family (4) that is rich in nutrients,

including protein, dietary fiber, vitamins, and minerals (5). In

addition, alfalfa contains a variety of bioactive molecules and

unknown growth factors, including saponins, polysaccharides,

flavonoids and other bioactive molecules. Consequently,

alfalfa is known as the “king of forage grass”. In the past, it

has been found that supplementing alfalfa hay to cow diets

increased milk yield (6), and that increasing the amount

of alfalfa hay supplementation in the cow’s diet shortened

the interval to conception (7). In recent years, more and

more studies have found that adding alfalfa to pig diets at

different stages can help to improve pig performance. In

this review, we summarize the nutritional value of alfalfa,

including the positive physiological effects of its dietary

fiber, and detail the current application of alfalfa in pigs.

We further discuss the potential mechanisms underlying

how alfalfa improves animal growth and reproductive

performance, intestinal health, and pork quality, thus laying

the foundation for the increased application of forage in

pig production.

The nutritional value of alfalfa

Alfalfa is rich in crude protein, vitamins,
minerals, and other bioactive molecules

Alfalfa is rich in essential nutrients such as protein, vitamins,

minerals, and fiber, in addition to as yet unidentified growth

factors required by animals. The level of crude protein is

one of the most important indicators of the nutritional value

of forage. The level of crude protein in alfalfa is relatively

high, generally about 18–20% (8). The lysine, tryptophan and

other amino acids in alfalfa have a reasonable pattern and

relatively balanced composition ratio, which are easily digested

and utilized by animals. Alfalfa is also rich in lysine and

methionine, about 0.80 and 0.23% (9), respectively, which is

beneficial to balance the deficiency of lysine in grain feed.

Alfalfa has an abundance of beneficial fatty acids, of which

the amount of α-linolenic acid and linoleic acid are higher

and oleic acid is lower (10). α-Linolenic acid can help lower

the risk for cardiovascular disease and the occurrence of

hyperlipidemia (11). Moreover, linoleic acid plays an important

role in maintaining the permeable barrier of epidermis, and

it is a precursor component for the synthesis of various

bioactive molecules such as prostaglandins and leukotrienes

(12). Oleic acid can cause neutrophils to produce reactive

oxygen species (ROS) and induce leukocyte death (13). Besides,

alfalfa is also rich in vitamins, including folic acid; vitamins

B, C, E, and K; and carotene (14, 15). Furthermore, the

calcium, magnesium and potassium content of alfalfa meal

concentrate is ∼21, 7.9, and 23 mg/g, respectively (16). High

levels of calcium and potassium have bone-strengthening

effects, while magnesium can improve immune function

(17). Alfalfa also contains bioactive molecules, including

polysaccharides, saponins, and flavonoids, in addition to as yet

unidentified growth factors. Alfalfa polysaccharides possess a

variety of properties, including exerting immunomodulatory

and anti-inflammatory effects and promoting the proliferative

transformation of lymphocytes (18). Alfalfa saponins have been

shown to stimulate cholesterol excretion and also exhibit anti-

inflammatory, antioxidant, and antibacterial properties (19).

Meanwhile, numerous studies have found that flavonoids have

physiological effects such as anti-cancer, promoting animal

growth and enhancing the immunity (20). Alfalfa is also rich

in unidentified growth factors that may be beneficial for animal

production performance.

Alfalfa is a source of high-quality dietary
fiber

The term “dietary fiber” was first introduced by Hipsley

in 1953 (21). It is now generally accepted that dietary fiber

refers to polysaccharides primarily containing resistant starch,

oligosaccharides, fructans, pectins, cellulose, hemicellulose, and

lignin, which cannot be directly absorbed and utilized by

animals. Southgate (1978) classified fiber into two types using

chemical classification: structural fiber including non-fibrous

polysaccharides, cellulose and lignin and nonstructural fiber

including pectins, gums, algal polysaccharides and denatured

fiber (22). Depending on the solubility of the fiber, dietary fiber

can be divided into insoluble dietary fiber (IDF) and soluble

dietary fiber (SDF) (23).

The average crude fiber content in alfalfa hay is ∼24.8%

(24), with insoluble dietary fiber, such as cellulose, hemicellulose,

xylan, and lignin, accounting for more than 90% of the total

(25, 26). Regarding chemical classification, in alfalfa hay, non-

structural carbohydrates such as sugar, pectin, and starch

comprise 20–35% and structural carbohydrates such as cellulose,

hemicellulose, and lignin 30–50% of the total crude fiber content

(27). Most of the dietary fiber in alfalfa can be degraded and

absorbed by the intestinal flora of animals, whereas lignin,
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which is difficult to degrade and utilize, accounts for only a

relatively small proportion (28–30). These observations indicate

that alfalfa can serve as a high-quality fiber source feed.

The digestion and utilization of dietary
fiber by pigs

In the past, dietary fiber was widely used in ruminant

production due to the commonly held belief that the

gastrointestinal tract of monogastric animals was weak in

fiber decomposition, and it was once thought to reduce the

digestibility of feed for monogastric animals and reduce their

production performance. In recent years, with the increasing

awareness of dietary fiber, it has been referred to as the “seventh

macronutrient”. With the continuous deepening of research on

fiber nutrition, dietary fiber has been found to have certain

physiological nutritional functions for pigs (31). The IDF can

stimulate peristalsis, reduce intestinal stagnation and increase

digestive enzyme activity in pigs, thus increasing gastrointestinal

feed intake, which in turn increases the passage rate of digestive

liquids in the digestive tract to reduce intestinal infections

and pathogens adhering to the mucosa of the gastrointestinal

tract (32). The SDF is easily fermented and decomposed by

the microbiota in the animal’s gastrointestinal tract, improving

the intestinal flora, promoting the colonization of beneficial

bacteria in the intestinal tract and the production of short-chain

fatty acids (SCFAs), while reducing the production of harmful

bacteria and harmful molecules.

As monogastric omnivores, pigs have markedly different

gastrointestinal tract structure and digestive physiology from

that of ruminants such as cattle and sheep, and thus differ greatly

in roughage usage. Digestion and absorption of nutrients in pigs

occurs mainly in the gastrointestinal tract (33). Once feed enters

the digestive tract, it must undergo physical, chemical, and

microbial digestion, which transform it into structurally simple

soluble molecules such as amino acids, glycerol, fatty acids, and

glucose so that it can be absorbed and utilized. The digestive tract

of pigs is rich in microbiota, most of which is present in the large

intestine (34). The fermentation of dietary fiber by pigs occurs

mainly in the cecum and colon, and the fibrinolytic bacteria

that exist in the porcine colon mainly comprise members of

the Lactobacillus and Bifidobacterium genera (35). The number

of fibrinolytic bacteria increases as the pig grows (36). Indeed,

adult pigs having ∼6.7-fold the number of bacteria as growing

pigs (37) and, accordingly, have a greater capacity for digesting

dietary fiber. The fiber content of feed also has a significant

influence on the composition of the intestinal microbiota, and

feed with high levels of fiber can increase the number and

activity of fiber-degrading bacteria in the large intestine of sows

(38). Combined, these findings suggest that the high dietary fiber

content of alfalfa can greatly enhance animal performance.

The application of alfalfa in pig
production

The application of alfalfa in sows

Alfalfa can reduce sow constipation

Constipation refers to the absence of normal defecation

within a certain period of time, manifesting as difficulty

in defecating, abdominal pain, and abdominal distension

(39). Pregnant sows are very prone to constipation because

gastrointestinal motility is weakened during pregnancy and

transit time is significantly prolonged, resulting in increased

water absorption and ultimately sow constipation (40).

Constipation can lead to abdominal distention, intestinal

obstruction and prolonged farrowing, as well as influence

the number of stillborn, which can affect the health and

performance of the sow (41, 42). The addition of fiber to the

sow diet can promote gastrointestinal motility, increase the

water-holding capacity of the feces, and reduce the digestive

transit time of the feces in the intestine (Table 1). Baker et al.

found that adding 5% dehydrated alfalfa meal to the diet

of pregnant gilts increased the softness of sow feces (43),

thereby relieving constipation. Krogh et al. also found that

supplementing an appropriate amount of alfalfa meal to the

diet of gestation sows improved the softness of the feces (44).

The reduction of constipation in pregnant sows can improve

the overall performance of the sows (45), which improves fetus

delivery by the sows as well as the survival rate of piglets (42).

Alfalfa can increase sow satiety and reduce
abnormal behavior

Too much energy in the diet of a gestating sow can result

in excess body weight and backfat thickness. This may lead to

a variety of problems during delivery (71). To ensure optimal

health and optimal physiological conditions for gestating sows,

as well as to reduce farming costs, gestating sows are often fed

restrictively; however, restrictive feeding can lead to abnormal

stereotyped behaviors such as chewing without food, loud

growling, climbing on bars, licking troughs and floors, and biting

bars due to starvation (72). Feed with a high level of fiber has a

lower energy content than other feed materials such as wheat

and maize and supplementing fiber-rich feed materials to the

diet of gestating sows makes it easier to control their daily

energy intake (73). Fiber feed can increase satiety and reduce

hunger-induced abnormal behavior in sows (74). Holzgraefe

et al. found that the addition of 46% alfalfa-orchard grass hay

meal to the diet of gestation sows significantly reduced backfat

deposition during gestation and more weight loss from 109th

days of gestation to 14th days postpartum (46). Libal et al. used

dehydrated alfalfa as the main feed material for gestation sows

and found a reduction in daily weight gain (47). Calvert et al. also

found that adding either 50% or 95% alfalfa meal to gestation
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TABLE 1 The e�ects of dietary alfalfa supplementation on health condition of gestation sow.

Feeding stage Alfalfa addition form Amount Main results References

Pregnant gilts Dehydrated alfalfa meal 5% The softness of pregnant sow feces↑ (43)

Gestation sows Alfalfa meal 16.9% The softness of the gestation sow feces↑ (44)

Gestation sows Alfalfa-orchardgrass hay meal 46% Backfat deposition during gestation ↓;Weight loss

from 109th days of gestation to 14th days

postpartum↑

(46)

Gestation sows Dehydrated alfalfa meal As the main feed material The gestation sows daily weight gain↓ (47)

Gestation sows Alfalfa meal 50 or 95% Daily weight gain in gestation sows↓ (48)

TABLE 2 The e�ects of dietary alfalfa supplementation on the reproductive performance of gestation sow.

Feeding stage Alfalfa addition form Amount Main results References

First three successive gestation periods Alfalfa hay 96.75% The number of piglets born live per litter,

individual birth weight, and individual weaning

weight in the third generation of sows ↑

(49)

Gestation Alfalfa meal 10% IUGR ↓;Intestinal inflammatory factors ↓;

Lactation feed intake ↑; Intestinal

anti-inflammatory flora ↑

(50)

Before breeding and during gestation Sun-cured alfalfa 18% The number of corpora lutea ↑; Litter numbers ↑;

The number of piglets that survived weaning ↑

(51)

Gestation Alfalfa 50% Weight gain ↓; Piglets alive at 14 days ↑; The total

survival rate of piglets at 14 days over three

reproductive cycles of sows ↑

(52)

Gestation until the end of lactation Dehydrated alfalfa meal 10% The number of weaned piglets ↑; Average litter

weight of piglets ↑

(53)

sow diets reduced daily weight gain in gestation sows (48). These

results are summarized in Table 1. The supplementation of sow

diets with an appropriate amount of alfalfa meal increased the

abundance of fibrinolytic bacteria in the gut (75). Additionally,

the fiber in alfalfa meal can be fermented by fibrinolytic bacteria

in the living gut, thereby producing SCFAs that can provide

∼30% of the maintenance energy (76). Thus, the addition of

an appropriate level of alfalfa meal to the diet of gestating sows

can enhance satiety, provide maintenance energy, and reduce

abnormal behavior. This, in turn, has beneficial effects on the

survival of newborn piglets.

Alfalfa can improve the reproductive
performance of sows

The excessive consumption of dietary fiber during gestation

may have adverse effects on sows owing to its anti-nutritional

effects. However, in the right proportion, dietary fiber can

improve reproductive performance (77, 78) and reduce the

mortality of piglets before weaning (Table 2). Danielson and

Noonan found that the addition of 96.75% alfalfa hay to the

diet of gilts during their first three successive gestation periods

significantly increased the number of piglets born live per litter,

individual birth weight, and individual weaning weight in the

third generation of sows, and each of the generationsmaintained

a farrowing percentage of ∼95% (49). Liu et al. found that

the addition of a certain percentage of alfalfa meal to the

diet of gestation sows significantly reduced intrauterine growth

restriction (IUGR), increased lactation feed intake, reduced

intestinal inflammatory factors in sows, raised the amount of

intestinal anti-inflammatory flora and improved body function

in sows, which could further enhance piglet condition through

vertical transmission compared to the normal diet group (50).

Teague found that supplementing 18% sun-cured alfalfa to

sow diets before breeding and during gestation increased the

number of corpora lutea in sows, significantly increased litter

numbers and increased the number of piglets that survived

weaning (51). Pollmann et al. found that supplementing 50%

alfalfa to the diet of gestation sows significantly reduced weight

gain during gestation and significantly increased the number

of piglets alive at 14 days, and supplementing alfalfa to the

diet improved the total survival rate of piglets at 14 days by

∼8% over three reproductive cycles of sows (52). Seerley and

Wahlstrom supplemented different percentages of dehydrated
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TABLE 3 The e�ects of dietary alfalfa supplementation on the growth performance and diarrhea of piglet.

Feeding stage Alfalfa addition form Amount Main results References

Weaned piglets Alfalfa 12% ADG ↑; ADFI ↑; Piglets diarrhea ↓ (54)

Piglets Alfalfa meal 5% The ratio of diarrhea ↓; Piglet mortality ↓ (55)

Piglets Alfalfa fiber 5% ADG ↑; G:F ↑; SCFAs ↑; The relative abundance

of cellobiolytic and anti-inflammatory bacteria ↑;

Piglets diarrhea ↓

(56)

Weaned piglets Alfalfa meal 20% The digestive transit time ↓; The digestibility of

NDF and ADF ↓

(57)

Piglets Alfalfa meal 20% The apparent digestibility of dry matter, nitrogen

and energy ↓

(58)

Piglets Dehydrated alfalfa meal Fed at 0, 1 or 2% of body weight daily. The digestibility of dry matter, nitrogen and

energy ↓

(59)

Suckling piglets Alfalfa 1.3% The abundance of Coprococcus eutactus ↑; The

abundance of potential pathogen Streptococcus

suis ↓; Butyric acid in the intestine ↑

(60)

TABLE 4 The e�ects of dietary alfalfa supplementation on the growth performance of growing-fattening pig.

Feeding stage Alfalfa addition form Amount Main results References

Barrows Alfalfa hay Free feeding ADG ↑ (61)

Growing-fattening Alfalfa 30% to 50% The weight gain of 1.3 to 1.7 pounds per day (62)

Growing Alfalfa fiber 5%, 10% and 20% The pH in ileal digesta and concentration of

acetate, propionate, and total volatile fatty acid in

the feces ↑

(63)

Growing Alfalfa meal 15% ADIF ↓;The G:F ratio ↑; Butyrate concentration in

the cecum and intestinal flora evenness↑

(64)

Growing-finishing Green alfalfa forage 3 kg per pen The daily water intake ↓;HDL cholesterol level in

the serum ↑

(65)

alfalfa meal to the diet of 200 lb sows until the end of

lactation and found that the addition of 10% dehydrated

alfalfa meal to the sow’s diet increased the number of weaned

piglets and had the highest average litter weight of piglets

(53). Meanwhile, the addition of alfalfa–orchard hay and alfalfa

hay to the diets of gestating sows increased the number of

live piglets by between 0.1 and 0.8 (79). Combined, these

data suggest that the supplementation of the right proportion

of alfalfa to the diet of gestating sows can improve their

reproductive performance.

The application of alfalfa in piglets

Alfalfa can influence the growth performance
of piglets

Alfalfa may be supplemented as a high-quality feed

ingredient in piglet diets given its abundance of nutrients

(Table 3). Adams et al. supplemented the diets of weaned

piglets with different percentages of alfalfa and found that the

12% alfalfa group increased average daily gain (ADG) and

average daily feed intake (ADFI) and significantly reduced

piglet diarrhea compared to other groups, further improving

piglet growth performance (54). Another study showed that the

supplementation of alfalfa fiber in the diet of weaned piglets

increased blood albumin, globulin, and total protein levels;

reduced the cholesterol level; increased intestinal villus height

and the ratio of villus height to crypt depth; and improved

piglet performance (80). Additionally, Liu et al. demonstrated

that the addition of 5% alfalfa meal to the diets of piglets

significantly reduced the ratio of diarrhea, tended to reduce

mortality, and had a beneficial effect on the intestinal flora (55).

Meanwhile, another study reported that adding 5% alfalfa fiber

to the diet of piglets with lipopolysaccharide-induced intestinal

injury increased the ADG and the gain: feed (G:F) ratio and

improved the growth of the piglets (56). However, too high

a content of dietary fiber may also negatively influence the

digestion of nutrients by the piglets. Freire et al. supplemented
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TABLE 5 The e�ects of dietary alfalfa supplementation on the pork meat quality.

Feeding stage Alfalfa addition form Amount Main results References

Weaned pigs reached

weights of 100, 125 or 150

lb.

Dehydrated alfalfa meal Different levels of Alfalfa Grade and length of carcasses ↑ (66)

Barrows Alfalfa hay Free feeding pH value at 45min after slaughter ↑; pH value at

24 h after slaughter ↓; Monounsaturated fatty

acids of longissimus lumborum muscle ↑;

Saturated fatty acids in intramuscular fat of

longissimus lumborum muscle ↓; Polyunsaturated

fatty acids in the backfat ↑

(67)

Fattening pig Alfalfa 50% The percentage of weight gain, slaughter rate,

backfat depth in the carcass ↓; The percentage of

shoulder, ham and loin in the carcass ↑; The

percentage of lean meat ↑

(68)

Growing-fattening pig Alfalfa 50% The proportion of lean meat in pork ↑ (69)

Fattening pigs Alfalfa extract 0.2% Growth and development ↑; Sensory evaluation

scores for ham flavor and consistency ↑

(70)

FIGURE 1

The e�ects and mechanisms of alfalfa on growth, reproductive performance, health condition and meat quality of pigs. Dietary fiber in alfalfa

can stimulate intestinal peristalsis, increase the activity of digestive enzymes, and promote the colonization of beneficial bacteria in the intestinal

tract, producing short-chain fatty acids through fermentation in the intestine and thus improving intestinal health; high quality protein and

amino acids are beneficial to improve animal health condition; rich vitamins and mineral elements play an important role in various physiological

functions of body; and bioactive molecules can improve the antioxidant and anti-inflammatory level. In this way, alfalfa supplementation in pig

diets can improve reproductive performance of sows, growth performance of piglet and improve production performance and pork quality of

growing-fattening pig.

the diet of weaned piglets with 20% alfalfa meal and found that

the digestive transit time was reduced, as were the digestibility

of neutral detergent fiber (NDF) and acid detergent fiber (ADF)

(57). Moore et al. also supplemented the diets of piglets with 20%

alfalfa meal and found a reduction in the apparent digestibility

of dry matter, nitrogen and energy (58). Stanley et al. added

dehydrated alfalfa meal to piglets’ basal diets and reduced the

digestibility of dry matter, nitrogen and energy (59). Therefore,

an appropriate amount of alfalfa should be supplemented to the

piglets’ diet, otherwise it would affect the piglets’ digestion and

absorption of nutrients, reducing growth performance.

Alfalfa can reduce diarrhea of piglets

The digestive system of piglets is not well-developed. The

gastrointestinal tract lacks the corresponding digestive enzymes,

the intestinal flora is incomplete, and immune function and

body temperature regulation are weak. As piglets are gradually

weaned, various stresses, such as dietary stress, lead to intestinal

dysfunction (81) and inflammation. The resulting diarrheal

diseases and diminished piglet performance may lead to reduced

feed intake and even death. Alfalfa is rich in saponins,

polysaccharides, flavonoids and other active factors, which have

the ability to resist harmful bacteria and eliminate inflammation,
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improving the immunity of piglets, reducing the rate of

diarrhea and promoting animal growth (82). Zhang et al.

added 1.3% alfalfa to the supplements of suckling piglets and

found that the composition of the intestinal flora of the piglets

was improved, as evidenced by the increased abundance of

Coprococcus eutactus, the reduced abundance of the potential

pathogen Streptococcus suis, the increased production of

butyric acid in the intestine, and the reduced production of

molecules harmful to the intestine, thereby reducing intestinal

inflammation and protecting intestinal health (60). Sun et al.

found that the addition of 5% alfalfa fiber to the diets of piglets

with lipopolysaccharide-induced injury increased the relative

abundance of cellobiolytic and anti-inflammatory bacteria in the

intestines, increased the level of intestinal SCFAs, and inhibited

the inflammatory response, thus improving the intestinal health

and reducing the rate of diarrhea in the piglets (56). Overall,

the supplemented appropriate amount of alfalfa in piglet diets

may improve the intestinal flora of piglets (83), increasing the

intestinal beneficial bacteria and fibrinolytic bacteria, increasing

the content of intestinal SCFAs and enhancing the intestinal

barrier function, thus reducing intestinal inflammation and

diarrhea in piglets.

The application of alfalfa in
growing-fattening pigs

Alfalfa can improve the growth performance of
growing-fattening pigs

The digestion and utilization of protein, amino acids, and

other nutrients in alfalfa by pigs does not differ from that of

other feed nutrients. Adding fiber feed to the pig diet is always

controversial given that they are monogastric animals (84).

Growing–fattening pigs have a relatively well developed hindgut

with a large number of microorganisms that can degrade fiber

in the colon. Accordingly, the fiber component of alfalfa can

be degraded and absorbed by the animals, at least to a certain

extent. Studies have shown that the provision of a high fiber

diet can enhance the ability of pigs to digest fiber (Table 4).

For instance, Škrlep et al. supplemented alfalfa hay in the

barrows organic food diet, the final live weight and backfat

thickness of pigs did not differ from the normal group, but

there was a tendency to increase the ADG of pigs (61). Bohman

et al. found growing-fattening pigs can increase weight gain of

1.3–1.7 pounds per day with 30–50% alfalfa supplementation

(62). Chen et al. found that the pH in ileal digesta and the

concentrations of acetate, propionate, and total volatile fatty

acids in the feces increased with the addition of 5, 10, and

20% alfalfa meal to the diet of growing pigs (63). Wang et al.

added 15% alfalfa meal to growing pigs’ diets, which had a

tendency to reduce ADIF and significantly increased the G:F

ratio, significantly increased butyrate concentration in cecum

and increased intestinal flora evenness (64). The microbiota in

the intestinal tract of pigs can utilize the dietary fiber in alfalfa

to increase the feed conversion rate and improve the production

performance. Kozera et al. supplemented green alfalfa forage to

the diet of growing-finishing pigs, which reduced the daily water

intake and achieved a relatively satisfactory G:F ratio, as well as

increased high-density lipoprotein (HDL) cholesterol level in the

serum and the final body weight was also slightly increased (65).

Alfalfa can improve pork quality

In addition to growth performance, the pork quality of

fattening pig is also an important indicator in pig farming

production (85). Fiber-rich feed sources can have a beneficial

effect on pork quality in fattening pigs (Table 5). Stevenson et al.

found that the addition of dehydrated alfalfa meal to the diets

of pigs helped to improve the grade and length of carcasses

(66). TomaŽin et al. found that supplementation of alfalfa hay

in the barrows organic food diet significantly increased the

pH value at 45min after slaughter and significantly decreased

the pH value at 24 h after slaughter, significantly increased

the proportion of monounsaturated fatty acids and decreased

the proportion of saturated fatty acids in intramuscular fat of

longissimus lumborum muscle, and significantly increased the

proportion of polyunsaturated fatty acids in the backfat, which

improved the quality of the pork (67). Bohman et al. found

that the addition of different percentages of alfalfa to fattening

pig diets significantly reduced the percentage of weight gain,

slaughter rate, depth of back fat in the carcass and significantly

increased the percentage of shoulder, ham and loin in the carcass

as the alfalfa content of the diets increased, and that pigs with

50% addition of alfalfa to their diets had a higher percentage

of lean meat (68). Kidwell et al. also found that the addition

of 50% alfalfa to growing-fattening pig diets resulted a higher

proportion of lean meat in pork (69). Karwowska et al. added

0.2% alfalfa extract to the diets of fattening pigs, which did not

lead to the deterioration of meat quality (86). Another study

by the same authors reported that the addition of 0.2% alfalfa

extract to the diets of fattening pigs accelerated growth and

development and improved sensory evaluation scores for ham

flavor and consistency (70). In conclusion, the addition of alfalfa

to the diets of pigs can help increase the polyunsaturated fatty

acid content in pork (87) and increase the proportion of lean

meat, thus improving pork quality.

Possible mechanism of alfalfa
improving pig’s performance

Alfalfa is rich in nutrients, high-quality dietary fiber, protein

with a balanced amino acid ratio, vitamins, mineral elements,

and many other bioactive molecules. The beneficial effects of
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these nutrients on the health of pigs and pig production involve

a variety of different pathways and mechanisms.

Dietary fiber

Dietary fiber in alfalfa a�ects the physiology of
the digestive tract

Dietary fiber is mainly composed of plant cell wall structural

elements that are resistant to digestive enzymes and, therefore,

not easily digested and decomposed in the upper digestive tract

of animals (88). Furthermore, dietary fiber has a certain water-

holding capacity (89). Recent studies have found that dietary

fiber in alfalfa passes through the gastrointestinal tract and exerts

several beneficial physiological effects (90). On the one hand,

dietary fiber in alfalfa is not easily decomposed by digestive

enzymes and can thus enhance gastrointestinal tract motility,

promote gastrointestinal development, and stimulate digestive

juice secretion (91). On the other hand, the water-holding

capacity of dietary fiber can help reduce constipation (44).

Dietary fiber in alfalfa influences the intestinal
microbiota of pigs

The alfalfa meal used as a fiber source in pig feed mainly

undergoes fermentation by the microbiota in the large intestine

of pigs. With further investigation, it is found that there is a close

relationship between intestinal microbiota and intestinal barrier

function and inflammation (92), and the changes of microbiota

composition can affect host health (93). Intestinal microbiota

metabolism can have a significant impact on the homeostasis

of the intestinal mucosa of the host, the proliferation and

differentiation of intestinal epithelial cells, and the function of

the intestinal barrier (94). Varel et al. found that the addition of

alfalfa meal to the diet of gilts mainly increased the relative level

of the cellulolytic bacterium B. succinogenes in the intestine (38).

Liu et al. added alfalfa meal to sow diets in the late gestation

period and significantly increased the relative abundance of anti-

inflammatory bacteria such as Prevotellaceae_NK3B31_group

and Lachnospiraceae_NK4A136_group and significantly

reduced pro-inflammatory bacteria such as Terrisporobacter,

Desulfovibrio and Helicobacter (50). Another study showed

that the addition of alfalfa meal to piglet diets significantly

increased the Shannon index of flora in the jejunum, increased

the diversity of intestinal flora, significantly increased the

relative abundance of Bacillus, Oceanobacillus, Lactococcus,

Enterococcus, and Exiguobacterium, and significantly decreased

the relative abundance of Mycoplasma (55). Sun et al.

supplemented alfalfa meal to piglet diets and significantly

increased the relative abundances of cellulolytic and anti-

inflammatory bacteria in the intestinal tract (56). Mu

et al. found that the addition of alfalfa meal to piglet diets

significantly reduced the relative level of Bacteroidetes in the

cecum, significantly increased the relative level of Clostridium

cluster XIVa in the colon, and significantly increased the

level of butyrate and total SCFAs in the proximal colon

of piglets (95). And Clostridium cluster XIVa belonging to

Firmicutes contains many kinds of butyrate-producing bacteria

(96). Zhang et al. added appropriate amount of alfalfa to

suckling piglets’ supplements to improve the composition

of the piglets’ intestinal flora, increased the abundance of

Coprococcus eutactus, reduced the abundance of potential

pathogen Streptococcus suis, increased the production of butyric

acid in the intestine (60). Streptococcus suis is a pathogenic

bacteria which can cause many physical diseases in pigs such as

meningitis, septicemia and arthritis (97). According to various

studies, it is obvious that the addition of alfalfa meal to pig

diets can increase the relative abundance of beneficial bacteria

and decrease the relative abundance of harmful bacteria in the

intestinal tract. Furthermore, the beneficial bacteria can produce

SCFAs and other beneficial molecules through fermentation

and metabolism, which can have further beneficial effects on

the intestinal tract and even on the pig health. In addition,

dietary fiber can directly influence the host bile acid metabolic

process through the intestinal flora, reducing bile acid metabolic

disorders and improving animal health (98).

Dietary fiber in alfalfa fermented by intestinal
microbiota produces SCFAs to improve pig
health

Dietary fiber can be metabolized and fermented by the

microbiota in the cecum and colon to produce SCFAs (99).

SCFAs are the main fermentation product of intestinal bacteria

and can serve as a source of energy for animals. Rerat et al.

found that pigs fed diets supplemented with 6.5% alfalfa meal

produced SCFAs that could provide ∼30% energy for the body

(100). In addition, SCFAs can function as signaling molecules,

and thereby modulate the physiological functions of intestinal

epithelial cells, including exerting anti-inflammatory and other

effects (101). The physiological functions of SCFAs in the

intestine are mainly related to acetate, propionate, and, in

particular, butyrate (102), which has an extremely important role

in maintainingmucosal barrier function and regulating immune

function (103). Other SCFAs such as valerate and caproate are

present in only very small amounts in the intestine (104, 105).

SCFAs can influence the barrier function of intestinal

epithelial cells through a variety of regulatory pathways, of which

there are two main distinct mechanisms including G protein-

coupled receptors (GPCRs) pathway and histone deacetylase

(HDAC) regulatory pathway. On the one hand, SCFAs can

modulate the immune system by binding to GPCRs (GPR43,

GPR109A) and Olfr78 receptors (106), while SCFAs also can

promote the synthesis of mucin and enhance intestinal barrier

function (107). SCFAs also promote the differentiation of

regulatory T cells (Tregs) and the production of interleukin 10

Frontiers in Veterinary Science 08 frontiersin.org

210

https://doi.org/10.3389/fvets.2022.1025942
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Ma et al. 10.3389/fvets.2022.1025942

through the upregulation of forkhead box protein 3 (FOXP3)

via GPR43 (108). On the other hand, SCFA may act as an

inhibitor of HDAC and stimulate monocytes and neutrophils by

inducing HDAC inhibition, resulting in the inhibition of nuclear

transcription factor-kappa B (NF-κB) and thus reducing the

production of pro-inflammatory cytokines (109). In addition,

SCFAs can activate the absent in melanoma 2 (AIM2) and Nod-

like receptor pyrin domain 3 (NLRP3) inflammasomes, further

affecting interleukin 18 production and enhancing intestinal

epithelial barrier function (110). Secretory immunoglobulin A

(sIgA) is a major component of the protective mechanism

of the intestinal mucosa, it was found that butyric acid

also improves sIgA level in the intestinal mucosa (111) and

reduces the adhesion of harmful molecules to the intestinal

wall. Thus, SCFAs can enhance intestinal barrier function

and improve the health of pigs, thereby also enhancing their

production performance.

High-quality protein and amino acids in
alfalfa can improve health condition of
pigs

Proteins and amino acids are essential for many

physiological functions and the synthesis of physiologically

functional molecules in the body. An inadequate supply of

amino acids may affect vital functions and lead to decreased

performance, while an excess of amino acids may lead to

increased nitrogen excretion and negative effects on the external

environment (112). Alfalfa contains high levels of proteins

with a relatively balanced amino acid profile, which makes

it a good source of feed protein (9). Myer et al. found that

the supplementation of alfalfa protein concentrate to the

diets of growing-finishing pigs led to excellent performance,

indicating that alfalfa protein concentrate could serve as

a good protein supplement (113). Similarly, Pietrzak and

Grela found that the addition of alfalfa protein concentrate

to the diets of growing-finishing pigs improved red blood

cell indices and reduce total cholesterol and low-density

lipoprotein levels, thereby enhancing the hypolipidemic activity

of the body (114). The high-quality protein in alfalfa can

improve animal health, consequently also enhancing pig

growth performance.

Rich vitamins and mineral elements in
alfalfa can improve pig health

Vitamins and mineral elements are essential for pig growth

and development (115). Alfalfa is rich in a variety of vitamins

such as vitamins B, C, E, and K (15). Vitamin E exerts a

beneficial effect on the growth performance of pigs (116) while

also helping to reduce lipid oxidation in pork and to improve

pork quality (117). Fat-soluble vitamins are mainly involved

in tissue growth and maintenance whereas B vitamins and

vitamin C normally serve as co-factors for metabolic purposes

(118). Alfalfa is rich in mineral elements, especially calcium,

potassium, and magnesium (16). Calcium plays a crucial role

in bone development while potassium is required for the

maintenance of electrolyte balance and neuromuscular function;

magnesium is a co-factor for many enzyme systems as well

as a component of bone, and can also help boost immunity

(17, 119). These vitamins and mineral elements, abundantly

present in alfalfa, play essential roles in maintaining the health

of pigs.

Bioactive molecules in alfalfa exert
positive e�ects on growth performance
and antioxidant activity of pigs

The addition of alfalfa to the diets of pigs improves

their health and enhances growth performance owing to

the presence of dietary fiber and bioactive molecules in

alfalfa, which help improve the physiological function of the

animals. Alfalfa saponins can enhance bile acid secretion in

pigs and increase cholesterol excretion for better body lipid

metabolism (120). Cui et al. found that alfalfa saponins also

increased the activity of antioxidant enzymes in intestinal

cells, reduced malondialdehyde and lactate dehydrogenase

release in H2O2-induced cells, and resisted cellular oxidative

damage by restoring glutathione homeostasis (121). Alfalfa

flavonoids, one of the bioactive molecules of alfalfa, can also

have the effect of enhancing the antioxidant function of the

body (122). Alfalfa flavonoids were found to reduce serum

malondialdehyde levels and increase superoxide dismutase

activity, thereby enhancing the total antioxidant capacity of the

body (123). Alfalfa polysaccharides can regulate the immunity

of animal. One research found that alfalfa polysaccharides

can promote immunoglobulin M production by B cells

through the Toll-like receptor 4 and improve the immunity

level of the body (124). Furthermore, the addition of alfalfa

polysaccharides to the diet has positive effects on growth

performance and antioxidant activity of the animal (125).

Zhang et al. supplemented alfalfa polysaccharides to weaned

piglet diets, which enhanced piglet intestinal development,

improved amylase and protease activities in the small intestine,

and increased the relative intestinal levels of Lactobacillus,

thus improving piglet growth performance and intestinal

health (81).

In brief, alfalfa is rich in a number of elements that exert

beneficial effects on the body through a variety of mechanisms.

These elements can comprehensively enhance the production

performance and improve the health of pigs.
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Summary and outlook

As a high-quality feed source, alfalfa has been increasingly

investigated and applied in pig production, and the optimum

amount of alfalfa added to pig diets varies with the growth stage

of the pig. The supplementation of dietary alfalfa to the diet

of gestation sows can reduce constipation, alleviate abnormal

behavior, improve satiety and reproductive performance; the

supplementation of dietary alfalfa to the diet of piglets

can improve growth performance and reduce diarrhea; the

supplementation of dietary alfalfa to the diet of growing-

fattening pigs can enhance production performance and pork

quality (Figure 1). In addition, alfalfa contains many as yet

unidentified bioactive molecules and growth factors and how

these factors affect livestock and poultry still requires in-

depth investigation, as do the underlying mechanisms. The

determination of the appropriate amount of alfalfa to be added

to the diets of pigs and how to best apply it in the pig farming

industry will help to solve the current problems related to food

competition between humans and livestock. The value of alfalfa

as a feed supplement will continue to be explored to improve pig

production as well as the quality and efficiency of pig husbandry.
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L-arginine alters myogenic
genes expression but does not
a�ect breast muscle
characteristics by in ovo feeding
technique in slow-growing
chickens

Panpan Lu, Thanidtha Morawong, Amonrat Molee and

Wittawat Molee*

School of Animal Technology and Innovation, Institute of Agricultural Technology, Suranaree

University of Technology, Nakhon Ratchasima, Thailand

In ovo feeding (IOF) of nutrients is a viable method for increasing muscle

mass through hyperplasia and hypertrophy. The objective of this study was to

evaluate the e�ects of IOF of L-arginine (Arg) on breast muscle weight, muscle

morphology, amino acid profile, and gene expression of muscle development

in slow-growing chickens. Four hundred eighty fertilized eggs were randomly

divided into two groups: the first group was the non-injected control group,

and the second group was the Arg group, injected with 1% Arg (0.5mL)

into the amnion on day 18 of incubation. After hatching, 160 birds from

each group were randomly divided into four replicates of 40 birds each.

This experiment lasted for 63 days. The results showed that IOF of Arg did

not a�ect (P > 0.05) breast muscle weight, muscle morphology, and mRNA

expression of mammalian target of rapamycin (mTOR) signaling pathway in

slow-growing chickens. However, the amino acid profile of breast muscle was

altered (P < 0.05) on the day of hatching (DOH), day 21 (D21), and day 42

(D42) post-hatch, respectively. Myogenic factor 5 (Myf5) mRNA expression

was upregulated (P < 0.05) on D21 post-hatch. Myogenic regulator 4 (MRF4)

mRNA expression was increased (P < 0.05) on DOH. And myogenin (MyoG)

was increased (P < 0.05) on DOH and D21 post-hatch, in the Arg group

compared to the control group. Overall, IOF of 1% Arg improved the expression

of myogenic genes but did not influencemuscle morphology and BMW. These

results indicate that in ovo Arg dosage (0.5 mL/egg) has no adverse e�ect on

breast muscle development of slow-growing chickens.

KEYWORDS

L-arginine, in ovo feeding, muscle development, gene expression, slow-growing

chicken
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Introduction

In recent years, the meat of slow-growing chickens has

gained popularity and is recognized globally for its excellent

meat quality (1, 2). However, they produce less meat (especially

breast meat) compared to fast-growing chickens (3). This

disadvantage limits their development in the future. To promote

poultry productivity and improve market competitiveness, this

study needs to develop a strategy to increase the meat yield of

slow-growing chickens.

Meat yield is an important economic trait that attributes

to the increase of skeletal muscle mass, and which depends on

the increase of the number (hyperplasia) and size (hypertrophy)

of muscle fibers. In birds, the number of muscle fibers is fixed

at hatching. After hatching, muscle development occurs by

increasing of muscle fiber size. The skeletal muscle fibers are

derived from satellite cells (also called myoblasts) and their

proliferative progeny can be marked by paired box 7 (Pax7)

(4). Then, these satellite cells proliferate, differentiate, and fuse

into myotubes and then incorporate into existing adjacent

fibers, resulting in muscle fiber hypertrophy (5). This process

is regulated by myogenic regulatory factors (MRFs) that specify

muscle fiber development, including myogenic differentiation

factor 1 (MyoD), myogenic factor 5 (Myf5), myogenic regulator

4 (MRF4), and myogenin (MyoG) (6). Mammalian target of

rapamycin (mTOR) is a vital signaling pathway to mediate

protein synthesis for cell proliferation and muscle hypertrophy

by activating its downstream targets of ribosomal protein S6

kinase 1 (S6K1) and eIF4E-binding protein 1 (4EBP1) (7).

Obviously, there is a close relationship among these genes

for muscle fiber hypertrophy and muscle mass (8, 9). In

consideration of the above characters of muscle development.

It is suggested that the addition of exogenous nutrients to the

embryo may be a novel way to increase muscle mass through

hyperplasia and hypertrophy of muscle fibers.

In ovo feeding (IOF) is a viable method that delivers

appropriate nutrients to the amnion at the later stages of the

embryo (10, 11). Numerous studies have demonstrated that

IOF of exogenous nutrients plays a positive role in embryonic

development and post-hatching performance in poultry (12–

15). L-arginine (Arg) is a nutritionally essential amino acid for

poultry and has many biological and physiological functions

(16), one of the primary functions is to synthesize protein for

supporting cell growth. Previous studies have shown that IOF

of Arg can activate the mTOR signaling pathway and protein

accumulation in broilers in the starter period (17–19). In vitro

experiments indicated that Arg stimulates myogenesis in broiler

muscle (20). Furthermore, Arg has a positive effect on muscle

growth in poultry (21–23). However, studies on IOF of nutrients

in slow-growing chickens are rare.

The Korat chicken (KRC) is one of the slow-growing chicken

breeds. It was crossbred from the indigenous line (Leung Hang

Khao) and the Suranaree University of Technology (SUT) line.

The meat of KRC has high collagen and good texture (24), and

the body weight can get to around 1.2 kg at 9 weeks of age. KRC

is a representative of the slow-growing chickens in Thailand

and is supported by a national policy that encourages farmers

to increase their incomes. To our knowledge, we hypothesize

that IOF of Arg can improve breast muscle weight (BMW)

by hyperplasia and hypertrophy of muscle fiber at the market

age. Moreover, it is unclear how IOF of Arg regulates the gene

expression patterns of muscle development for muscle fiber

hypertrophy post-hatch in slow-growing chickens.

Therefore, the present study aimed to evaluate the effects

of IOF of Arg on BMW, muscle morphology, amino acid

profile, and gene expression of muscle development in slow-

growing chickens.

Materials and methods

All experimental protocols were approved by the Ethics

Committee on Animal Use of the SUT, Nakhon Ratchasima,

Thailand (user application ID: U1-02633-2559).

Eggs and incubation

Four hundred eighty fertilized KRC eggs (Leung Hang Khao

males and SUT females) were obtained from the SUT farm

(Nakhon Ratchasima, Thailand). All eggs (range = 54–60 g)

were randomly distributed in an incubator (Model Pet. 192-

IV; Petersime Incubation Equipment Co., Ltd., Zulte, Belgium).

The optimal incubation condition was maintained at 37.8◦C

with 60% relative humidity, and eggs were turned automatically

per hour.

Preparation of the solution and IOF
procedure

One percent Arg solution was freshly prepared according

to a previous study (25) with modification; that is, 1.5 g Arg

(Sigma-Aldrich Inc., St. Louis, MO, USA) was dissolved in

150mL of 0.9% saline, it equivalent to 5mg of Arg per egg. The

Arg solution was sterilized by autoclaving at 120◦C for 15min

and then nullified through a 0.45µmmembrane filter.

On day 18 of incubation, all eggs were candled by an

electric torch, and unfertilized eggs were removed and discarded.

Meanwhile, 480 embryonated eggs (59.0 ± 1.0 g) was randomly

divided into two groups. The first group was the non-injected

group (control group), and the second group was injected with

1% Arg (Arg group). The large end surface of eggs in the

Arg group were disinfected with 75% alcohol. The pinhole was

punched and 0.5mL of Arg solution (5 mg/egg) was injected

into the amnion using a 21-gauge needle (26). The eggs of
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the control group were kept outside the incubator with the

same environmental conditions as those of the Arg group. After

injection, the holes were sealed with paraffin wax. The eggs of

each treatment were randomly divided into four replicates with

60 eggs each, and each basket was a replicate. The eggs were

placed in the hatching baskets and transferred to the hatcher to

perform the hatchery program.

Bird rearing

After hatching, a total of 160 mixed-sex and healthy birds

from each group with similar body weight (BW) close to the

mean BW of the pooled group were randomly divided into

four replicates of 40 birds each. Each treatment group was

replicated in 4 pens, total eight litter floor pens were provided

in this experiment, and each pen was regarded as a replicate.

Each replicate was reared separately in an open-sided house

with natural ventilation. The experiment lasted for 63 days. All

birds were provided ad libitum the commercial corn-soybean

meal feed (Charoen Pokphand Co., Ltd., Nakhon Ratchasima,

Thailand) and fresh water. The nutrient contents of feed for the

three feeding periods were determined by the AOAC methods

(27) and are shown in Table 1. The vaccination program for the

birds was carried out according to SUT farm guidelines.

Tissue collection

On the day of hatching (DOH), day (D21), day (D42), and

day (D63) post-hatch, eight birds per group (two male birds

per replicate) with similar mean BW of their pen were selected,

weighed, and killed after using chloroform. The entire breast

muscle was weighed and small parts of the breast muscle were

fixed in 4% paraformaldehyde for morphological analysis. The

pectoralis major of the breast muscle was collected, frozen in

liquid nitrogen, and stored at−80◦C for amino acid and mRNA

expression analyses.

Morphological observation

The breast muscle samples were fixed in 10% buffered

formalin at room temperature for 24 h, and were dehydrated

by different concentration of ethanol, and cleared in xylene,

then a small cube was embedded in paraffin, the sections of

5µm thickness were cut by a cryostat and mounted on glass

slides, the sections were dewaxed with xylene, and hydrated

by ethanol. Then the samples were stained with hematoxylin

and eosin. All sections of the breast muscle were observed and

five representative sections per sample were monitored under a

light microscope (Olympus CX21, United States). The muscle

fiber number (MFN) and muscle fiber diameter (MFD) were

measured in surface of 1 mm2 cross-section of the sample

using an image analyzer (Image-Pro Plus 5.0 software, Media

Cybernetics Inc., Bethesda, MD, USA).

Amino acid analysis

Amino acid content was measured as previously described

(28) with modifications. Fresh breast muscles (80mg) were

placed in 10mL hydrolysis tubes with 4mL of 6M hydrochloric

acid solution, filled with nitrogen gas for 5min, and then

transferred to the heating incubator at 110◦C for 24 h. The

supernatant was transferred to centrifuge tubes through 0.45µm

membrane filters for ready use. Then 1 µL of the solution

was prepared for injection, including 40 µL internal standard

(norleucine), 250 µL sample supernatant, and 710 µL buffer,

and measured using an ultra-ninhydrin solution at detection

wavelength of 570 nm by an amino acid analyzer (Biochrom

30+, Cambridge, UK). The amino acid content was expressed

as milligrams per gram of breast muscle.

Total RNA isolation and reverse
transcription

Total RNA was isolated from breast muscle using TRIzol

Reagent (Invitrogen, Thermo Fisher Scientific). The purity and

concentration of RNA were measured using a NanoDrop 2,000

spectrophotometer (Thermo Fisher Scientific). The ratio of

OD 260/280 was between 1.8 and 2.0, which was considered

qualified. The RNA integrity was verified using polyacrylamide

gel electrophoresis. DNase I was used to eliminate DNA

contamination. Complementary DNA was synthesized in 20

µL volume with 1 µg RNA using a reverse transcription Kit

(Applied Biosystems; Thermo Fisher Scientific) according to the

manufacturer’s instructions.

Real-time PCR

The primers for the target genes were designed using

Primer Premier 5 software according to the mRNA sequences of

Gallus gallus in the NCBI database and synthesized by Gibthai

(Bangkok, Thailand). The endogenous reference gene was

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) based on

the recommendation of a previous study (29). The sequences

are presented in Table 2. The mRNA expression of these genes

was quantified by real-time PCR using a Light Cycler 480

System (Roche Diagnostics GmbH, Mannheim, Germany). This

reaction system was performed in a 20 µL volume, containing

10 µL of SYBR Green Master Mix (Applied Biosystems,

Thermo Fisher Scientific), 2 µL of cDNA (diluted 1:10), 1

µL of forwarding primer (10µM), 1 µL of reverse primer

Frontiers in Veterinary Science 03 frontiersin.org

218

https://doi.org/10.3389/fvets.2022.1030873
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Lu et al. 10.3389/fvets.2022.1030873

TABLE 1 Analyzed nutrient composition of the basal diets (as-fed basis, % unless stated otherwise).

Items Starter diet (DOH–D21) Grower diet (D22–D42) Finisher diet (D43–D63)

Dry matter 93.83 93.51 94.21

Gross energy, (MJ/Kg) 12.54 12.96 13.38

Crude protein 22.72 20.46 18.65

Crude fat 5.20 6.74 6.66

Crude fiber 3.44 3.45 3.55

Ash 4.70 4.58 4.19

Lysine 1.78 1.43 0.92

Methionine 0.34 0.25 0.28

Threonine 1.01 0.85 0.73

Arginine 1.58 1.13 0.55

(10µM) and 6 µL of diethylpyrocarbonate-treated water. The

cycling conditions for real-time PCR were as follows: initial

denaturation at 95◦C for 10min, 40 cycles of denaturation at

95◦C for 30 s, the annealing temperature of specific primers for

35 s, and final dissociation stages at 95◦C for 5 s and 72◦C for

5min, and the melting curves were analyzed to determine the

specificity of all target genes. The experiment for each sample

of target genes was carried out in triplicate. The difference in

mRNA expression of each target gene was calculated using the

2−11ct method (30), and the expression of the GAPDH gene

was used as an internal control.

Statistical analysis

The data were analyzed by independent t-tests using SPSS

software (version 22.0, IBM Corp. 1989, 2013, New York, USA),

and the statistical significances between the two groups were

denoted as P < 0.05. Additionally, principal component analysis

(PCA) was performed to classify the samples from the two

groups for visualizing the underlying data structure by using the

Unscrambler X 10.5 software (CAMO Software, Oslo, Norway).

Heatmaps of Pearson correlation were conducted to assess the

relationships between the breast muscle characteristics (BMW

and MFD) and gene expression of muscle development using

Graph-Pad Prism version 8.0 (GraphPad Software Inc., San

Diego, CA).

Results

Breast muscle weight and muscle
morphology

In Table 3, the IOF of Arg did not affect (P > 0.05) BMW

and muscle morphology (MFN and MFD) from DOH to D63

post-hatch, compared to the control group.

Amino acid profile

As shown in Figure 1A, the amino acid contents (serine,

glutamic acid, proline, glycine, valine, isoleucine, phenylalanine,

histidine, and arginine) in the breast muscle on DOH were

significantly higher (P < 0.05) owing to the IOF of Arg.

The contents of proline, phenylalanine, and arginine were

significantly higher (P < 0.05) in the breast muscle on D21 post-

hatch owing to IOF of Arg (Figure 1B). Moreover, the IOF of

Arg significantly increased (P < 0.05) the contents of valine,

isoleucine, histidine, and arginine in the breast muscle on D42

(Figure 1C) post-hatch and had no effect (P > 0.05) on D63

post-hatch (Figure 1D), compared to the control group.

Gene MRNA expression related to the
muscle development

In Figure 2, the mRNA expression of mTOR, 4EBP1, and

S6K1 of the breast muscle did not differ (P > 0.05) between the

Arg and control groups from DOH to D63 post-hatch.

Gene mRNA expression related to MRFs of the breast

muscle is shown in Figure 3. There were no significant

differences (P > 0.05) in the mRNA expression of Pax7 and

MyoD in the breast muscle between the two groups from

DOH to D63 post-hatch. The mRNA expression of Myf5 was

significantly upregulated (P < 0.05) in the Arg group on

D21 post-hatch. The mRNA expression of MyoG was higher

(P < 0.05) in the Arg group on DOH and D21, respectively. The

mRNA expression of MRF4 was higher (P < 0.05) in the Arg

group on DOH compared to the control group.

Principal component analysis

PCA score of breast muscle characteristics (BMWandMFD)

and gene expression of muscle development (Pax7, MyoD,
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TABLE 2 Primer sequences used for real-time PCR.

Gene Gene bank

accession no.

Primers sequence (5′-3′) Product size (bp)

mTOR XM_417614.6 F:CTCAGCGGGAACCAAAAGA 125

R:ATGGATTCGGTCATCACGG

S6K1 NM_001030721.1 F:GAGGAGTGGGCATAATCGTG 154

R:TGTGAGGTAGGGAGGCAAAT

4EBP1 XM_424384.6 F:CCTGATGGAGTGCCGTAAT 77

R:GGCTGGTAACACCTGGAAT

Pax7 NM_205065.1 F:CAAAGGGAACAGGCTGGATG 102

R:TGCTCGGCAGTGAAAGTGGT

MyoD L34006.1 F:CACAGTCACCGTTTTCCCA 102

R:GCCTCACAGCACAAGCATC’

Myf5 NM_001030363.1 F:GAGGAGGAGGCTGAAGAAAG 119

R:CGATGTACCTGATGGCGTT

MyoG NM_204184.1 F:GGATGGTGATGCTGGAAGGA 93

R:GGAAAGGATTTGGGCGGTT

MRF4 D10599.1 F:AGGCTCTGAAAAGGCGGACT 169

R:TTGGGGCTGAAGCTGAAGG

GAPDH NM 204305.1 F:GAGGGTAGTGAAGGCTGCTG 113

R:CATCAAAGGTGGAGGAATGG

mTOR, mammalian target of rapamycin; S6K1, ribosomal protein S6 kinase 1; 4EBP1, eIF4E-binding protein 1; Pax7, paired box 7; MyoD, myogenic differentiation 1; Myf5, myogenic

factor 5; MyoG, myogenin; MRF4, myogenic regulator 4; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

TABLE 3 In ovo feeding of L-arginine on breast muscle weight and

muscle morphology in slow-growing chickens.

Items Treatments SEM P-value

Control Arg

Breast muscle weight, (%)

DOH 1.20 1.21 0.016 0.788

D21 7.05 7.31 0.222 0.427

D42 8.59 8.69 0.180 0.694

D63 10.90 11.74 0.281 0.148

Muscle fiber diameter, (µm)

DOH 5.69 5.95 0.138 0.272

D21 18.03 20.11 0.832 0.199

D42 22.78 21.56 0.847 0.429

D63 34.10 34.43 0.355 0.599

Muscle fiber number, D63, (per mm2) 465.02 438.26 0.134 0.253

Breast muscle weight (%)= the ratio of the breast muscle weight to BW.

DOH, day of hatching; D21, day 21; D42, day 42; D63, day 63.

Control, non-injected group; Arg, 1% L-arginine-injected group.

SEM, standard error of the mean. Values are means with n= 8 per treatment.

Myf5, MyoG, MRF4, mTOR, 4EBP1, and S6k1) from the two

groups in slow-growing chickens are presented in Figure 4. As

shown in Figures 4A,B, PC1 explained 41 and 40% of variances,

respectively. It separated the clustering of samples from the

control and Arg groups on DOH and D21, respectively. As

shown in Figures 4C,D, there was no clear separation between

the control and Arg groups on D42 and D63, respectively.

Correlation analysis

The results of the correlation analysis between breast muscle

characteristics (BMW and MFD) and gene expression of muscle

development (Pax7,MyoD,Myf5,MyoG,MRF4, mTOR, 4EBP1,

and S6k1) are presented in Figure 5.

On DOH, the expression of MyoG showed a positive

correlation with MyoD gene (r = 0.909, P = 0.032). The

expression of MRF4 gene was positively correlated with Pax7

(r = 0.657, P = 0.020) and Myf5 (r = 0.758, P = 0.011)

genes, respectively. The expression of mTOR gene also had

positive correlation with Pax7 (r = 0.834, P = 0.010) and

MyoG (r = 0.984, P = 0.016) genes, respectively. Whereas

S6K1 gene expression was positively correlated with MyoD

(r = 0.758, P = 0.018) and MRF4 (r = 0.758, P = 0.028)

genes, respectively.

On D21, theMyf5 gene expression was positively correlated

withMyoG (r = 0.690, P= 0.027),MRF4 (r= 0.773, P= 0.003),

and 4EBP1 (r = 0.597, P = 0.040) genes, respectively. The

expression of MyoG gene had positive correlation with mTOR

gene (r = 0.605, P = 0.037). And the expression of mTOR gene

was positively correlated with 4EBP1 (r = 0.697, P = 0.012)

and S6K1 (r = 0.583, P = 0.047) genes, respectively. A positive

correlation was obtained between 4EBP1 and S6K1 genes

expression (r = 0.674, P = 0.027).

On D42, the expression of Pax7 gene was positively

correlated with MyoG gene (r = 0.851, P = 0.032) and

negatively correlated with 4EBP1 gene (r = −0.813, P = 0.049),
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FIGURE 1

E�ects of in ovo feeding of L-arginine on the changes of amino acid profile in the breast muscle of slow-growing chickens. (A) Day of hatching;

(B) day 21; (C) day 42; (D) day 63. Control, non-injected group; Arg, 1% L-arginine-injected group. Asp, aspartic acid; Thr, threonine; Ser, serine;

Glu, glutamic acid; Pro, proline; Gly, glycine; Ala, alanine; Val, valine; Ile, isoleucine; Leu, leucine; Tyr, tyrosine; Phe, phenylalanine; His, histidine;

Lys, lysine; Arg, arginine. SEM, standard error of the mean. Values are means with n = 8 per treatment. Di�erent superscripts with the same time

point indicate significant di�erences between the two groups (P < 0.05).

respectively. The MyoD gene expression had a positive

correlation with mTOR gene (r = 0.915, P = 0.029). Whereas

Myf5 gene expression showed a positive correlation with MRF4

gene (r = 0.776, P = 0.040).

On D63, the gene expression of Pax7 was positively

correlated with MyoD gene (r = 0.718, P = 0.045)

and BMW (r = 0.755, P = 0.030), respectively. The

MyoG gene expression also had a positive correlation

with mTOR gene (r = 0.865, P = 0.026). A negative

correlation was found between MRF4 and S6K1 genes

(r = −0.835, P = 0.010). In addition, the 4EBP1

gene expression was positively correlated with BMW

(r = 0.754, P = 0.031).

Discussion

In the present study, the IOF of Arg had no effect

on BMW and muscle morphology (MFN and MFD). These

results are in agreement with those of Li et al. (20), who

demonstrated that IOF of different levels of Arg had no positive

influence on the breast muscle of broiler chickens in the

starter period. In contrast, some studies reported that IOF of

1% Arg increased BMW in poultry during D21 post-hatch

(18, 22, 31). The differences between these studies could be

due to the different genetic backgrounds, Arg concentrations,

volumes, and injection times. The increase in MFD is an

indicator of the increase in muscle mass by the accumulation
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FIGURE 2

E�ects of in ovo feeding of L-arginine on gene mRNA expression related to the mTOR signaling pathway on DOH, D21, D42, and D63

post-hatch in slow-growing chickens. (A) mTOR, mammalian target of rapamycin; (B) S6K1, ribosomal protein S6 kinase 1; (C) 4EBP1,

eIF4E-binding protein 1. DOH, day of hatching; D21, day 21; D42, day 42; D63, day 63. Control, non-injected group; Arg, 1% L-arginine-injected

group. SEM, standard error of the mean. Values are means with n = 8 per treatment. Di�erent superscripts indicate significant di�erences

between the two groups (P < 0.05).

of more satellite cells. Castro et al. (23) reported that Arg

supplementation in broiler chickens did not improve MFD

on D42. Fernandes et al. (21) also indicated that dietary

supplementation with Arg responded positively to MFD of

broiler chickens in the starter period. Arg is not only involved

in protein synthesis, but also regulates energy metabolism

by being converted to glucose via gluconeogenesis (25, 32).

However, further studies are needed to determine whether Arg

plays a role in energy metabolism for the energy supply of

slow-growing chickens, which could explain the results of the

present study.

Changes in amino acid profile respond to variations in

muscle mass. Previous reports have shown that Arg can be

absorbed and entered the blood and muscles to alter their

amino acid profile, then increased BMW and body growth

during the starter period post-hatch in broiler chickens by

IOF administration (18, 33). The results of the present study

are consistent with previous studies and showed that Arg

administration to the embryo modulated the amino acid profile

in muscle until the grower period post-hatch in slow-growing

chickens. Ohta et al. (34) also reported that IOF of the

amino acids in the egg increased amino acid accumulation

and stimulated amino acid utilization by increasing amino

acid synthesis and decreasing amino acid degradation for

maximum growth. In addition, Al-Murrani (35) found that

supplementing the embryo with amino acids of the same profile

as in the egg resulted in increased chick weight until D56

post-hatch. Combined with the results of BMW and muscle

morphology, our results imply that changes in amino acid

profiles may not improve amino acid utilization by IOF of

Arg. This could be due to the amino acid profiles of breast

muscle being different from those in the embryo and cannot

respond to muscle growth from DOH to D42 post-hatch in

slow-growing chickens.

Arg is able to stimulate protein synthesis by the mTOR

signaling pathway. However, the results of the present study

did not differ by IOF of Arg. This result is not consistent

with the previous pieces of literature; some studies have shown
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FIGURE 3

E�ects of in ovo feeding of L-arginine on gene mRNA expression related to myogenic regulatory factors on DOH, D21, D42, and D63

post-hatch in slow-growing chickens. (A) Pax7, paired box 7; (B) MyoD, myogenic di�erentiation 1; (C) Myf5, myogenic factor 5; (D) MyoG,

myogenin; (E) MRF4, myogenic regulator 4. DOH, day of hatching; D21, day 21; D42, day 42; D63, day 63. Control, non-injected group; Arg, 1%

L-arginine-injected group. SEM, standard error of the mean. Values are means with n = 8 per treatment. Di�erent superscripts with the same

time point indicate significant di�erences between the two groups (P < 0.05).

that Arg activated the mTOR signaling pathway by in ovo

administration in broiler chickens or in vitro experiments (17,

18, 36). Earlier studies have also shown that the Arg diet

activated the mTOR signaling pathway and inhibited the gene

expression of protein degradation in layers (37, 38), due to

protein deposition depends on the positive balance between

protein synthesis and degradation (39). In addition, Arg can

secrete growth hormone (GH), insulin-like growth factor-1
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FIGURE 4

Score plot of principal component analysis (PCA) for breast muscle characteristics and gene expression of muscle development from the two

groups in slow-growing chickens. (A) Day of hatching; (B) day 21; (C) day 42; (D) day 63. Control, non-injected group; Arg, 1%

L-arginine-injected group.

(IGF-1), and insulin (40), which are involved in the mTOR

signaling pathway and stimulate protein synthesis (41, 42). Xu

et al. (43) revealed that dietary Arg increased the secretion

of GH, IGF-1 and insulin and enhanced growth performance

in broiler chickens. Arg and GH/IGF-1/insulin might have

a joint effect on protein synthesis. We, therefore, speculate

that the mTOR signaling pathway in slow-growing chickens is

controlled by Arg and GH/IGF-1/insulin. Further studies should

be conducted to explore the effects of IOF of Arg on GH, IGF-1,

and insulin. Moreover, IOF of Arg inhibits protein degradation

in slow-growing chickens.

Pax7 controls the survival of satellite cells and is the

myogenic precursors that express the basic helix-loop-helic

transcription factors MyoD and Myf5 (44). MyoD is a master

transcription factor for myogenic determination. The co-

expression of Pax7 and MyoD is correlated to the activation

of satellite cells during myogenesis (45). In our study, Pax7

and MyoD genes did not differ in the two groups, which is

consistent with the results of Li et al. (20), who demonstrated

that IOF of Arg had no effect on Pax7 and MyoD in

broiler chickens. The regulation of Pax7 on MyoD activity

may influence the muscle development (46). Myf5 is also a

member of MyoD-family in transcription factors for regulating

the muscle development (47). The present study showed

that Myf5 mRNA expression was upregulated on D21 post-

hatch by IOF of Arg. And, MyoD and Myf5 are known

to be early or committed MRFs (48). These two genes are

required for the regulation of myoblast proliferation from

myogenic precursor cells and for the acquisition of the myoblast

phenotype (49). The loss of MyoD or Myf5 functions in

satellite cells led to the regeneration process failing after

muscle injury (50). Kablar et al. (51) also indicated that Myf5

expression in the limb is insufficient for myogenic development.

Collectively, our results imply that satellite cells may not be

activated and only Myf5 may not be sufficient to increase

the proliferation of satellite cells by IOF of Arg in slow-

growing chickens.

The other two MRFs are MyoG and MRF4. MyoG is

expressed in the first step of terminal differentiation to promote

the myocyte fusion (52). Our data showed that MyoG mRNA

expression was upregulated on DOH and D21 post-hatch,

respectively. This result is consistent with previous studies,

Li et al. (20) revealed that IOF of Arg increased MyoG

gene expression in broiler chickens. Subramaniyan et al. (53)

also demonstrated that MyoG protein was upregulated during

embryogenesis by IOF of Arg. MRF4 contributes to the later

steps of myotube maturation after fusion (54). Our data showed

thatMRF4mRNA expression was increased on DOH by IOF of

Arg. These results imply that both MyoG and MRF4 genes may

promote the terminal differentiation of satellite cells. However,

it is speculated that these two genes are not mainly responsible

for the enlargement of MFD because satellite cell numbers
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FIGURE 5

Heatmaps of correlation between the breast muscle characteristics and genes of muscle development in slow-growing chickens. (A) Day of

hatching; (B) day 21; (C) day 42; (D) day 63. Pax7, paired box 7; MyoD, myogenic di�erentiation 1; Myf5, myogenic factor 5; MyoG, myogenin;

MRF4, myogenic regulator 4; mTOR, mammalian target of rapamycin; 4EBP1, eIF4E-binding protein 1; S6K1, ribosomal protein S6 kinase 1; MFD,

muscle fiber diameter; BMW, breast muscle weight. *P < 0.05, **P < 0.01.

are not increased and may not form more myotubes in slow-

growing chickens.

Changes inmusclemass induced by external Arg stimulation

resulted from the growth of the individual muscle fibers. The

mTOR is a major player in mediating muscle mass, which

can sense intracellular changes via nutrient availability, and

coordinate the cell growth, proliferation, differentiation, and

survival (55). Pax7 are indicator of satellite cells survival and is

the myogenic precursors (4).MyoD,Myf5,MRF4, andMyoG are

MRFs and play key role in muscle fiber growth and hypertrophy

(56). Therefore, BMW and MFD is associated with gene

expression of muscle development. The PCA results indicate

that the PCA model is a good tool that clearly distinguishes the

differences between the breast muscle characteristics (BMW and

MFD) and gene expression of muscle development from the Arg

and control group on DOH and D21 compared to D42 and D63.

It is well known that Arg can improve protein synthesis and

cell growth for muscle growth via the mTOR signaling pathway.

This conclusion has been proved in poultry (18, 22). Taken

together, these results suggest that IOF of Arg can play its role

until starter period, and adding Arg into embryo is beneficial

for the muscle development. Because of the body weight of

chicken grow rapidly in the starter period, external Arg supply

is necessary to meet the optimal growth of chickens. Which

may be an explanation that why the previous studies focused
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on the effects of IOF of Arg on chickens in the starter period

(18, 20, 25).

Furtherly, the positive correlations between the breast

muscle characteristics (BMW and MFD) and gene expression

of muscle development can be found from DOH to D63.

The correlation results vary with age in these four periods,

due to these genes have different expression patterns in

different periods for regulating the MFD and BMW. Previous

study reported that the mTOR/S6K1 pathway promoted

differentiation of myogenic C2C12 cell via regulating MyoD

gene, it implied that S6K1 had ability to facilitate maturity

and hypertrophy of muscle fibers (57). The deficiency of

MyoG resulted in the decrease of body size in mice (58).

Our results showed that the genes of muscle development

(mTOR signaling pathway) had correlation each other in four

periods, indicating that the genes of myogenesis and mTOR

signaling pathway are interactive and work together for muscle

development. As described in previous studies; Zhang et al.

(59) found that MRFs genes were positively related to some

growth traits in Tibetan chickens. Zhang et al. (9) found

that the mTOR pathway was responsible for controlling the

myogenic process. Rion et al. (60) also revealed that the

knockdown of mTOR reduced the myogenic gene expression.

In addition, a negative correlation was found on D42 and D63,

respectively, which may be related to the temporal specificity of

gene expression.

Conclusion

In conclusion, IOF of 1% Arg to amnion changed the

amino acid profile and improved myogenic genes (Myf5,

MyoG and MRF4) expression, but did not influence muscle

morphology and BMW. Thus, these findings suggest that in

ovo Arg dosage (0.5 mL/egg) has no adverse effect on breast

muscle development of slow-growing chickens. Further study

is needed to confirm the optimal dosage of IOF of Arg for

significantly improving breast muscle growth post-hatch in

slow-growing chickens.
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E�ect of multi-strain probiotics
on the performance of AA+

male broilers

Qiangqiang Zou1†, Weishuang Meng1†, Tieliang Wang1,

Xiao Liu2* and Desheng Li1*

1College of Animal Husbandry and Veterinary Medicine, Jinzhou Medical University, Jinzhou, China,
2College of Animal Science and Technology, Northeast Agricultural University, Harbin, China

The aim of the experiment was to investigate the e�ects of a probiotic complex

(PC) consisting of Bacillus subtilis, Clostridium butyricum and Enterococcus

faecalis on productive performance, carcass traits, immune organ indices, fecal

microbiota counts and noxious gas emissions in AA+ male broilers. Three

hundred and sixty 1-day-old AA+male broilers with similar body weight (44.77

± 0.25) were randomly divided into 3 treatment groups of 6 replicates each,

with 20 broilers in each replicate. The experimental groups consisted of a group

fed a basal diet and groups fed basal diet supplemented with 0.1 and 0.2%

PC. The results showed that the addition of PC had no significant e�ect (P

> 0.05) on growth performance, and carcass traits of AA+ broilers during the

experimental period (1–42 days of age). Dietary addition of PC significantly

increased the thymus index of AA+ broilers (P < 0.05), reduced the number

of E. coli and Salmonella in feces (P < 0.01) and reduced the concentrations

of fecal NH3 and H2S emissions (P < 0.01). Furthermore, birds fed 0.2% PC

diet had the highest number of fecal Lactobacillus counts. Results indicate

that probiotic complex consisting of Bacillus subtilis, Clostridium butyricum

and Enterococcus faecalis enhances immune organ development, reduces

the number of E. coli and Salmonella in feces, increases the number of

Lactobacillus and reduces NH3 and H2S emissions in feces. This trial provides

a theoretical basis for the use of probiotic complexes in broiler production.

KEYWORDS

probiotic complex, AA+ broiler, growth performance, fecal microbiota, noxious gas

Introduction

Since 2006, many countries had imposed strict restrictions or bans on the use of

antibiotics in livestock and poultry (1). Therefore, the search for an environmentally

friendly feed additive that can replace antibiotics became a hotspot for animal nutrition

researchers. Probiotics was defined as “live microorganisms that, when given in sufficient

quantities, are capable of providing health benefits to the host” (2). Many studies had

demonstrated that probiotics can consistently induce positive effects on gastrointestinal

tract morphology, microbiota, nutrient absorption, and immune response (3–6).
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Bacillus subtilis was a widely used probiotic with various

positive effects such as regulating intestinal microecological

balance, improving nutrient utilization, promoting animal

growth and development, and improving body immunity (7,

8). It was reported that supplementation of Bacillus subtilis

PB6 in broiler diets improved overall broiler performance,

with significant improvements in body weight, feed conversion

ratio (FCR), fluff morphology and European efficiency factor

(EEF) (9). Similarly, supplementation of Bacillus subtilis B2A in

broiler increased productivity, showed increases in bursal weight

and reduce in intestinal Salmonella counts (10). Clostridium

butyricum was also a common probiotic and when metabolism

occurs, the products include both short chain fatty acids (SCFA),

antimicrobial substances, vitamins, and a variety of enzymes

(11). The enzymes produced by Clostridium butyricum speed

up the digestion and absorption of nutrients and improve

the body’s immunity (12). Work had shown that the addition

of preparations containing Clostridium butyricum improved

the growth performance of broilers, increasing average daily

gain (ADG) and average daily feed intake (ADFI) from 1 to

42 days of age (13). The addition of Clostridium butyricum

significantly increased the ADG of broilers from 1–21 days

of age (14). Enterococcus faecalis, which had the advantage of

colonization over other probiotics, is also used more widely

in pharmaceuticals and microbial additives. The addition of

Enterococcus faecalis to the diet can soften the fiber in the feed,

improved the utilization of the feed, promoted the growth of

the animal organism and improved the meat quality of the

livestock (15, 16).

Based on the probiotic properties of Bacillus subtilis,

Clostridium butyricum and Enterococcus faecalis, the effects of

adding them as a single strain to broiler diets had been reported

by many authors. However, there are few reports on whether

a combination of these three probiotics will have a beneficial

effect on AA+ broiler diets. It was hypothesized that there

were synergies among different probiotics, the combination of

these three probiotics may receive more benefits than the single

supplementation. Therefore, product combined Bacillus subtilis,

Clostridium butyricum and Enterococcus faecaliswere added into

diets and investigate the effects of the probiotics complex on

the productive performance, slaughter performance, intestinal

morphology, fecal microbiota, and noxious gas emissions of

AA+ broilers.

Materials and methods

Ethics statement

The Animal Conservation and Utilization Committee

of the JZMU approved the animal use agreement

(No. JZMULL2021006).

Probiotic sources

The PC for this test was provided by Liaoning Kaiwei

Biotechnology Co. The main components of PC were Bacillus

subtilis (2 x 108 cfu/g), Clostridium butyricum (2 x 106 cfu/g)

and Enterococcus faecalis (1 x 106 cfu/g).

Animals and experimental design

The trial was a completely randomized group design. Three

hundred and sixty 1-day-old AA+ male broilers of similar

weight (44.77 ± 0.25) and health were selected and randomly

divided into 3 groups of 6 replicates each, with 20 broilers in

each replicate. The experimental group consisted of a base diet

group fed a basic basal diet and a base diet group fed 0.1 and

0.2% of PC.

Animals feeding management

The 42-day trial was conducted at the AA+ Broiler Breeding

Base from June 8, 2021 to July 19, 2021. The formulated

(Table 1) were developed to meet the nutritional requirements

recommended by the National Research Council (NRC, 1994).

The birds had access to feed and water ad libitum. The

broilers house was a fully enclosed house with an automatic

environmental control system to ensure the optimal temperature

and humidity. A total of 48 pens were provided for the test

broilers to live in. Every two pens were a repeat. Every 10 birds

were housed in a pen at a density of approximately 625 cm2 per

broilers. The house temperature was 33◦C for 1–3 d during the

feeding period, and then decreased by 3◦C per week to maintain

a room temperature of about 22◦C. The humidity was controlled

at 40–70%. Throughout the experimental period, the 1–7 d and

36–42 d lighting programme was 24 h of light per day. The

8–30 d lighting program was provided 20 h per day with 4 h of

darkness. The dark time was gradually reduced after 31 d.

Test indicator determination

Growth performance

Birds were weighed on days 1, 21, and 42, and feed

consumption was recorded on a pen basis throughout the

experiment to calculate average daily gain (ADG), average daily

feed intake (ADFI) and feed-to-weight ratio (F/G). After the

broilers were sold at 42 days of age, the European Productivity

Efficiency Factor (EPEF) was calculated. EPEF = [survival rate

(%) x body weight (kg) x 10000]/ [age (d) x feed-to-meat ratio].
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TABLE 1 Composition and nutrient levels of the basal diet.

Contents

Items Days 1–21 Days 22–42

Ingredients (%)a

Corn 60.4 64.05

Soybean meal 34.4 30

CaHPO4 1.40 1.30

CaCO3 1.21 1.12

NaCl 0.25 0.25

Soybean oil 1.00 2.00

Choline chloride 0.05 0.05

Lysine 0.08 0.10

DL-Met 0.21 0.13

Premix 1 1

Total 100.00 100.00

Nutrient levels (%)b

ME (MJ/Kg) 12.14 12.51

CP 21.17 19.24

Available phosphorus 0.38 0.36

Lys 1.29 1.15

Met 0.67 0.48

Met+ Cys 1.00 0.72

Ca 0.92 0.87

aper kg of premix provides. VA, 5000 IU; VD, 10000 IU; VE, 75.0 IU; VK3 , 18.8mg; VB1 ,

9.8mg; VB2 , 28.8mg; VB6 , 19.6mg; VB12 , 0.1mg; Biotin, 2.5mg; Folic Acid, 4.9mg;

D-Pantothenic acid, 58.8mg; Nicotinic acid, 196.0mg; Zn, 37.6mg; Fe, 40.0mg; Cu,

4.0mg; Mn, 50.0mg; I, 0.2mg; Se, 0.2 mg.
bThe nutrient levels were calculated values.

Carcass traits and Immune organ index

At 42 days of experiment, one bird was randomly selected

from each replicate and then fasting for 12 h. After weight of live

weight, birds were killed by cervical dislocation carcass weight,

leg muscle weight and pectoral muscle weight were determined

and the slaughter rate, pectoral muscle rate, and leg muscle rate

were calculated. The spleen, thymus and bursa were isolated,

blotted with filter paper to remove blood stains and weighed

fresh after removing surface fat and connective tissue, and the

immune organ index was calculated.

Immune organ index = fresh weight of organ (g) / live

weight before slaughter (kg)

Fecal microbiota

Samples of 1 g of birds’ feces were taken by replicates at

21 and 42 days of age and transported to the laboratory on

ice according to the method of Dang et al. (17). The 1 g fecal

sample from each replicate was diluted with 9mL of 1% peptone

broth and mixed. The viable counts of E. coli, Lactobacillus and

Salmonella in the fecal samples were determined in a biosafety

cabinet by measuring them on McConkey agar plates, MRS

agar plates and BS agar plates respectively (in 10 g/L peptone

solution). Microbial populations were finally expressed as log10

colony forming units per gram of feces.

Fecal noxiousgas emissions

At 42 days of age, 150 g fresh birdmanure was collected from

each replicate and NH3 and H2S emissions from the manure

were determined following the method of Dang et al. (17).

Briefly, feces were placed in a 2 L plastic box, punch a small hole

in the side of the box and seal it with tape. The boxes containing

the feces were fermented at room temperature (25◦C) for 6,

12, 24, and 48 h. The air sample is then collected with a gas

collection pump from above the small hole in the side of the box.

After each collection of air samples, reseal the box with tape.

Concentrations of NH3 and H2S were measured in the range

0.00–100.00 mg/m3.

Data analysis

The data was designed using a completely randomized

grouping design. Replicate cage serves as the experimental

unit. Multiple comparisons of significant differences in means

were performed using the one-way ANOVA LSD method and

visualization was completed using Graphpad Prism 8. Results

were expressed as mean and standard error, with P < 0.05

indicating significant differences.

Results

Growth performance

A shown in Figure 1, from 1–21 days, the F/G was

significantly lower (P < 0.05) at a PC addition of 0.2% compared

to the control group. Both ADG and ADFI improved to varying

degrees in the test group, but did not reach significant levels

(P > 0.05). At 22–42 and 1–42 days of age, ADG, ADFI and

F/G were not significantly different between treatment groups

(P > 0.05), while AA+ broilers had high values of ADG, ADFI

and EPEF and low F/G when PC was added at 0.1%.

Carcass traits and Immune organ index

A shown in Figure 2, dietary addition of PC had no

significant effect (P > 0.05) on carcass traits in AA+ broilers,

with high values for slaughter rate, breast muscle rate and leg

muscle rate when PC was added at 0.1%. The addition of PC
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FIGURE 1

E�ect of PC addition to diets on the growth performance in AA+ broilers. (A) Average daily gain. (B) Average daily feed intake. (C)

Feed-to-weight ratio. (D) Survival rate. (E) European productivity e�ciency factor. “*” means indicates a significant di�erence (P < 0.05). No “*”

indicates that the di�erence is not significant (P > 0.05).

to the diet significantly increased spleen index in AA+ broilers

compared to the control (P< 0.05), and increases in thymus and

bursa index were also significant but did not reach significant

levels (P > 0.05).

Fecal microbiota

A shown in Figure 3, the addition of PC to the diet

significantly reduced Salmonella levels in the feces of AA+

broilers at 21 and 42 days of age compared to the control group

(P < 0.01). The E. coli content in the feces of AA+ broilers at 42

days of age was highly significantly reduced (P < 0.01). When

PC was added at 0.2%, the content of Lactobacillus in the feces

of AA+ broilers was highly significantly increased (P < 0.01).

Fecal noxiousgas emissions

A shown in Figure 4, compared to the control group, the

addition of PC to the diet significantly reduced the emission of

NH3 and H2S from AA+ broiler manure at 6, 12, 24 and 48 h

of fermentation (P < 0.01), and low values of NH3 and H2S

emissions were observed when PC was added at 0.2%.

Discussion

ADG, ADFI and F/G, as important indicators of production

performance, had a direct impact on the economic efficiency

of large-scale farms. EPEF, in turn, was used as an important

indicator of broiler production, reflecting the performance

of broilers, and as a profitability index, with a larger index

indicating a more profitable chick (18). By adding a PC

consisting of Bacillus subtilis, Clostridium butyricum and

Enterococcus faecalis to the diet of AA+ broilers, it was found

that F/G was significantly lower in the test group compared

to the control group in the early growth period (1–21 d) and

that the addition of 1% PC to the diet in the late growth

period (22–42 d) improved the growth performance of AA+

broilers. Mountzoureis et al. (19) found that the addition of

0.1% of a complex probiotic to the diet had no effect on ADG

and F/G in broilers at all stages. Gao et al. (8) found that

when Bacillus subtilis was added at 200 mg/kg, the ADG of

broilers was higher than that of the higher dose group with 250

mg/kg, and that the addition of Bacillus subtilis increased the

ADFI of broilers but did not reach a significant level. Similar

results were obtained in this trial, probably because we added

too many probiotics to the AA+ broiler diet, which upset

the balance of the animal’s gut microbiota to the detriment

of the animal’s health. Zeng et al. (20) showed significant

improvements in broiler growth performance following the

addition of potential probiotics consisting of Clostridium

butyricum, Bacillus subtilis and Bacillus licheniformis to AA+

broiler diets. The results of this trial also yielded similar

results to those of the above researchers. When PC was added

at 0.2%, there was a slight decrease in growth performance

compared to the test group with 0.1%. This also suggests that

probiotics should be used in moderation rather than in excess in

broiler production.
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FIGURE 2

E�ect of PC addition to diets on the carcass traits and immune organ index in AA+ broilers. (A) Carcass traits. (B) Immune organ index. “*” means

indicates a significant di�erence (P < 0.05). No “*” indicates that the di�erence is not significant (P > 0.05).

FIGURE 3

E�ect of PC addition to diets on the fecal microbiota in AA+ broilers. (A) Days 21. (B) Days 42. “*” means indicates a significant di�erence (P <

0.05). “**” means indicates a extremely significant di�erence (P < 0.01). No “*” indicates that the di�erence is not significant (P > 0.05).

FIGURE 4

E�ect of PC addition to diets on the noxious fecal gas emission in AA+ broilers. (A) H2S (B) NH3. “*” means indicates a significant di�erence (P <

0.05). “**” means indicates a extremely significant di�erence (P < 0.01). No “*” indicates that the di�erence is not significant (P > 0.05).

Slaughter rate, breast muscle rate and leg muscle rate were

crucial indicators of meat production performance in broilers

and provided a useful assessment of carcass traits. The relative

weights of the thymus, bursa and spleen serve as markers of

organismal immunity in broilers, and the growth, development

and division of immune cells could increase the weight of
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immune organs in broilers (21). The immune organ index,

which was the ratio of immune organs to live body weight,

provided some indication of the functional status of the animal’s

organism. The results of our trials showed that the addition of

PC to the diet had no significant effect on carcass traits in AA+

broilers, with the highest slaughter rate, breast muscle rate and

leg muscle rate being achieved when PC was added at 0.1%.

Yadav et al. (22) reported that Bacillus subtilis supplementation

to broiler diets had no significant effect on carcass traits, and

Rehman et al. (23) similarly reported that the addition of

probiotics did not affect carcass traits in broilers. Therefore,

the highest slaughter, pectoral and leg muscle rates were seen

in this trial when PC was added at 0.1%, probably because

growth performance was highest when PC was added at 0.1%,

resulting in higher carcass traits. The current study found that

the addition of PC to the diet significantly increased the spleen

index of AA+ broilers compared to the control group, and

that the increase in thymus and bursa indices did not reach

significant levels. This was also similar to the findings of Sjofjan

et al. (24) and Gao et al. (25). The main reason might be that the

beneficial flora in the probiotic complex multiply in the intestine

and constantly synthesized vitamins, amino acids and other

beneficial substances, which are indispensable for the growth

and development of the animal’s immune organs.

Air pollution in animal feeding environments had been

widely recognized as a threat to animal health and safety,

with ammonia and sulfur-containing compounds as two of

the main noxious gases causing odor and environmental

pollution problems on farms (26), and these contaminants

could be detrimental to animal welfare. Han et al. (27) found

that probiotics could indirectly reduce these environmental

pollutants in animal feces by improving the intestinal micro-

ecology. This pilot study found that dietary supplementation

with a complex probiotic mixture of Bacillus subtilis,Clostridium

butyricum and Enterococcus faecalis was effective in reducing

the number of E. coli and Salmonella in feces, increasing the

number of Lactobacillus and reducing NH3 and H2S emissions

in feces. This was consistent with the findings of Zhang et al.

(28) and Jeong et al. (29), as well as most researchers. Based on

this test, it speculated that the addition of a probiotic complex

maintains the intestinal microbial balance by increasing the

number of beneficial bacteria in the gut and reducing the

number of noxious bacteria, which in turn results in better

growth performance and carcass traits.

Conclusion

Aprobiotic complexmade from Bacillus subtilis,Clostridium

butyricum and Enterococcus faecalis can improve growth

performance in AA+ male broilers, reduce fecal E. coli and

Salmonella counts, increase Lactobacillus and reduce noxious

NH3 and H2S emissions in feces.
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Dietary Lactobacillus fermentum

and Lactobacillus paracasei

improve the intestinal health of
broilers challenged with
coccidia and Clostridium

perfringens

Peng Li1†, Liyun Zheng1†, Ya Qi1, Zhipeng Liu1, Encun Du2,

Jintao Wei2, Zhengfan Zhang1, Shuangshuang Guo1*‡ and

Binying Ding1*‡

1Hubei Key Laboratory of Animal Nutrition and Feed Science, Wuhan Polytechnic University, Wuhan,

Hubei, China, 2Key Laboratory of Animal Embryo Engineering and Molecular Breeding of Hubei

Province, Institute of Animal Science and Veterinary Medicine, Hubei Academy of Agricultural

Sciences, Wuhan, China

Necrotic enteritis (NE) is a great threat to the intestinal health of broilers,

resulting in decreased growth performance and significant economic losses.

Lactobacillus fermentum (LF) and Lactobacillus paracasei (LP) exert beneficial

e�ects on intestinal health. The aim of the present study was to investigate the

e�ects of dietary LF and LP on the intestinal health and growth performance

of broilers challenged with coccidia and Clostridium perfringens (CCP). The

animal trial was carried out using 336 broilers (Ross 308) for 35 days with

a completely randomized design. The broilers were divided into 4 groups

based on treatment as follows: the control (CTR) group was fed the basal

diet and without CCP challenge and the CCP group was fed the basal diet

and with CCP challenge. The broilers in the CCP+LF and CCP+LP groups

were challenged by CCP, and meanwhile, LF (1 × 109 CFU/g) and LP (1 ×

109 CFU/g) were supplemented into the basal diets, respectively. The results

showed that the growth performance and the intestinal morphology were

negatively a�ected by the CCP challenge. In addition, the number of coccidia

in the intestinal digesta and the relative abundance of Escherichia coli in the

cecal digesta were increased. Besides, the mRNA level of IgA in the jejunum

was downregulated, and the transcript level of IL-8 was upregulated by the

CCP challenge. Dietary LF and LP failed to improve the growth performance

of broilers with the CCP challenge. However, they were beneficial for intestinal

barrier function. In addition, dietary LFwas able to alleviate the downregulation

of TGF-β mRNA level in the spleen with CCP challenge and decreased the

lesion scores comparedwith the CCP group. Furthermore, dietary LP alleviated

the upregulation of the IL-8 mRNA level in the jejunum with CCP challenge

and reduced the number of coccidia in the ileal digesta. In conclusion,

dietary LF and LP failed to mitigate the negative e�ects of CCP infection on

growth performance; however, they were able to improve the intestinal health
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of broilers challenged with CCP by strengthening the intestinal barrier and

alleviating inflammation.

KEYWORDS

Lactobacillus fermentum, Lactobacillus paracasei, intestinal health, broiler, necrotic

enteritis

Introduction

Necrotic enteritis (NE) in broilers caused by C. perfringens

is an enterotoxemic disease that shapes the impaired intestinal

barrier, unstable intestinal flora, and weakened immunity of

birds (1). In fact, NE results in significant economic losses.

A study suggested that a loss of $0.05 per bird was caused

by NE (2). Previously, antibiotics were used to treat NE in

poultry production. However, antibiotics are banned in feed

in many countries, and in recent years, the incidence of NE

has been increasing. At present, nutrition-based interventions

to address this problem have attracted the attention of

many scholars. Probiotics have great potential to improve

intestinal health, and dietary probiotics continue to be a good

antibiotic substitute to alleviate NE in broilers. It was reported

that Lactobacillus fermentum (LF) could produce short-chain

fatty acids (SCFAs), which can inhibit the proliferation of

Escherichia coli (3). Some studies also suggested that dietary

LF was beneficial to the intestinal barrier and immunity

of weaned piglets (4, 5). Another study demonstrated that

Lactobacillus paracasei (LP) improved intestinal flora, which

contributed to the growth performance and immunity of birds

(6, 7).

Although some biological effects of LF and LP had been

investigated, they were not fully characterized in poultry. The

reported beneficial effects of LF and LP on intestinal health

suggest their potential to alleviate NE. Hence, it was necessary

to study the effects of dietary LP and LF supplementation

in NE broilers. However, the lack of a reliable NE model

might leave us stranded. A stable NE model in broilers

should be of great importance. In our previous study, C.

perfringens could be used in establishing the NE model (8,

9). However, due to differences in individual birds or dietary

factors, the infection of C. perfringens was also not always

successful to establish the NE model. A study suggested that

the coinfection of coccidia and C. perfringens might make a

more stable NE model (10). In the present study, coccidia

and C. perfringens were used to establish a NE model, and

dietary LP and LF were employed to prevent NE. This study

aimed at investigating the effects of dietary LF and LP on the

intestinal health and growth performance of broilers infected

with NE.

Materials and methods

Animal and diet

The animal study was carried out at the Wuhan Polytechnic

University (Hubei, China). A total of 336 1-day-old healthy

Ross 308 broilers with uniform weight were randomly assigned

to 4 treatments. There were 6 replicates in each group and

14 broilers (7 males and 7 females) in each replicate. The

broilers in the control (CTR) group were fed the basal diet

and without coccidia and were affected by the C. perfringens

(CCP) challenge. The basal diet was formulated according to the

recommendation of the NRC (1994). The formula and nutrient

levels of the basal diet are shown in Table 1. The broilers in

the CCP group were fed the basal diet and challenged by CCP.

The C. perfringens (CVCC2030) was purchased from the China

Veterinary Microbial Culture Collection and Management

Center (Beijing, China), and the coccidia were purchased

from Foshan Zhengdian Biotechnology Co., Ltd. (Guangdong,

China). A quadrivalent anti-coccidiosis vaccine consisted of 5×

104 oocysts of E. tenella strain PTMZ, E. necatrix strain PNHZ,

and E. maxima strain PMHY, as well as 1 × 105 oocysts of E.

acervuline strain PAHY. The recommended dose of the vaccine

was 1,100 ± 110 sporulated oocysts per bird. In the present

study, the number of coccidia oocysts inoculating each bird was

30 times the recommended dose. Birds in the CCP+LF and

CCP+LP groups were also challenged with CCP, and the diets

of the CCP+LF and CCP+LP groups were supplemented with

1 × 109 CFU/g LF and 1 × 109 CFU/g LP, respectively. The

diet for each group was formulated one time a week. A 35-day

trial was performed, and an overview of the trial is shown in

Figure 1. On day 9 of the trial, the anti-coccidiosis vaccine was

administered into the crop of broilers in the CCP, CCP+LF, and

CCP+LP groups. The birds in the CTR group were treated with

an equal volume of saline. From days 13 to 18, the broilers in the

CCP, CCP+LF, and CCP+LP groups were challenged with C.

perfringens. Specifically, 64ml of C. perfringens broth (1 × 108

CFU/mL) was well mixed into 1,200 g feed of each group, which

was then equally distributed to each replicate. Importantly, these

feeds should be consumed within 2 h, and the birds in the CTR

group were fed a diet with an equal volume of sterile broth.

On days 13 and 19, two birds in each replicate were selected
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to collect blood from the wing vein and slaughtered for sample

collection. On days 1, 13, 19, and 35, all broilers and feed were

weighed for the calculation of growth performance. All broilers

were raised in wire cages with free access to water and feed.

During the first 3 days of the trial, the room temperature was

controlled at 35◦C, and then, the temperature was decreased by

1◦C per day until it was maintained at 25◦C. A 24-h light regime

was implemented throughout the animal trial.

The determination of growth
performance and the immune organ
index

The body weight of the broilers and the feed consumption

were weighed on days 1, 13, 19, and 35. The average daily

gain (ADG), average daily feed intake (ADFI), and the feed

conversion ratio (FCR) from days 1–13, days 14–19, days 20–35,

and days 1–35 were calculated. The indexes of the spleen, the

bursa of Fabricius, and the thymus on days 13 and 19 were also

analyzed. The formula for calculating the immune organ index

is as follows: immune organ index= the weight of organ (g) /the

body weight of broiler (kg).

The assay of immune and biochemical
parameters in the serum

The blood was collected from the underwing vein and

centrifuged at 3,000 r/min for 15min at 4◦C, and the serum

was separated from the supernatant. The kits purchased from

Nanjing Jiancheng Biotechnology Co., Ltd. (Jiangsu, China)

were used to determine the levels of lysozyme, inductible nitric

oxide synthase (i-NOS), and lactate dehydrogenase (LDH) in

the serum. An automatic biochemical analyzer (Unicel DXC800,

Beckman Coulter, USA) was used to analyze the levels of glucose

(GLU), calcium (Ca), and phosphorus (P) in the serum.

The measurement of intestinal
morphology and lesion score

Approximately 1 cm of mid-segments of the duodenum,

jejunum, and ileum were collected and fixed in 4%

paraformaldehyde. Then, these intestinal segments were

embedded in wax blocks and sectioned at 4µm, and the sections

were stained with eosin-hematoxylin. Intestinal villus height

(VH) and crypt depth (CD) were measured as described in the

previous study (11). Briefly, 10 straight and intact intestinal

villi were randomly selected in each sample, and then the VH

and CD were measured by an image analysis system using the

Olympus BX-41TF microscope. The vertical distance from the

tip of the villus to the crypt opening was considered as the villus

height, and the vertical distance from the crypt opening to the

ending was the crypt depth. The average values were calculated

from the ten measurements, and the ratio of VH to CD was also

calculated. In addition, the duodenum, jejunum, and ileum were

cut lengthwise, and the digesta were rinsed. Then, a 6-point

scoring system (12) was employed to score the intestinal lesion.

The specific rules for this 6-point scoring were as follows:

an intestine without any abnormalities should be a zero. The

intestine marked 1 should be described as having a thin wall and

diffuse fibrin attached to the mucosal surface of the intestine.

There were 1–5 necrotic or ulcerated spots on the intestinal

mucosa or deposits of fibrin that could not be removed, which

should be marked as 2 points. The more severe the bowel lesion,

the more spots there were. For example, 3 points for a number

of lesions between 6 and 15, and 4 points for more than 16

lesions. The presence of a 2–3 cm patch of necrotic plaque on

the intestine should be marked as 5 points. Beyond that, once

the necrotic plaque penetrated from the intestinal mucosa into

the lamina propria and muscle layers of the intestine, it was

considered as 6 points.

Coccidia counts in digesta and feces

The digesta of the jejunum, ileum, and cecum as well as the

feces were collected on days 13 and 19, and then stored in a

refrigerator at−20◦C. A total of 2 g of samples were mixed with

10ml of saline, and then 50ml of saline was continuously added

with stirring until there was no obvious fecal mass. A 60-mesh

nylon was used to filter the mixture, and then the filtrate was

collected and pipetted into the two counting chambers of theM.

mcswelli counting plate. The chambers were filled with filtrate,

and air bubbles should be removed. The counting plate was

placed for 3min before being counted using a microscope. The

formula for calculating the data was as follows: number of

coccidial oocysts per gram of feces (OPG) = [(n1 + n2)] ×

60 × dilution factor/(2 × 0.15) × 2. Among them, n1 and n2

were the numbers of the coccidial oocysts in each chamber, and

the volume of the counting chamber was 0.15ml. The dilution

factor was the number of times themixture was diluted. The total

volume of the mixture was 60ml, and the weight of the digesta

or feces was 2 g.

Gene expression

The jejunum and the spleen were collected and placed in

an RNase-free centrifuge tube and then snap-frozen in liquid

nitrogen before being transferred to a refrigerator at −80◦C.

Extraction of total RNA, preparation of cDNA, and PCR were

performed as previously described (13). The TRIzol reagent

(Takara, Dalian, China) was used to obtain the total RNA,
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TABLE 1 The feed ingredient composition and nutrient levels, air-dried basis.

Ingredient, % d 0- 21 d 21- 35 Nutrition levelc d 0- 21 d 21- 35

Wheat 68.69 68.78 ME mc/kg 2.929 2.996

soybean meal 20.32 23.18 Crude protein % 21.606 19.739

Fish meal 5.00 0.00 Lysine % 1.156 1.000

Soybean oil 2.50 4.20 Methionine % 0.603 0.458

CaHPO4 1.20 1.60 Methionine+ Cystine % 0.914 0.760

Stone powder 1.10 1.10 Calcium % 1.131 1.061

NaCl 0.35 0.35 Available phosphorus % 0.482 0.402

DL-Met 0.26 0.18 Threonine % 0.747 0.658

Choline chloride, 50% 0.20 0.20

Mineral premixa 0.20 0.20

L-Lys HCl, 78% 0.15 0.18

Vitamin premixb 0.03 0.03

Total 100.00 100.00

aTrace element premix (provided per kilogram of feed) the following substances: Cu, 8mg; Zn, 75mg; Fe, 80mg; Mn, 100mg; selenium, 0.15mg; iodine, 0.35 mg.
bVitamin premix (provided per kilogram of feed) the following substances: vitamin A, 12,500 IU; vitamin D3, 2,500 IU; vitamin E, 18.75mg; vitamin K3, 2.65mg; vitamin B1, 2mg; vitamin

B2, 6mg; vitamin B12, 0.025mg; biotin, 0.0325mg; folic acid, 1.25mg; nicotinic acid, 50mg; pantothenic acid, 12 mg.
cCalculated values.

FIGURE 1

The schematic diagram of the overview of the trial. All broilers were weighed to investigate the growth performance on days 1, 13, 19, and 35.

Some broilers were selected to be slaughtered, and samples were collected for laboratory analysis. Among them, green circles indicate that all

chickens were weighed and recorded on that day, and red triangles indicate the broiler chickens that were selected for slaughter and sampling

on that day.

and the purity was checked with the following criteria: an

OD260/OD280 ratio of ∼2.0 and a 28 S/18 S rRNA ratio of

> 1.8. Then, the gDNA Eraser (Takara, Dalian, China) was

used to prepare the cDNA. An Applied Biosystems 7500 Fast

Real-Time PCR System (Foster City, CA) was used to perform

the qPCR. The 2−11CT method (14) was used to analyze the

relative expression of each gene, and the β-actin was used as

the reference gene. Primers of the genes in the present study are

listed in Table 2.

Analysis of specific intestinal microflora

The cecal digesta was collected on day 19. QIAamp fast

DNA stool mini kits (Qiagen, Hilden, Germany) were used to

extract the genomic DNA of the cecal microflora. A NanoDrop

2000 spectrophotometer (Thermo Scientific, USA) was used

to measure the concentration of DNA. The steps of qPCR and

the calculation method of genes were the same as described

above. The total bacteria (16s rRNA) were used as the reference
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TABLE 2 List of gene primer sequencesa.

Gene name Prime sequence (5
′
-3

′
) NCBI number

TNF-α F-GAGCGTTGACTTGGCTGTC NM_204267

R-AAGCAACAACCAGCTATGCAC

IFN-γ F-AGCTGACGGTGGACCTATTATT Y07922

R-GGCTTTGCGCTGGATTC

IL-1β F-ACTGGGCATCAAGGGCTA NM_204524

R-GGTAGAAGATGAAGCGGGTC

TGF-β4 F-CGGGACGGATGAGAAGAAC M31160

R-CGGCCCACGTAGTAAATGAT

IL-8 F-ATGAACGGCAAGCTTGGA

R-TCCAAGCACACCTCTCTTC

AJ009800

IgA F-GTCACCGTCACCTGGACACCA S40610

R-ACCGATGGTCTCCTTCACATC

pIgR F-GGATCTGGAAGCCAGCAAT AY233381

R-GAGCCAGAGCTTTGCTCAG

Mucin-2 F-TTCATGATGCCTGCTCTTGTG XM_421035

R-CCTGAGCCTTGGTACATTCTTGT

Claudin-1 F-CATACTCCTGGGTCTGGTTGGT AY750897.1

R-GACAGCCATCCGCATCTTCT

ZO-1 F-

CTTCAGGTGTTTCTCTTCCTCCTC

XM_413773

R-CTGTGGTTTCATGGCTGGATC

Occludin F-ACGGCAGCACCTACCTCAA D21837.1

R-GGGCGAAGAAGCAGATGAG

β-actin F-GAGAAATTGTGCGTGACATCA NM_205518.1

R-CCTGAACCTCTCATTGCCA

aThe primers were designed and synthesized by Shanghai Sangon Bioengineering Co.,

Ltd. Shanghai, China. TNF-α, tumor necrosis factor α; IFN-γ, interferon γ; IL-1β and

IL-8, interleukin 1β and interleukin 8; TGF-β4, transforming growth factor β4; IgA,

immunoglobulin A; pIgR, polymeric immunoglobulin receptor; ZO-1, zonula occludens

protein 1.

gene, and the specific 16S rRNA genes were targeted for E. coli,

Lactobacillus, and C. perfringens. The primers of these bacteria

were as follows: total bacteria: F-ACTCCTACGGGAGGC

AGCAGT and R-GTATTACCGCGGCTGCTGGCAC; E. coli:

F-GTTAATACCTTTGCTCATTGA and R-ACCAGGGTATCT

AATCCTGT; Lactobacillus: F-AGCAGTAGGGAATCTTCCA

and R-CACCGCTACACATGGAG; and C. perfringens: F-AAA

GATGGCATCATCATTCAAC and R-TACCGTCATTATC

TTCCCCAAA.

Data analysis

A one-way ANOVA program in SPSS 23.0 software (SPSS

Inc., Chicago, IL) was used to analyze the data, and then, Tukey’s

multiple comparisons were used to investigate the differences

between groups. The Kolmogorov-Smirnov test was used to

analyze the data that did not comply with normal distribution,

and a non-parameter test and pairwise comparisons were used to

analyze the data. The Mann-Whitney U test was used to analyze

lesion scores between treatments. The data of the lesion score

was expressed in the median and interquartile range, and data

other than the lesion score were presented as mean ± standard

error. A P-value of < 0.05 was considered to be significantly

different between groups, and the Graphpad prism 8.0 software

was used for creating graphs.

Results

Growth performance and serum
parameters

The FCR during days 1–13 and 14–19 was negatively affected

by the CCP challenge, as well as the ADG and ADFI during

days 14–19 (P < 0.05) (Table 3). The growth performance in

other periods was not significantly affected by CCP treatment. In

addition, dietary LF and LP failed to alleviate the negative effects

of CCP on growth performance.

The index of the thymus on day 13 tended to be reduced (P=

0.091), and the spleen index on day 19 tended to be increased by

CCP challenge (P= 0.093) (Table 4). Dietary LF and LPwere not

able to improve immune organ indices. The content of serum

glucose on day 13 was decreased (P< 0.05), and serum lysozyme

on day 19 tended to be increased by CCP challenge (P = 0.059)

(Table 5). Additionally, compared with the CCP group, the levels

of serum i-NOS on day 13 were increased in the CCP+ LF group

(P < 0.05). The contents of serum calcium on days 13 and 19

were elevated in the broilers of the CCP+ LP group (P < 0.001).

The measurement of the intestinal
mucosa and cecal flora

The crypt depths of the duodenum, the jejunum, and the

ileum on days 13 and 19 were increased by CCP challenge

(P < 0.05) (Figure 2). In addition, the ratios of VH to CD in

the duodenum, the jejunum, and the ileum on day 13 and in

the jejunum and the ileum on day 19 decreased. Dietary LF and

LP elevated the ratios of VH to CD in the duodenum and the

jejunum on day 13 and in the jejunum on day 19 of broilers with

CCP challenge. Moreover, dietary LF increased the ratio of VH

to CD in the ileum on day 13, and dietary LP improved it in the

duodenum on day 19 with the CCP challenge.

The CCP+LF group had a lower lesion score in the jejunum

than that of the CCP group (P < 0.05) (Figure 3A). The relative

abundance of E. coli in the cecal digesta was upregulated by CCP

challenge (P < 0.05) (Figure 3B), while dietary LP decreased

it. Although we did not observe a statistical difference in the

relative abundance of C. perfringens, it was numerically raised

by the CCP challenge. Unexpectedly, dietary LP upregulated
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TABLE 3 The growth performance of broilers during the trial, n = 6.

Item CTR CCP CCP+LF CCP+ LP P-value

d 1-13

ADFI, g 28.57± 0.65 27.97± 0.29 28.95± 0.61 28.60± 0.51 0.631

ADG, g 21.65± 0.47 20.71± 0.15 21.60± 0.51 21.14± 0.34 0.317

FCR 1.32± 0.01b 1.35± 0.01a 1.34± 0.01ab 1.35± 0.01a 0.002

d 14-19

ADFI, g 60.03± 1.53a 54.68± 0.68b 56.03± 0.90ab 53.80± 0.95b 0.003

ADG, g 40.30± 1.07a 34.68± 0.41b 35.31± 0.65b 33.64± 0.59b < 0.001

FCR 1.49± 0.01b 1.58± 0.01a 1.59± 0.02a 1.60± 0.01a < 0.001

d 20-35

ADFI, g 99.54± 2.11 100.46± 1.76 103.30± 2.17 100.87± 2.59 0.660

ADG, g 57.44± 1.30 58.90± 1.55 60.39± 1.89 58.76± 1.62 0.643

FCR 1.73± 0.03 1.71± 0.01 1.71± 0.02 1.72± 0.01 0.790

d 1-35

ADFI, g 63.56± 1.23 62.82± 0.60 64.63± 0.74 63.08± 1.19 0.583

ADG, g 39.57± 0.71 38.88± 0.59 39.96± 0.63 38.80± 0.76 0.576

FCR 1.61± 0.02 1.62± 0.01 1.62± 0.01 1.63± 0.01 0.722

a,bMeans in the same row without common superscripts differ significantly (P< 0.05). Data were presented as mean± standard error. CTR, control group; CCP, the infection model group

that was challenged with Clostridium perfringens and coccidia, CCP+ LF, the infection model group with Lactobacillus fermentum supplemented in the diet; and CCP+ LP, the infection

model group with Lactobacillus paracasei supplemented in the diet.

TABLE 4 The immune organ indices, g/kg, n = 12.

Item CTR CCP CCP+LF CCP+ LP P-value

d13 Spleen 0.71± 0.06 0.83± 0.05 0.83± 0.05 0.79± 0.06 0.438

Bursa of fabricius 2.18± 0.08 2.43± 0.18 2.22± 0.15 2.31± 0.10 0.562

Thymus 1.74± 0.11a 1.53± 0.10ab 1.32± 0.07b 1.38± 0.06b 0.007

d19 Spleen 0.72± 0.05b 0.89± 0.05ab 0.98± 0.06a 1.06± 0.10a 0.007

Bursa of fabricius 2.40± 0.12 2.14± 0.15 2.29± 0.18 2.24± 0.16 0.701

Thymus 1.60± 0.12 1.45± 0.08 1.40± 0.08 1.59± 0.11 0.371

a,bMeans in the same row without common superscripts differ significantly (P< 0.05). Data were presented as mean± standard error. CTR, control group; CCP, the infection model group

that was challenged with Clostridium perfringens and coccidia; CCP+ LF, the infection model group with Lactobacillus fermentum supplemented in the diet; and CCP+ LP, the infection

model group with Lactobacillus paracasei supplemented in the diet.

the relative abundance of C. perfringens in the cecal digesta.

Compared with the CCP group, the number of coccidial oocysts

in the ileal digesta of the CCP+LP group on day 13 was

decreased (P < 0.05) (Figure 3C). It was concluded that dietary

LF and LP exerted beneficial effects in CCP-challenged birds.

The transcription levels of some genes in
the jejunum and spleen

The mRNA levels of ZO-1, Mucin-2, and Occludin in the

jejunum on day 13 were downregulated by CCP challenge,

as well as the transcript level of Mucin-2 in the jejunum on

day 19 (P < 0.05) (Figures 4A,B). These results were logically

consistent with the findings that CCP challenge weakened

intestinal morphology. Dietary LF upregulated the mRNA levels

of ZO-1 and Mucin-2 in the jejunum of broilers with CCP

challenge on day 13 (P < 0.05). Dietary LP elevated the mRNA

level of Claudin-1 in the jejunum of broilers with CCP challenge

on day 19 (P < 0.05). Besides, the results of immune-related

genes showed that the mRNA level of IL-8 was upregulated

on day 13, and the transcript level IgA in the jejunum was

downregulated by CCP challenge (P < 0.05), as well as the

TGF-β in the spleen (P = 0.094) (Figure 4C). Compared with

the CCP group, the mRNA level of IL-8 in the jejunum on

day 13 was downregulated, and the mRNA level of IFN-γ in

the spleen on day 19 was upregulated with LP supplementation

(P < 0.05). Additionally, dietary LF upregulated the transcript

level of TGF-β in the spleen of the birds with CCP challenge on

day 13 (P < 0.05).
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TABLE 5 The levels of serum immune and biochemical parameters, n = 12.

Item CTR CCP CCP+ LF CCP+ LP P-value

d13 lysozyme, U/mL 12.42± 1.58 11.47± 2.17 12.04± 1.62 9.65± 2.18 0.766

iNOS, U/mL 5.00± 0.51b 5.55± 0.70b 8.53± 0.87a 7.62± 0.69ab 0.003

GLU, mg/dL 205.86± 2.88a 192.21± 2.90b 200.38± 3.57ab 198.52± 3.20ab 0.033

Ca, mg/dL 10.59± 0.17b 10.81± 0.20b 11.26± 0.23b 12.25± 0.27a < 0.001

P, mg/dL 7.15± 0.15 7.14± 0.16 7.34± 0.08 7.61± 0.24 0.173

LDH, U/L 682.14± 30.87 638.57± 31.54 639.58± 23.42 663.82± 31.19 0.680

d19 lysozyme, U/mL 22.94± 1.21b 29.57± 2.90ab 25.97± 1.82ab 30.18± 0.97a 0.019

iNOS, U/mL 9.81± 0.21 9.69± 0.25 10.47± 0.19 9.78± 0.28 0.067

GLU, mg/dL 223.22± 6.18a 206.78± 4.67ab 197.02± 6.75b 200.59± 7.05ab 0.024

Ca, mg/dL 10.58± 0.13b 10.67± 0.19b 11.31± 0.26b 12.25± 0.17a < 0.001

P, mg/dL 6.80± 0.10 6.86± 0.25 6.40± 0.18 6.69± 0.19 0.314

LDH, U/L 644.08± 37.42 746.15± 85.14 629.61± 33.96 713.13± 34.67 0.350

a,bMeans in the same row without common superscripts differ significantly (P< 0.05). Data were presented as mean± standard error. CTR, control group; CCP, the infection model group

that was challenged with Clostridium perfringens and coccidia; CCP+ LF, the infection model group with Lactobacillus fermentum supplemented in the diet; and CCP+ LP, the infection

model group with Lactobacillus paracasei supplemented in the diet.

FIGURE 2

The intestinal villus height, crypt depth, and the ratio of villus height to crypt depth. (A) the data were collected on day 13, and (B) the data were

collected on day 19. Among them, a,b, and c means in the di�erent pillars without common superscripts di�er significantly (P < 0.05). VH, villus

height; CD, crypt depth; VH/CD, the ratio of VH to CD. n = 12. Data were presented as mean ± standard error. CTR, the control group; CCP, the

group co-infected with coccidia and C. perfringens (CCP), CCP+LF and CCP+LP denote the groups fed Lactobacillus fermentum- and

Lactobacillus paracasei-supplemented diets with CCP challenge.
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FIGURE 3

The intestinal lesion score, the number of cecal bacteria, and intestinal coccidia. The data of the intestinal lesion score is arranged in (A) (n = 12),

the levels of some bacteria in the cecal chyme are shown in (B) (n = 10), and the numbers of coccidia in the chyme are arranged in (C) (n = 12 in

the chyme of jejunum, ileum, and chyme. n = 6 in the feces). The data in (A) were expressed in the median and interquartile range, and data in

(B,C) were presented as mean ± standard error. CTR, the control group; CCP, the group coinfected with coccidia and C. perfringens (CCP),

CCP+LF and CCP+LP denote the groups fed Lactobacillus fermentum- and Lactobacillus paracasei-supplemented diets with CCP challenge. In

(A), ** = 0.001 < P < 0.01, among (B,C), a,b, and c indicate that the di�erent pillars without common superscripts di�er significantly (P < 0.05).

Discussion

A wheat-based diet was proven to help establish the NE

model with coccidia and C. perfringens challenge (1). We

presented an undated report based on this idea in this study. Liu

et al. (15) suggested that the growth performance of broilers with

CCP challenge was negatively affected, and it might be recorded

only during CCP infection. In the present study, we observed

consistent outcomes. Specifically, combined infection with

coccidia and C. perfringens reduced the growth performance

of broilers, which might only be observed during the infection

period. There was no difference in growth performance between

CCP-challenged and unchallenged broilers in the period after

infection. A possible explanation was that the immune system

of broilers was used to maintain immune homeostasis during

the CCP challenge and that numerous nutrients needed to be

ingested for immune responses. Since then, the compensatory

growth mechanism (16) has been activated to eliminate the

difference in growth performance. Some probiotics were found

to be useful for the growth performance and immunity of

broilers (17, 18), which opened a new window for relieving the

NE in broilers. Unexpectedly, we observed that LF and LP were

ineffective in the growth performance of CCP-infected broilers

in this study. It was speculated that LF and LP might not be

able to colonize in the intestine of broilers, as we found in the

present study that dietary LF and LP failed to elevate the relative

abundance of Lactobacillus. This transient probiotic might only

be beneficial to the intestine, and this effect was not sufficient to

improve the growth performance. To investigate our conjecture,

we would conduct further studies on the intestines of broilers.

A healthy intestine should be equipped with a complete

morphological structure and a stable microbial environment

(19), and the tight junctions underlie the molecular basis of

the intestinal barrier (20). Additionally, the mucins secreted by

goblet cells of the intestine are regarded as the first guardian

of intestinal health (21). In the present study, the mRNA levels

of Occludin, ZO-1, and Mucin-2 were downregulated by the

CCP challenge. It was demonstrated that the CCP challenge

weakened the intestinal barrier, which was consistent with

previous reports (1). Besides, the ratio of villi height to crypt

depth decreased with the CCP challenge. It was generally known

that the longer the intestinal villi, the stronger the intestinal
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FIGURE 4

The mRNA transcript levels of some genes in the jejunum and spleen. (A) The data of the gene mRNA levels in the jejunum on day 13, (B) the

data of the gene mRNA levels in the jejunum on day 19, and (C) the data of the gene mRNA levels in the spleen. Among them, a,b, and c means in

the di�erent pillars without common superscripts di�er significantly (P < 0.05). n = 12. Data were presented as mean ± standard error. CTR, the

control group; CCP, the group coinfected with coccidia and C. perfringens (CCP), CCP+LF and CCP+LP denote the groups fed Lactobacillus

fermentum- and Lactobacillus paracasei-supplemented diets with CCP challenge.

absorption function. Additionally, the intestinal crypts were

rich in immature cells that were not capable of absorption,

and the increase in crypt depth might be detrimental to the

absorption function of the intestine. The ratio of intestinal

VH to CD was considered a reliable indicator for assessing

intestinal absorptive function (22). The negative effects of the

CCP challenge on growth performance might be attributed to

its disruption of the intestinal barrier. Interestingly, dietary LF

and LP contributed to improving the intestinal morphology

of broilers with CCP challenge in the present study. This

was demonstrated in a number of studies that short-chain

fatty acids produced by Lactobacillus in the intestine were

beneficial for intestinal development and immunity (23, 24),

which might be the evidence that dietary LF and LP improved

the intestinal barrier function in this study. Although LF

and LP did not improve the growth performance of CCP-

challenged broilers, they strengthened the intestinal barrier. It

showed that a combination of probiotics and other additives

might improve the growth performance. This deserved an in-

depth investigation.

The large quantity of microbes in the intestine is involved

in shaping intestinal physiology (19), and a stable microflora

is especially important. A study suggested that the stability of

intestinal flora was perturbed by the CCP challenge and that

some pathogenic bacteria might be active (1, 8). Pathogenic

bacteria, such as E. coli, contain components of the cell wall

like lipopolysaccharides that cause inflammation in the body

by activating the toll-like receptor signaling pathways (25). In

the present study, the relative abundance of E. coli in the

cecal digesta was raised with CCP challenge, and C. perfringens

was also numerically increased. Additionally, the number of

coccidial oocysts was elevated. Dietary LP was able to alleviate

the upregulation of E. coli. However, the relative abundance

of C. perfringens was upregulated with LP supplementation.

This was a somewhat surprising result since it was expected

that dietary LP might inhibit the proliferation of C. perfringens

in the intestine. A possible explanation was that, although

dietary LP inhibited the proliferation of E. coli, in fact, it

also disturbed the intestinal flora. The unstable flora structure

provided an opportunity for the colonization of C. perfringens

in the intestine. However, it did not aggravate the negative

effects of the CCP challenge on broilers. Dietary LP decreased

the number of coccidial oocysts with CCP challenge. It seemed

that dietary LF and LP might have the potential to improve

the intestinal environment. A report demonstrated that almost

80% of the immune response was mediated by gut microbes
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(26). Hence, it could be interesting to investigate the immunity

in broilers.

It was accepted that calcium contributed to the performance

and immunity of poultry (27, 28). In the present study, dietary

LP elevated the level of calcium in the serum. Additionally,

the level of serum i-NOS was also raised with LF and LP

treatments. Based on those findings, it might be concluded that

dietary LF and LP were beneficial for the immunity of broilers.

A study suggested that CCP challenge caused inflammatory

responses in broilers (1, 8), and IL-8 was considered a

chemokine that was essential for angiogenesis and inflammation

(29). Additionally, IL-8 has attracted considerable attention

as an immunomodulator in inflammatory responses (29). In

the present study, the mRNA level of IL-8 in the jejunum

was upregulated with CCP challenge, and dietary LP could

alleviate its upregulation. In addition, the transcript level of

TGF-β in the spleen was downregulated with CCP challenge,

and dietary LF also reversed this result. Pro-inflammatory

and anti-inflammatory cytokines were involved in maintaining

immune homeostasis. TGF-β was a pivotal member of the

anti-inflammatory factor family (30). The present findings

demonstrated that the CCP challenge disrupted immune

homeostasis and promoted inflammatory responses. This could

be one of the reasons for the abnormal immune organ indices in

broilers challenged by CCP.

Conclusion

Combined infection with coccidia and C. perfringens

impaired the intestinal barrier function by disrupting the

intestinal morphology and tight junctions. In addition,

coinfection led to inflammation in broilers. All these adverse

factors negatively affect the growth performance of broilers.

Dietary LF and LP improved the intestinal health of broilers

challenged with CCP by strengthening the intestinal barrier and

alleviating inflammation. Dietary supplementation of LF and LP

has great potential to alleviate NE in broilers. Here, a detailed

investigation of the mechanisms of the regulatory effects of

dietary LF and LP on intestinal barrier function and immunity

needs to be implemented.
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This study aimed to shed light on the use of mealworm (Tenebrio molitor) frass (TMF)

in rabbit diets and its e�ects on growth performance, blood profiles, rabbit meat

quality, and fatty acid profiles. A total of 48 Gabali rabbits were divided equally and

randomly into four groups to be fed one of four dietary treatments: a control (T0)

group and three TMF groups, which included TMF meal at 1 (T1), 2 (T2), and 3 (T3) %,

respectively. The rabbits were fed on isonitrogenous and isoenergetic diets for 11

weeks, and the growth performance data were recorded. Six rabbits per group were

slaughtered at the end of the 11th week, then the pharmacochemical parameters and

carcass traits were measured, and meat quality and fatty acid profiles were analyzed.

The results indicated that the growth performance of di�erent groups was similar

(P > 0.05). The levels of globulin, glucose, and alanine transaminase (ALT) were lower

in the mealworm frass groups compared with the control group. Carcass traits were

not a�ected by experimental regimes. Fat was higher in the TMF treatment groups,

while moisture was lower compared with the control group. The shear force had a

lower value in the treatment groups T3 and T2 compared with the control group.

The highest values of redness and chroma (color parameter) of rabbit meat were

observed in the treatment groups vs. the control group. Moreover, the proportion of

total saturated fatty acids in the meat of rabbits that were fed on the T2 and T3 diets

was higher compared to those fed on the control (i.e., T0) and T1 diets. Furthermore,

the proportion of monounsaturated fatty acid was higher in the T2, T3, and T1 groups

vs. T0 rabbits, whereas the PUFA proportions were lower. It could be concluded that

frass has great potential to be used as a partial substitute for rabbit diets.

KEYWORDS

growth performance, mealworm (Tenebrio molitor) frass, fatty acids, rabbit, meat quality

Introduction

Sustainable farming practices are necessary to enhance food production (1), to cope with

the increases in the human population, and to address the increasing need in recent years for

alternative sources of protein for both humans and livestock. Insect production is projected to

significantly grow in the short term due to its zero-waste sustainability (2).

Insects are paramount for ecosystems throughout the world and offer countless benefits

for humans and livestock due to their rapid reproduction rates, recycling of organic matter

(waste), and insect protein having high nutritive value (3). Insects or insect byproducts like frass
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are counted as useful feed ingredients for aquaculture, poultry, and

rabbits, but also have the possibility to enhance livestock health and

immune systems which may result in a decrease in antibiotic use.

Studies have reported that insects could be utilized as a valuable

nutrient instead of expensive feedstuff ingredients which could lead

to the evolution of the agricultural economy (4–7). Mealworm is

one of the most attractive insect species used as an alternative and

sustainable feed source (8). Frass is a term referring to insect larvae

excreta, which includes larval excrement, heterogeneous, exoskeleton

sheds, and residual feed ingredients along with abundant nutrients,

beneficial microbes, and chitin (4, 8–10). Frass is a good source of

palmitic, myristic, and stearic acids which are defined as saturated

fatty acids characterized by Benzertiha et al. (11) and Costa et al. (12).

On the other hand, the total amount of monounsaturated fatty acids

(MUFA) and polyunsaturated fatty acids (PUFA) are distinguished by

a high content of oleic, linoleic, and linolenic acids (13, 14).

Rabbits produce around 1.8 million metric tons of meat per year.

China provides 40% of the world’s supply, followed by Italy, Spain,

Egypt, and France (14.6, 3.8, 3.1, and 2.9%, respectively) (15). The

addition of n-3 fatty acids to a rabbit’s diet has been shown to improve

the fatty acid composition of rabbit meat (16).

In this context, there is a shortage of information about the

potential of using mealworm (Tenebrio molitor) frass as feed for

livestock, particularly mammals. The main objective of this study is

to explore the potential of mealworm frass as a feed ingredient and

its effect on growth, carcass characteristics, meat quality, and the

fatty-acid profile of rabbit meat.

Materials and methods

Experimental location

This study was conducted at El-Gharbia Governorate,

El-Gemmaiza Station, which belongs to the Animal Production

Research Institute (APRI), Agriculture Research Center (ARC),

Ministry of Agriculture, Egypt. The chemical analysis was conducted

in the laboratories of APRI, ARC, and Cairo University Research

Park, Egypt (CURP).

Frass

TMF was provided in the form of powder from the “Abou Abdo”

farm located in Basos, Qalyubia Governorate, Egypt, which raises

insects on a large scale. The mealworms were fed on agro-industrial

byproduct or waste (wheat bran), in line with regulations for farm

insect feeds. The frass was used without any chemical input after

being sanitized at 70◦C for 60 min.

Experimental design

After being weaned at 6 weeks of age, forty-eight male Gabali

rabbits were separated randomly into four groups according to weight

(640± 40 g). A basal ration was prepared with ∼17% crude protein

(CP), which was supplemented with four levels of frass mealworm

at 0 (T0), 1 (T1), 2 (T2), and 3 (T3) % of the feed instead of wheat

bran and soybean meal. The rabbits were fed on isonitrogenous

and isoenergetic diets for 11 weeks. Table 1 shows the four feeding

diets as well as their chemical analysis. Table 2 contains the chemical

analysis of mealworm frass that was performed according to AOAC

(17). The Gabali rabbits were bred at the El-Gemmaiza breeding

station in El-Gharbia Governorate, in affiliation with the Animal

Production Research Institute (APRI), Agriculture Research Center

(ARC), Ministry of Agriculture, Egypt. The rabbits were raised

in cages with free access to water. Animals were weighed weekly

for 11 weeks (the experimental period). These data were used to

draw growth curves and compute body gain and average daily

gain (ADG).

Carcass merit, meat quality, and fatty acids
profile

Six animals from each group were slaughtered in compliance

with the requirements set by the Agricultural Research Center

Institutional Animal Care, Care and Use Committee (ARC-IACUC).

Carcass characteristics in terms of hot carcass weight, dressing

percentage, and carcass dissection (three cuts: brisket, loin, and

thigh) were conducted according to Abu Hafsa et al. (18). Chemical

composition and physical traits as meat quality parameters were

analyzed in the Meat Technology Lab at CURP. The thigh

meat was used to determine chemical composition (moisture,

protein, fat, and total collagen) by Food ScanTM meat analyzer

(Foss Analytical A/S, Model 78810, Denmark). Longissimus dorsi

muscles (LDM) of both sides were used to assess meat color,

water holding capacity (WHC), cooking losses, and shear force.

Assessment of meat color was conducted by a Chroma meter

(Konica Minolta, model CR 410, Japan), measuring: lightness (L∗, 0:

dark to 100: light); the redness (a∗) values, reddish (+value) to

greenish (-value); and the yellowness (b∗) values, yellowish (+value)

to bluish (-value). Moreover, Chroma and hue were measured.

The water holding capacity (WHC) percentage was measured

according to Alagón et al. (19). The cooking loss percentage was

measured according to Pascual et al. (20). The cooked samples

were stored at 4–5◦C for about 12 h and divided into 2–3 cubic

pieces (1∗1∗ 2 cm). Each cube was tested twice using an Instron

Universal Testing Machine (Model 2519-105, USA) with a V-

shaped Warner-Bratzler shear blade, running at a crosshead speed of

200 mm/min.

The mixed meat from each group was prepared with [fatty

acids (FA)] profile, 20 g of meat, and 100ml of petroleum ether

extract from the fat. Fat that was excreted was used for injection

in HPLC.

Blood sampling and analysis

Individual blood samples were collected during slaughter in

heparinized test tubes (5ml), centrifuged at 4000 rpm for 15min to

separate blood plasma, and then stored at −20◦C ± 1 until the time

of analysis to estimate blood parameters. The analysis was performed

using a colorimetric technique according to the manufacturing

guidelines of the kits (Diamond Diagnostics, Egypt), and included

aminotransferase (AST), alanine aminotransferase (ALT), total

protein, albumin, urea, glucose, cholesterol, and triglycerides.
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TABLE 1 Percentage composition determining the nutrient content of the

di�erent experimental diets.

Item T0 T1 T2 T3

Clover hey 32 32 32 32

Yellow corn 8.45 8.49 8.63 8.63

Barley 22 22 22 22

Soybean meal 44% 17.23 17.19 17.15 17.05

Wheat bran 14 13 11.9 11

Mealworm frass (MF) 0 1 2 3

Molasses 3.5 3.5 3.5 3.5

Premix1 (minerals and vitamins) 0.5 0.5 0.5 0.5

DL-Methionine 0.12 0.12 0.12 0.12

Salt 0.5 0.5 0.5 0.5

Limestone 1.2 1.2 1.2 1.2

Di-Calcium phosphate 0.5 0.5 0.5 0.5

Chemical analysis

C/P ratio 147.1 147.0 147.0 147.1

CP 17 17 17 17

CF 12.1 12.1 12.1 12.2

DE 2502.7 2502.3 2502.6 2501.6

Control (T0) = group fed on the basal diet, and T1, T2, and T3 = groups fed with dried

mealworm frass levels of 1, 2, and 3%, respectively. c/p ratio, carbohydrate-protein ratio; CP,

crude protein; CF, crude fiber; DE, digestible energy 1-provide per Kg of diet: 12000 IU Vit.

A; 2.0mg Vit.K; 310mg Vit.E;2200 IU Vit.D3; 1.0mg Vit.B1; 4.0mg Vit.B2; 0.0010mg Vit.B12;

6.7mg; 1.5mg Vit.B6; Vit. Pantothenic acid; 6.67mg Vit. 1.67mg Folic acid; B5; 1.07mg Biotin;

400mg Choline chloride; 10mg Mn; 22.3mg Zn; 25mg Fe; 1.67mg Cu; 0.033mg Se;0.25mg I

and 133.4 mg Mg.l.

TABLE 2 The chemical composition of mealworm frass (on DM based).

Item DM CP CF EE Ash OM NFE DE

Mealworm

frass (MF)

87.08 19.67 15.34 2.42 15.02 84.98 47.55 2445

DM, Dry mater; CP, crude protein; CF, crude fiber; EE, Ether extract; OM, organic matter;

NFE, Nitrogen-free extracts were calculated as 100-% (moisture +CP +EE +CF +Ash); DE,

digestible energy.

Statistical analyses

Data were analyzed using SAS
R©
OnDemand for Academics with

the general linear model (one-way). The statistical model: Yij = µ

+ Fi + eij was used, where Yij = the observation, µ = the overall

mean, Fi = the effect of feeding system type (i= 1, 2, 3, and 4; where

1= control, 2= treatment 1, 3= treatment 2, and 4= treatment 3) and

eij = random error. Tukey’s test was applied to show the significant

differences among the four groups (P < 0.05).

Results

The growth performance

The growth curve of the different groups was taken in the same

pattern. However, the initial weight, slaughter weight, total gain,

and average daily gain (ADG) did not differ among the four groups

(P < 0.05) (Table 3, Figure 1).

TABLE 3 The least-square means ± standard error of growth performance

in the di�erent groups studied.

Item T0 T1 T2 T3

Initial weight, g 647± 22.8 680± 22.8 650± 22.0 640± 26.0

Slaughter weight, g 2200± 73.6 2115± 73.6 2166± 73.6 2100±

73.6

Total gain, g 1578± 62.0 1563± 62.0 1516± 59.8 1460±

70.7

Average daily gain, g 22.5± 1.0 22.3± 1.0 21.7± 1.0 20.9± 1.2

Control (T0)= group fed the basal diet, and T1, T2, and T3= groups fed with dried mealworm

frass levels of 1, 2, and 3%, respectively.

TABLE 4 The least-square means ± standard error of blood plasma

parameters in the di�erent studied groups.

Item T0 T1 T2 T3

Total protein,

g/dL

4.6± 0.1 4.6± 0.1 4.8± 0.1 4.7± 0.1

Albumin, g/dL 3.1± 0.2 3.0± 0.2 3.1± 0.2 3.5± 0.2

Globulin, g/dL 1.75± 0.1a 1.67± 0.1ab 1.72± 0.1 a 1.42± 0.1b

A/G 2.06 1.87 1.82 2.92

Urea, mg/dL 3.59± 0.3 4.07± 0.3 4.02± 0.3 3.29±0.3

AST, IU/L 60.6± 4.1 58.9± 4.1 64.3± 4.1 66.8± 4.1

ALT, IU/L 86.8± 8.4a 71.8± 8.4ab 53.8± 8.4b 50.2± 8.4b

Glucose,

mg/dL

106.8± 2.8a 106.3± 2.8a 103.0± 2.8a 90.7± 2.8b

Cholesterol,

mg/dL

253.7± 17.7 250.8± 17.7 226.0± 17.7 206.8± 17.7

Triglyceride,

mg/dL

210.4± 3.1 217.4± 3.1 214.40± 3.1 215.1± 3.1

Control (T0)= group fed the basal diet, and T1, T2, and T3= groups fed with dried mealworm

frass levels of 1, 2, and 3%, respectively. A/G, Albumin to globulin ratio; AST, aminotransferase;

ALT, alanine aminotransferase. a and b least-square means in the same row with different

superscripts were significantly different (P < 0.05).

Blood parameters

The total protein, albumin, blood urea, cholesterol, triglyceride,

and AST was not significantly different among the four rabbit groups.

However, globulin and glucose concentrations were lowest in the T3

group when compared with the T0 rabbits. The lowest ALT value

was in the T3 and T2 vs. T0 rabbits. External environmental factors,

including climate, management, and feeding, affected metabolism

and influenced blood parameters. Protein fractions were estimated to

assess the effect of mealworm frass on immunity function in rabbits,

and increasing the level of mealworm frass slightly increased the

concentration of total protein by up to 3% in diets (Table 4).

Carcass characteristics

Carcass weight, dressing percentage (DP), and dissection of the

carcass (brisket, loin, and thigh percentage) were recorded as non-

significant among the four groups, while the edible organs had the

highest weight in T1 compared with T3 (P= 0.04). The boneless meat

percentage was higher in the T3 group vs. other groups (P = 0.024)

(Table 5).
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FIGURE 1

Growth curve pattern of di�erent groups through the experimental period (C: control; T1: 1% mealworm frass in the diet; T2: 2% mealworm frass in diet;

and T3: 3% mealworm frass in diet).

Meat quality

The moisture percentage of thigh meat had the highest value

in the control group compared with other treatment groups, and

the lowest recorded fat percentage of thigh meat was also in T0 vs.

other treatments. Protein, collagen, water holding capacity (WHC),

and cooking loss did not show any significant differences between

groups. The lowest shear force value of rabbit meat was recognized

in the T3 vs. other rabbit treatments. The color results and the

L∗, b∗, and hue values were observed as non-significant among

the four groups, while the lowest value of a∗ and chroma was

observed in the control group compared with the treatment groups

(Table 6).

Fatty acids

The percent of palmitic acid (C16:0) was higher in the muscles

of the T2 and T3 groups (4.09 and 3.80 % of the total fatty acids)

than in those of the control and T1, respectively. Furthermore,

the difference in the percentage of total saturated fatty acids

developed in the muscles of the rabbits fed the T2 and T3 diets

compared to those fed the control and T1 diets was C15:0 and

C16:0, respectively. The percentage of MUFA was also higher

in the T2, T3, and T1 groups than in T0 rabbits, whereas the

PUFA percentage was lower. Oleic acid (C18:1) was the main

MUFA in the meat of the mealworm frass groups (26.8, 26.1,

and 26.0% of the total FA for T2, T1, and T3, respectively)

and MUFA rates were higher in mealworm frass groups than

the control. The most abundant PUFA, linoleic acid (C18:2n-

6), had a higher concentration of the total FA for T0 and T1

rabbits, at 22.8 and 21.1%, respectively. The meat of T0 and

T3 rabbits had a higher proportion of C18:3 n3; however, Food

and Agriculture Organization (FAO)/WHO committee, advised

nutritional recommendations concer-ning the n-6/n-3 PUFA ratio,

suggesting a value between 5:1 and 10:1, as reported in the

International Society for the Study of Fatty Acids and Lipids

(Table 7) (21).

Discussion

Several studies have examined insects and their potential in the

feeding system of livestock (22, 23). Mealworm in particular was

investigated by Kowalska et al. (24), who found that mealworm larvae

TABLE 5 The least-square means ± standard error of carcass merits

parameters in the di�erent groups studied.

Item T0 T1 T2 T3

HCW, g 1 1178± 58.8 1183± 58.8 1159± 58.8 1141± 58.8

Edible organs, g 2 84.8± 6.3ab 94.0± 6.3a 71.7± 6.3b 69.7± 6.3b

DP, % 3 55.1± 1.8 55.2± 1.8 55.8± 1.8 58.0± 1.8

Brisket, %4 39.7± 1.2 39.2± 1.2 39.1± 1.2 39.3± 1.2

Loin, % 4 22.0± 1.0 22.8± 1.0 22.0± 1.0 22.7± 1.0

Thigh, % 4 38.3± 0.4 38.0± 0.4 38.9± 0.4 38.0± 0.4

Bone less meat, % 4 78.4± 0.8b 76.7± 0.8b 78.8± 0.8b 82.0± 0.8a

Control (T0)= group fed the basal diet, and T1, T2, and T3= groups fed with dried mealworm

frass levels of 1, 2, and 3%, respectively. 1HCW: Hot carcass weight. 2Edible organs: liver+

heart+ kidney. 3DP: Dressing percentage. 4Calculated based on carcass weight. a,bLeast-square

means in the same row with different superscripts were significantly different (P < 0.05).

meal in rabbit feeding systems could be utilized with no adverse effect

on growth traits, meat quality, or fatty acid profiles. Nevertheless,

there is very little literature available regarding the possibility of

using mealworm frass as an alternative protein source for rabbits.

The experimental rations contained the same ingredients and were

isoenergetic and isoproteic, so as to avert any possible discomposing

effects of different energy levels due to lipid source substitution

from the use of different ingredients. According to our results,

growth performance was not affected by the usage of mealworm

frass as part of the animal feeding system when compared with

conventional feed. Gasco et al. (22) found that added insect fat in

the feeding system of rabbits did not influence growth performance,

and the same results were reported by Gessner et al. (25) who

found that the growth performance of pigs was not influenced

when they were fed on mealworm larvae as a source of protein,

meaning there was no negative effect on metabolism. All carcass

traits recorded values without statistical significance in the four

groups with the exception of edible organs having a lower value

in T2 and T3 vs. T1 rabbits. The significant differences in the

edible organs among treatment groups could be correlated with

carcass weight as mentioned by Elamin (26), who found a positive

correlation between carcass weight and edible organs (liver and

kidney). Carcass traits were not affected by the TMF added to

diets. Similarly, these results agreed with the findings of (27, 28)

that there was no effect of mealworm larvae (alternative source

of protein) on the carcass traits of chicken. In contrast, Ballitoc

and Sun (29) mentioned that when broiler chickens were fed TM
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TABLE 6 The least-square means ± standard error of chemical composition

and physical traits in the di�erent groups studied.

Item T0 T1 T2 T3

Chemical composition, % 1

Moisture 75.6± 0.4a 75.1± 0.4b 75.0± 0.4b 74.8± 0.4b

Protein 22.5± 0.1 22.3± 0.1 22.3± 0.1 22.4± 0.1

Fat 1.9± 0.4b 2.4± 0.4a 2.7± 0.4a 2.6± 0.4a

Collagen 0.9± 0.1 0.9± 0.1 1.0± 0.1 0.9± 0.1

Physical traits 2

WHC 71.7± 3.0 73.0± 3.0 71.9± 3.0 74.5± 3.0

Cooking loss, % 30.5± 1.0 29.1± 1.0 31.1± 1.0 30.3± 1.0

Shear force,

(kgf/cm3)

3.0± 0.1a 3.0± 0.1a 2.7± 0.1b 2.6± 0.1b

Color

L∗ 53.9± 0.9 54.1± 0.9 54.3± 0.9 52.6± 0.9

a∗ 14.0± 0.6c 15.7± 0.6b 17.1± 0.6a 15.7± 0.6b

b∗ 8.6± 0.6 9.0± 0.6 9.5± 0.6 8.2± 0.6

Chroma 16.8± 0.5b 18.6± 0.5a 19.4± 0.5a 18.2± 0.5a

Hue 31.2± 1.5 29.5± 1.5 29.1± 1.5 28.5± 1.5

Control (T0)= group fed the basal diet, and T1, T2, and T3= groups fed with dried mealworm

frass levels of 1, 2, and 3%, respectively. 1Applied to thigh muscle. 2Applied to loin muscle,

WHC, water holding capacity, L∗ : lightness, a∗ : redness, b∗ : yellowness. a,bLeast- square means

in the same row with different superscripts were significantly different (P < 0.05).

(Tenebrio molitor) diets, it improved dressed carcass, slaughter, and

eviscerated weights.

Blood parameters contribute to understanding the physiological

status of livestock, which reflects the relationship between their diet

and health status (30). Data from blood parameters in terms of total

protein, glucose, urea, cholesterol, triglyceride, AST, and ALT levels

were within the range of reference values reported for rabbits in

previous studies (31, 32). All blood parameters had no significant

differences among the four groups, except serum globulin, glucose,

andALT, whereas the blood globulin level in rabbits fed onmealworm

frass was lower than in the control rabbits. In a recent study of

Tenebrio molitor larvae meal used to feed broilers, results in the

group fed insect meal showed lower albumin to globulin ratio even

when no differences were found in globulin content. These results

may be due to the properties of chitin contained in insect meal

(33). Values of serum glucose were higher than that reported by

other studies (34, 35) and lower than in others (36). However, raised

glucose levels in rabbits can also be due to various factors such as

stress, blood collection methods, transportation, unfamiliar noises,

smell, chronic pain, poor environment, and housing conditions

(32, 35). There was a link between blood glucose, food intake,

signs of stress, and clinical disease severity. Rabbits with signs of

stress had higher blood glucose levels than rabbits with no signs

of stress, and rabbits that were completely anorexic had higher

blood glucose levels than those who were eating normally or less

feed intake.

Important indicators of liver functions are AST and ALT enzyme

activities. According to Gasco et al. (22), rabbit diets including

insect lipids did not influence liver enzymes. Levels are used to

evaluate the effect of mealworm frass on fat metabolism AST. AST

TABLE 7 Least square means ± standard error of fatty acid profile in the

meat of the di�erent groups studied (g/100g of total acid methyl esters).

Mealworm frass (TMF)

Fatty Acid T0 T1 T2 T3

C14:0 3.77 3.77 4.09 3.8

C15:0 0.18 0.76 0.85 0.77

C16:0 28.82 31.1 31.34 29.15

C17:0 1.01 0.76 0.9 1.05

C18:0 7.19 7.44 6.91 6.98

C20:0 0.51 0.2 0.15 1.6

C22:0 0.7 0.57 0.28 0.46

C24:0 0.41 0.2 0.16 0.63

Total saturated fatty acids (SFA) 41.4 43.28 42.93 42.62

C14:1 0.42 0.35 0.43 0.41

C16:1n-7 4.89 4.54 4.95 4.78

C17:1 0.7 0.33 0.48 0.74

C18:1n-9 25.02 26.07 26.85 26.00

C20:1 Nd 0.33 0.41 0.35

Total monounsaturated fatty acids (MUFA) 31.03 31.62 32.71 32.28

C18:2n-6 22.8 21.1 20.09 19.8

C18:3n-3(LNA) 2.36 2.23 2.12 3.49

C22:5n-3(DPA) 0.59 ND ND ND

Total polyunsaturated fatty acids (PUFA) 25.75 23.33 22.41 23.29

UFA 56.78 54.95 55.12 55.57

n-9 25.02 26.07 26.85 26.00

n-6 22.80 21.10 20.09 19.80

n-3 2.95 2.23 2.12 3.49

n-6/n-3 ratio 7.73 9.46 9.48 5.67

Unsaturated/Saturated 1.37 1.27 1.28 1.30

Control (T0)= group fed the basal diet, and T1, T2, and T3= groups fed with dried mealworm

frass levels of 1, 2, and 3%, respectively. C14:0 = Myristic acid; C15:0 = Pentadecanoic acid;

C16:0 = Palmitic acid; C16:1 = Palmitoleic acid; C17:0 = Heptadecanoic acid; C18:0 = Stearic

acid; C18:1n9c = Oleic acid; C18:2n6c = Linoleic acid; C18:3n3 = α-Linolenic acid; C20:0

= Arachidic acid; C20:1c = cis-11-eicosenoic acid; C20:2c = cis-11,14-eicosadienoic acid;

C20:4n6 = Arachidonic acid; C20:5n3 = Eicosapentaenoic acid; C22:0 = Behenic acid; C24:0

= Lignoceric acid. ND: not detected. saturated fatty acids = SFA; monounsaturated fatty acids

= MUFA; polyunsaturated fatty acids = PUFA; unsaturated fatty acids = UFA; n-6:(C18:2n6,

C18:2n6, C18:3n6, C20:3n6, C20:4n6, C22:4n6); n-3:C18:3n3, C22:5n3.

activity was near the levels reported in some previous studies (37)

and lower than the levels observed in others (31, 32). However,

the activity of ALT was lower than the values reported in some

previous studies (32, 35). Blood urea nitrogen is positively correlated

with protein in the diet. Urea is estimated to evaluate the effect of

mealworm frass on kidney function because urea concentration is

elevated when kidney function is disturbed due to exposure to toxic

compounds. The values of the lipogram profile, including cholesterol,

follow the same trend (38) according to results which show that

reductions in cholesterol and triglycerides due to chitin could attract

negatively charged bile acids and free fatty acids to its positive

charge (39).
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Rabbit thighs were used to evaluate the chemical composition

according to the recommendation of Pla et al. (40). The fat percentage

was higher in treatment groups, which receivedmealworm frass, than

in the control group, while the moisture percentage followed the

inverse trend; this indicates that using mealworm frass could enhance

the meat flavor due to fat content (41). Meat tenderness (opposite to

shear force value) was improved by using mealworm frass compared

with the control group, which, along with meat fat, could be linked

(42, 43) to the findings that adding mealworm to the diet of broiler

chickens enhanced meat tenderness. The color of meat is considered

an important factor that affects a consumer’s purchasing decision.

Redness and chroma were increased by using mealworm frass. This

result indicated that the meat of rabbits fed on mealworm frass had a

more reddish intensity, similar to the results reported by Zadeh et al.

(44), where using mealworm meal up to 3% of dry matter increased

the redness trait of Japanese quails.

The fat composition of rabbit meat is characterized by a

significantly higher proportion of polyunsaturated fatty acids than

found in other meats and low levels of saturated fatty acids (SFA)

(16). The meat quality of rabbits may be influenced by several factors,

especially lipid diet quantity and quality. The absorption of fat can be

affected by the fat source. The composition of fatty acids is the main

characteristic of rabbit meat due to differences in chain length, degree

of saturation, and the degree of esterification of fatty acids (45).

The lipid content and fatty acid composition of yellow mealworm

(Tenebrio molitor L.) have been characterized. The predominant fatty

acids in Tenebrio molitor L. fat were oleic (C18:1 c9), linoleic (C18:2

n6), and palmitic (C16:0) acids, and the total lipids represented 43%

of the DM (46). Due to its high linoleic acid content, mealworm

fat may be considered a source of n-6 PUFA (47). According to

Nowakowski et al. (48), the health benefits of insects for both humans

and other animals are due to high levels of omega-3 and−6 fatty

acids, antioxidants, vitamins, fiber, minerals, and essential amino

acids. Recent research in pigs indicated that fatty acids play a potential

therapeutic role in enteritis and have an impact on the intestinal

integrity of pigs (49). As a result of a higher amount of PUFA in

the meat, lipid oxidation occurs and leads to the degradation of n-

3 PUFA; in oxidative products, we can say that a meat’s oxidative

stability is worse when the PUFA content of meat increases (50).

This means that a treatment diet with mealworm frass enhances the

stability of oxidation of rabbit meat.

Conclusion

Mealworm frass has the potential for use in the

feeding system of rabbits (mammals) without unfavorable

effects on growth performance and carcass traits, as well

as improving meat quality parameters. Mealworm frass

has health benefits due to its composition, although

more research is needed on the bioactive components of

insect frass.
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Józefiak D. Insect fat in animal nutrition a review. Ann Anim Sci. (2020) 20:1217–40.
doi: 10.2478/aoas-2020-0076

12. Costa S, Pedro S, Lourenço H, Batista I, Teixeira B, Bandarra NM, et al. Evaluation
of Tenebrio molitor larvae as an alternative food source. NFS J. (2020) 21:57–64.
doi: 10.1016/j.nfs.2020.10.001

13. Wu RA, Ding Q, Yin L, Chi X, Sun N, He R, et al. Comparison of the nutritional
value of mysore thorn borer (Anoplophora chinensis) and mealworm larva (Tenebrio
molitor): amino acid, fatty acid, and element profiles. Food Chem. (2020) 32:126818.
doi: 10.1016/j.foodchem.2020.126818

14. Mattioli S, Paci G, Fratini F, Dal Bosco A, Tuccinardi T, Mancini S. Former foodstuff
in mealworm farming: effects on fatty acids profile, lipid metabolism and antioxidant
molecules. LWT. (2021) 147:111644. doi: 10.1016/j.lwt.2021.111644

15. FAOSTAT. The Statistics Division of the FAO. (2020). Available online at: http://
faostat.fao.org/

16. DalleZotte A, Szendro ZS. The role of rabbit meat as functional food: a review meat.
Science. (2011) 88:319–31. doi: 10.1016/j.meatsci.2011.02.017

17. AOAC. Official Method of Analysis (18Ed.) Association of Official Analytical
Chemists. Washington, DC: AOAC (2007).

18. Abu Hafsa SH, Ibrahim SA, Hassan AA. Carob pods (Ceratonia siliqua L) improve
growth performance, antioxidant status, and caecal characteristics in growing rabbits. J
Anim Physiol Anim Nutr. (2017) 6:1307–15. doi: 10.1111/jpn.12651

19. Alagón G, Arce O, Serrano P, Ródenas L, Martínez-Paredes E, Cervera C, et al.
Effect of feeding diets containing barley, wheat, and corn distillers dried grains with
solubles on carcass traits and meat quality in growing rabbits.Meat Sci. (2015) 101:56–62.
doi: 10.1016/j.meatsci.2014.10.029

20. Pascual M, Pla M. Changes in carcass composition and meat quality when
selecting rabbits for growth rate.Meat Sci. (2007) 77:474–81. doi: 10.1016/j.meatsci.2007.
04.009

21. ISSFAL. (2004). Global recommendations. Available online at: http://www.issfal.org.
uk/recommenddations-of-others.Html (accessed February 15).

22. Gasco L, Dabbou S, Trocino A, Xiccato G, Capucchio MT, Biasato I, et al. Effect of
dietary supplementation with insect fats on growth performance, digestive efficiency, and
health of rabbits. J Anim Sci Biotechnol. (2019) 10:1–9. doi: 10.1186/s40104-018-0309-2

23. Gasco L, Acuti G, Bani P, DalleZotte A, Danieli PP, De Angelis A, et al.
Insect and fish by-products as sustainable alternatives to conventional animal proteins
in animal nutrition. Ital J Anim Sci. (2020) 19:360–72. doi: 10.1080/1828051X.2020.
1743209

24. Kowalska D, Gugołek A, Strychalski J. Evaluation of slaughter parameters and meat
quality of rabbits fed diets with silkworm pupae andmealworm larvae meals.Annal Anim
Sci. (2020) 20:551–64. doi: 10.2478/aoas-2019-0080

25. Gessner DK, Braune MS, Friedhoff T, Most E, Höring M, Liebisch G, et al.
Comprehensive evaluation of the metabolic effects of insect meal from Tenebrio molitor L
in growing pigs by transcriptomics, metabolomics and lipidomics. J Anim Sci Biotechnol.
(2020) 11:1–19. doi: 10.1186/s40104-020-0425-7

26. Elamin K. Sex effects on carcass and non-carcass traits of sudanese mature belladi
rabbits.Wayamba J Anim Sci. (2013) 5:598–604.

27. Dabbou S, Gasco L, Lussiana C, Brugiapaglia A, Biasato I, Renna M, et al. Yellow
mealworm (Tenebrio molitor L) larvae inclusion in diets for free-range chickens: effects
on meat quality and fatty acid profile. Renewable Agric Food Syst. (2020) 35:571–8.
doi: 10.1017/S1742170519000206

28. Biasato I, Gasco L, De Marco M, Renna M, Rotolo L, Dabbou S. Effects of
yellow mealworm larvae (Tenebrio molitor) inclusion in diets for female broiler chickens:
implications for animal health and gut histology. Anim Feed Sci Technol. (2017)
234:253–63. doi: 10.1016/j.anifeedsci.2017.09.014

29. Ballitoc DA, Sun S. Ground yellow mealworms (Tenebrio molitor L.) feed
supplementation improves growth performance and carcass yield characteristics in
broilers. Open Sci Rep Agric. (2013) 18:e23050425. doi: 10.7392/openaccess.23050425

30. Jiwuba PC, Ikwunze K, Dauda E, UgwuDO.Haematological and serum biochemical
indices of growing rabbits fed diets containing varying levels ofMoringa oleifera leaf meal.
Br Biotechnol J. (2016) 15:1–7. doi: 10.9734/BBJ/2016/28095

31. Elmas M, Yazar E, Uney K, Karabacak A. Pharmacokinetics of flunixin after
intravenous administration in healthy and endotoxemic rabbits. Vet Res Commun. (2006)
30:73–81. doi: 10.1007/s11259-005-3227-7

32. Melillo A. Rabbit clinical pathology. J Exot Pet Med. (2007) 16:135–45.
doi: 10.1053/j.jepm.2007.06.002

33. Bovera F, Piccolo G, Gasco L, Marono S, Loponte R, Vassalotti G. Yellow mealworm
larvae (Tenebrio molitor, L) as a possible alternative to soybean meal in broiler diets. Br
Poult Sci. (2015) 56:569–75. doi: 10.1080/00071668.2015.1080815

34. Jurcik R, Suvegova K, Hanusova E, Massanyi P, Ryban L, Chrenek P. Evaluation of
hematological, biochemical and histopathological parameters of transgenic rabbits. J Vet
Med. (2007) 54:527–31. doi: 10.1111/j.1439-0442.2007.00976.x

35. Jenkins JR. Rabbit diagnostic testing. J Exot Pet Med. (2008) 17:4–15.
doi: 10.1053/j.jepm.2007.12.003

36. Silva TDO, Kreutz LC, Barcellos LJG, Borella J, Soso AB, Souza C. Reference values
for chinchilla (Chinchilla laniger) blood cells and serum biochemical parameters. Cienc
Rural. (2005) 35:602–6. doi: 10.1590/S0103-84782005000300017

37. Tavares FL. Sousa-e-Silva MCC, Santoro ML, Barbaro KC, Rebecchi IMM, Sano-
MartinsI S. Changes in hematological, hemostatic, and biochemical parameters induced
experimentally in rabbits by Loxosceles gaucho spider venom. Hum Exp Toxicol. (2004)
23:477–86. doi: 10.1191/0960327104ht475oa

38. Hossain SM, Blair R. Chitin utilization by broilers and its effect on body composition
and blood metabolites. Br Poult Sci. (2007) 48:33–8. doi: 10.1080/00071660601156529

39. Prajapati BG, Patel RP. Nutrition, dietary supplements and herbalmedicines: a safest
approach for obesity. Res J Pharmac Biol Chem Sci. (2010) 1:39–45. Available online at:
https://www.researchgate.net/publication/287893788

40. Pla M, Pascual M, Ariño B. Protein, fat and moisture content of retail cuts of
rabbit meat evaluated with the NIRS methodology. World Rabbit Sci. (2004) 12:149–58.
doi: 10.4995/wrs.2004.574

41. Cullere M, DalleZotte A. Rabbit meat production and consumption:
State of knowledge and future perspectives. Meat Sci. (2018) 143:137–46.
doi: 10.1016/j.meatsci.2018.04.029

42. Silva SR, Cadavez VP. Real-Time Ultrasound (RTU) Imaging Methods for Quality
Control of Meats. Computer Vision Technology in the Food and Beverage Industries. New
York, NY: Woodhead Publishing (2012).

43. Khan S, Khan R, Alam W, Sultan A. Evaluating the nutritive profile of three insect
meals and their effects to replace soya bean in broiler diet. J Anim Physiol Anim Nutr.
(2018) 102:e662–8. doi: 10.1111/jpn.12809

44. Zadeh ZS, Kheiri F, Faghani M. Use of yellow mealworm (Tenebrio molitor) as
a protein source on growth performance, carcass traits, meat quality, and intestinal
morphology of Japanese quails (Coturnix japonica). Vet Anim Sci. (2019) 8:100066.
doi: 10.1016/j.vas.2019.100066

45. Kouba M, Mourot J, A. review of nutritional effects on fat composition of animal
products with special emphasis on n-3 polyunsaturated fatty acids. Biochimie. (2011)
93:13–7. doi: 10.1016/j.biochi.2010.02.027
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Identification and characterization
of the causative agents of Focal
Ulcerative Dermatitis in
commercial laying hens

Diana I. Ayala*, Daniel S. Grum, Nicholas P. Evans, Kay N. Russo,

Emily A. Kimminau, Benjamin R. Trible, Manohar M. Lahoti,

Curtis L. Novak and Theodore P. Karnezos

Purina Animal Nutrition Center, Land O’ Lakes, Gray Summit, MO, United States

Focal Ulcerative Dermatitis (FUDS) is an emerging dermatological disease that a�ects

cage-free laying flocks, it is characterized by the development of a lesion on the

dorsum of the birds; FUDS is sporadic in nature and can result in a drop in egg

production and up to 50% of cumulative mortality. A total of two cage-free flocks

(flock 1: no history of FUDS; flock 2: birds a�ected with FUDS) from a commercial

laying hen operation in the mid-west U.S. were sampled in this study. The microbial

composition of skin, cloacal, cecal, and ileal samples fromeach birdwas characterized

through next generation sequencing (NGS). Results identified Staphylococcus aureus

and Staphylococcus agnetis as the potential causative agents of FUDS, being the

most predominant in FUDS positive birds. These results were confirmed by plating,

with both staphylococci as the only pathogens isolated from lesions of FUDS positive

birds. A total of 68 confirmed Staphylococcus isolates from skin and environmental

samples were further analyzed by whole genome sequencing (WGS) for the presence

of antimicrobial resistance (AMR) genes and virulence factors that could have

contributed to the development of FUDS. Forty-four-point one-two percent of the

isolates had between one and four acquired AMR genes encoding for macrolides,

lincosamides, spectrogramines, and beta-lactams resistance. Six classes of virulence

factors associated with adherence, enzyme, immune evasion, secretion system, toxin,

and iron uptake were identified. The antimicrobial e�ect of 4 proprietary Bacillus

Direct Fed Microbial (DFM) combinations was evaluated against the Staphylococcus

aureus and Staphylococcus agnetis isolates, by agar well-di�usion (AWD) assay and

competitive exclusion (CE) on broth culture. Through this antimicrobial screening,

a particular two-strain combination of Bacillus pumilus was identified as the most

e�ective inhibitor of both staphylococci. A customized Bacillus pumilus product

is being used at di�erent farms with history of FUDS resulting in the successful

inhibition of both Staphylococcus aureus and Staphylococcus agnetis, decreasing

FUDS mortalities, and improving harvestable eggs.

KEYWORDS

commercial laying hens, gut microbiota, skin microbiota, FUDS, DFM development

Introduction

In the U.S. consumer and retailer demand on how laying hens are managed has shifted

over the past decade, with increased interest in the use of alternative production systems

over conventional systems (1). In 2019, 81.6% of egg-laying birds in the U.S. were housed in

conventional cages while 13.3% were cage-free (2). On December 1, 2020, the total U.S. cage-free

flock had 80.1 million hens, a 9.3 million-head increase from the same date in 2019 (3). These
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numbers are estimated to increase with over half of the U.S hen

housing expected to become cage-free by 2025 (4). Due to the nature

of their production design, cage-free housing systems have reportedly

higher incidence of bacterial infections (5, 6). Focal Ulcerative

Dermatitis Syndrome (FUDS) is one of the emerging diseases cage-

free laying flocks are experiencing. FUDS was first described in

2009 in a laying hen operation in Midwest US, the syndrome is

characterized by the development of lesions on the dorsum of the

birds, just cranial to the uropygial gland. The onset of the condition

typically occurs between 24 and 50 weeks of age, lacks seasonality,

and is mostly observed in houses with slat floors (7). Outbreaks are

relatively sporadic in nature; however, when present can result in up

to 50% cumulative mortality.

Typical FUDS lesions are reminiscent of swine exudative

epidermitis, a disease caused by Staphylococcus hyicus. Staphylococci

are ubiquitous in poultry farm environments and are part of

the normal skin and mucous membrane microbiota of birds;

however, when the integrity of the skin or other mucosal

membranes is compromised, some Staphylococcus species can

become opportunistic pathogens causing localized or systemic

infections (8, 9). S. hyicus strains have been implicated as secondary

causative agents of pre-existing dermatoses (10), they produce

exfoliative toxins that induce dermatitis resulting in thickening of

the skin (11). Although little research has been done on the etiology

of FUDS, a correlation between disease and S. hyicus abundance

has been observed (7). The production losses due to Staphylococcus

infections in poultry (egg laying or meat birds) have been associated

with lameness, drop in egg production (9, 12), increased mortality,

and condemnation of carcasses at slaughter facilities (8).

Antibiotics have been widely used in the poultry industry to

promote growth (13) and control pathogens including Staphylococcus

spp., thus maximizing production. However, the increased use of

antibiotics in livestock production has led to a rapid spread of

antimicrobial resistance (AMR) among bacterial isolates and growing

public concern about AMR effects in human health (14), resulting in a

slow decline in antibiotic use in animal production (13). These trends,

together with increased demand by retailers and consumers for

antibiotic-free poultry production, has highlighted the importance

of developing alternative technologies to reduce/inhibit bacterial

pathogens without negative impacts on animal performance.

Direct fed microbials (DFM) have emerged as a viable alternative

to the use of antibiotics in poultry farming (15, 16). They are

live microorganisms that when fed in adequate amounts confer

benefits to the host (17); among the benefits are improved immunity,

enhanced growth, and an overall increase in laying performance

(14). Multiple bacterial genera have been used in poultry production,

with Lactobacillus, Bacillus, and Bifidobacterium being the most

common. Each DFM strain confers a specific action impacting the

host and microbial ecology of the gastro-intestinal track. Their mode

of action includes the production of antimicrobial compounds (i.e.,

bacteriocins, organic acids), competitive exclusion mechanisms, and

the production of beneficial fermentation products such as volatile

fatty acids (18). This study aimed to characterize the cecal, ileal,

cloacal, and skin microbiota of FUDS positive and FUDS negative

laying hens through next generation sequencing (NGS). The primary

goals were to (1) identify the pathogens causing FUDS, (2) isolate the

pathogens, (3) identify association among isolates, and 4) develop a

DFM combination inhibitory against the FUDS causative agents.

Methodology

Flock descriptions and lesion scoring

A commercial laying hen operation in the mid-west United States

with a history of FUDS was sampled for this study. Within the

operation, two cage-free flocks were selected: (1) flock 1; no history

of the disease (Control) and (2) flock 2; birds affected by FUDS. Both

flocks originated from the same hatchery, housed in a similar cage-

free production system, and were sampled at 73 weeks of age. A total

of 20 birds from the control flock and 39 birds from the FUDS affected

flock [18 birds showing no symptoms of FUDS (FUDS−) and 21 birds

showing visible symptoms of FUDS (FUDS +)] were sampled for

this study.

Prior to sample collection, birds from the FUDS affected flock

were scored for lesions according to the size of the lesion located

cranial to the uropygial gland as illustrated in Figure 1. Lesions were

assessed for size and involvement of the underlying tissue with scores

ranging from 0 to 3: 0, no lesion; 1, lesion size <2 cm; 2, lesion size

2–6 cm; 3, lesions >6 cm.

Sample collection for microbiome analysis

A total of four sample types were collected from each bird

in this study: skin, cloaca, cecum, and ileum. Samples were

collected aseptically to avoid cross contamination. Skin samples

were taken using a flocked swab (Puritan, Guilford, ME, USA)

that was rotated and swabbed on a 2 cm2 area of affected skin

cranial to the uropygial gland for FUDS + birds and the same

skin area for Control and FUDS–birds. Cloacal samples were

collected by inserting a flocked swab ∼1 cm into the cloaca,

the swab was rotated to allow the collection of enough cloacal

material. For cecum and ileum sample collection, the thoraco-

abdominal cavity was opened to reveal the gastrointestinal tract.

A 1 cm opening was made in the middle of the ileum and a

flocked swab was then rotated inside the lumen. The process

was repeated with a new swab for the collection of cecal

contents. Following sample collection, all swabs were placed into

sterile microcentrifuge tubes containing 1mL of DNA/RNA shield

(Zymo Research, Irvine CA), and immediately placed on ice after

collection, and shipped overnight to the Emerging Technology

Center at Purina Animal Nutrition Center (ETC: PANC) for

further processing.

16S microbiome DNA extraction and library
preparation

Total microbial community DNA was extracted from all

sample types and analyzed by using the Quick-DNA Fecal/Soil

Microbe miniprep (Zymo Research Corp, Irvine, CA, USA)

following manufacturer’s recommendations. Pure DNA was

quantified using a Qubit 2.0 fluorometer. DNA samples at a 5 ng/µl

concentration were used to prepare libraries using the Illumina

16S-metagenomics library preparation protocol. The V3–V4 hyper

variable region of bacterial 16S rRNA gene was amplified by using

the primers 341F (5
′
-CCTACGGGNGGCWGCAG-3

′
) and 805R
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FIGURE 1

FUDS lesion scoring. Scores were assessed based on size and involvement in the underlying tissue. Scores ranged from 0 to 3: (A) 0, no lesion; (B) 1,

lesion size < 2cm; (C) 2, lesion size 2–6cm; (D) 3, lesions > 6cm.

(5
′
-GACTACHVGGGTATCTAATCC-3

′
) containing Illumina

adaptors as illustrated in Klindworth et al. (19). The PCR amplicons

were checked in agarose gels and purified using AMPure XP beads

(Beckman Coulter Inc) as per manufacturer’s recommendations.

Purified amplicons were then indexed by using the Nextera UD

index set (Illumina, San Diego, CA, USA). Libraries were quantified

in triplicate using a Qubit 2.0 fluorometer with a dsDNA HS Assay

kit (Invitrogen, Carlsbad, CA, USA), pooled at equal concentrations

(4 nM) to generate equivalent number of raw reads, and diluted

to a final concentration of 6 pM. Amplicon libraries were spiked

with 5% PhiX control (Illumina, San Diego, CA, USA) according to

manufacturer’s recommendations. Samples were sequenced using

a MiSeq Reagent kit v3 (600 cycle) on an Illumina MiSeq platform

(Illumina, San Diego, CA, USA).

16S data analysis and bioinformatics

Raw sequence data were analyzed using quantitative insights into

microbial ecology (QIIME2) pipeline (20). Using the MiSeq reporter

software (Illumina, San Diego, CA, USA), amplification primers

and Illumina adapters were trimmed, samples were demultiplexed,

and fastq.gz files generated. Raw sequence data were filtered and

processed using the DADA2 pipeline on QIIME2. The 16S rRNA

gene sequences were clustered into amplicon sequence variants

(ASVs) and taxonomy was assigned based on the comparison against

the SILVA database (21). Species richness and diversity indices

were calculated using QIIME. Beta diversity was determined using

the weighted UniFrac distance with a permutational multivariate

analysis of variance (PERMANOVA) to determine differences

between microbial communities based on phylogenic relatedness of

whole communities.

Statistical analysis

The linear discriminant analysis (LDA) effect size (LEfSe) (22)

was used in this study to identify statistically significant taxa to

characterize the differences among FUDS+, FUDS-, and Control

groups. The non-parametric factorial Kruskal-Wallis sum rank test

was used by the LEfSe method to identify operational taxonomic

unit (OTU) abundance differences between two groups. Pairwise tests

among groups were then performed by using theWilcoxon rank-sum

test, followed by the LDA on abundances to estimate the effect size of

each differentially significant abundant OTU. OTUs were considered

significantly different when differences had p < 0.05 and an LDA

score (log10) > 3.5. A second LEfSe analysis was performed on

Staphylococcus and Lactobacillus to identify specific species associated

with the health status of the birds, OTUswere considered significantly

different when p < 0.05 and an LDA score (log10) was > 3.5.

Sample collection for bacterial isolation

A total of 10 FUDS+, 10 FUDS-, and 10 Control birds were

selected based on the presence/absence of skin lesions for sample

collection. Feathers were removed around the preen gland and

a 5 cm2 surface of the skin was swabbed using pre-moistened

sponge swabs (Whirl-Pak, Madison, WI). In addition, a total of 3

environmental sample types, per flock, including from on top of

the nest boxes, perches, and scratch areas were collected. A 5 cm2

surface was swabbed at an even interval and distributed throughout

the houses. Samples were shipped overnight to the ETC: PANC for

culture and bacterial isolation.

Bacterial isolation and growth conditions

Upon arrival at ETC: PANC, samples were homogenized in a

stomacher (Stomacher R© 400, Seward) for 3min at 230 rpm. A 1mL

aliquot was collected and added to 9mL of Baird Staphylococcus

enrichment broth base (Sigma-Aldrich, St. Louis, MO) supplemented

with 0.1mL Potassium Tellurite solution (Sigma-Aldrich, St. Louis,

MO), tubes were incubated aerobically at 37◦C for 24 h. After

incubation, samples were serially diluted in 9mL of buffered

peptone water (BPW, Sigma-Aldrich, St. Louis, MO), spread plated

onto CHROMagar Staphylococcus agar plates (CHROMagar, Paris,

France), and incubated aerobically at 37◦C for 24 h. Based on colony

morphology, up to 4 representative colonies were selected from each

plate, streaked onto tryptic soy agar plates (TSA, Sigma-Aldrich, St.

Frontiers in Veterinary Science 03 frontiersin.org
256

https://doi.org/10.3389/fvets.2023.1110573
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Ayala et al. 10.3389/fvets.2023.1110573

Louis, MO), and incubated at 37◦C for 24 h. A single well-isolated

colony was selected from each TSA plate, grown in 9mL of tryptic

soy broth (TSB, Sigma-Aldrich, St. Louis, MO) and incubated at 37◦C

for 24 h (overnight culture). A 1.5mL aliquot of the overnight culture

was used for gDNA extraction and a 500 µl aliquot was added to 50%

glycerol and stored at−80◦C for further testing.

16S PCR amplification for bacterial
speciation

A 1.5mL aliquot of the overnight culture was used for gDNA

extraction using the Invitrogen PureLink DNA extraction kit

(Thermo Fisher Scientific, Waltham, MA, USA). DNA samples were

quantified using a Qubit 2.0 fluorometer (Life Technologies, CA,

United States) and diluted to a 20 ng/µl for PCR amplification.

A 1,483 base pair (bp) region of the 16S ribosomal

subunit was PCR amplified using forward primer 5’-

AGAGTTTGATCCTGGCTCAG and reverse primer 5’-

GGTTACCTTGTTACGACTT. The PCR amplification was

carried out using ZymoTaq PreMix according to the manufacturer’s

directions (Zymo Research, Irvine CA). Following the reaction,

PCR products were purified using a DNA Clean and Concentrator

kit (Zymo Research, Irvine CA), according to the manufacturer’s

instructions. Purified products were then sent to the Core Sequencing

Facility of the University of Missouri for sanger sequencing. The

taxonomic ID for each raw sequence data was assigned based on the

results of a National Center for Biotechnology Information (NCBI)

basic local alignment search tool (BLAST) inquiry (https://blast.ncbi.

nlm.nih.gov/Blast.cgi).

Whole-genome sequencing

A total of 68 PCR confirmed Staphylococcus isolates from the

environmental and skin samples of FUDS+ and FUDS- birds were

selected for further genotypic analysis. Staphylococcus isolates were

grown overnight in 9mL of TSB and incubated at 37◦C for 24 h.

Total genomic DNA was isolated using the Invitrogen Purelink

DNA Extraction kit. Pure gDNA was quantified using a Qubit

2.0 fluorometer and used for library preparation with the Nextera

XT v2.0 kit (San Diego, CA, United States) as per manufacturer’s

recommendations. DNA libraries were paired-end sequenced using

the 2× 300 bp v3 sequencing kit on an IlluminaMiSeq platform. Raw

reads were preprocessed and filtered using Trimmomatic version

0.36 (23), followed by de novo assembly using SPAdes version

11 (24).

WGS bioinformatic analysis

Assembled genomes were used for the identification of virulence

factors and potential antimicrobial resistance (AMR) genes by

comparing them to the Virulence Finder and ResFinder databases,

respectively (25, 26). Alignments were identified as positive when

percentage of identity was 95% or higher. A phylogenetic tree was

generated using the concatenated alignment in RAxML (Randomized

Axelerated Maximum Likelihood) (27).

DFMs selection and growth conditions

A total of 4 proprietary Bacillus DFM combinations from a set

of >500 novel DFMs were selected for this study based on their

antagonistic effect against a set of bacterial pathogens including

Salmonella, Staphylococcus aureus, E. coli, among others. Samples of

1 g of each lyophilized DFM combination were grown individually

in 9mL of Luria-Bertani (LB, ThermoFisher Scientific, Waltham,

MA) broth at 37◦C for 24 h. Overnight cultures were used for

agar-well diffusion assay, as described below, and were serially

diluted in 9mL of BPW and plated aerobically onto LB agar

plates (ThermoFisher Scientific, Waltham, MA) at 37◦C for 24 h

for enumeration.

Pathogen inhibition screening by agar-well
di�usion assay

The agar well-diffusion method, described by Vinderola and

others (28) with slight modifications (29), was used to determine

the antimicrobial activity of a set of Bacillus DFM combinations

from a stock culture collection, maintained at ETC: PANC, against

Staphylococcus isolates. S. agnetis and S. aureus isolates recovered

from the skin of FUDS+ birds were incubated overnight in TSB

for 18–24 h at 37◦C and then diluted to 106 CFU/mL. A 100 µl of

the last dilution was swabbed onto Nutrient agar (Sigma-Aldrich,

St. Louis, MO) plates to create a lawn to a final concentration of

105 CFU/mL. Plates were dried for 5min in a biosafety cabinet,

then 6-mm wide wells were made in the agar and each well-

duplicate was filled with 100 µl aliquots of one of 4 proprietary

Bacillus DFM combinations (108 CFU/mL) and a single well with

100 µl of uninoculated TSB broth (control). Plates were incubated

at 4◦C for 2 h to allow suspensions to diffuse in the agar followed

by a 24 h incubation at 37◦C. Antimicrobial activity was assessed

by measuring the clear zone of inhibition around each well. DFM

combinations were ranked for their overall antimicrobial activity

[described by Ayala and others (29)] by calculating the sum of the

DFM individual inhibition (mm) scores across all Staphylococcus

isolates tested.

Competitive exclusion broth culture assay

Staphylococcus and Bacillus DFM cultures were grown overnight

as described above, co-inoculated at 105 and 106 CFU/mL

respectively in Nutrient broth (ThermoFisher Scientific, Waltham,

MA) and incubated with agitation (130 rpm) at 37◦C for 24 h

(29). After incubation, co-cultures were serially diluted and plated

onto CHROMagar Staphylococcus agar plates and incubated at

37◦C for 24 h for Staphylococcus enumeration. Antimicrobial

activity was assessed by the reduction of Staphylococcus (log10
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CFU/mL) with respect to control samples (Staphylococcus

cultures without DFM) after 24 h of co-inoculation. DFM

cultures were ranked for their antagonistic effect by summing

the overall reductions (log10 CFU/mL) across all Staphylococcus

isolates tested.

Results

Lesion score

Birds from control and FUDS–groups had a lesion score of 0

while birds from the FUDS+ group had lesion scores ranging from

1 to 3 (1 = 14 birds, 2 = 5 birds, and 3 = 2 birds), as shown in

Figures 1A–D.

16S PCR amplification for bacterial
speciation

The taxonomic identification of Staphylococcus isolates from

environmental samples collected from the Control; and FUDS

affected flocks is shown in Table 1. A total of 11 Staphylococcus species

were recovered from both environments, Staphylococcus simulans

was the most commonly isolated, found in all environmental samples

from both flocks (Table 1).

The taxonomic identification of Staphylococcus isolates from skin

swabs collected from the Control and FUDS affected flocks is shown

in Table 2. A total of 10 Staphylococcus species were identified, with

skin swabs from non-affected birds showing more Staphylococcus

species variation. Staphylococcus aureus and Staphylococcus agnetis

were the only two Staphylococcus species identified in the FUDS +

skin swabs (Table 2).

16S metagenomics analysis

The complete 16S rRNA data set analyzed in this study is available

in the NCBI Sequence Read Archive repository with accession

BioProject ID PRJNA884648.

Microbial composition by sample type
The composition of cecum, ileum, cloaca, and skin bacterial

communities were explored through principal coordinate analysis

(PCoA) plots using Bray-Curtis index. As shown in the PCoA

plot (Figure 2), samples tended to cluster by sample type and sub-

clustered by flock of origin with a uniformly divergent microbial

composition observed in control and FUDS affected. Within FUDS

affected flock, samples clustered by disease state (Figure 2). For the

FUDS + birds, the skin samples showed a large deviation from

the control and of FUDS–birds, however the ileum samples were

not strongly clustered by flock and/or disease state. The weighted

UniFrac distancemetrics were used to determine the variation among

microbial communities from cecum, ileum, cloaca, and skin. In

accordance with the PCoA plots, the microbiota from each sample

type was found compositionally distinct from the microbiota in other

sample types (p < 0.001). T
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Relative abundance by phyla
At the phylum level for all flocks, the six most predominant

phyla by sample type are shown in Figure 3. Ileum samples

were dominated by Firmicutes, Proteobacteria, Bacteroidetes,

Actinobacteria, Cyanobacteria, and Fusobacteria, with these phyla

representing 99% of the total abundance, and Firmicutes alone

comprising 97% of total bacteria present. Cecum samples were

primarily composed by Firmicutes, Bacteroidetes, Proteobacteria,

Fusobacteria, Cyanobacteria, and Verrucomicrobia, with these

phyla representing 96% of all bacteria present. Cloacal samples

were dominated by Firmicutes, Fusobacteria, Proteobacteria,

Bacteroidetes, Actinobacteria, and Synergistetes, with these six phyla

representing 98% of the total relative abundance. Skin samples were

primarily composed by Firmicutes, Bacteroidetes, Proteobacteria,

Actinobacteria, Fusobacteria, and Cyanobacteria; these phyla

comprised 98% of the total bacterial community present.

Phyla relative abundance comparisons among
flocks

Firmicutes and Bacteroideteswere the twomost abundant phyla in

cecum across flocks. Firmicutes was found at 52.62, 55.27, 50.12% in

FUDS+, FUDS-, and control flocks, respectively while Bacteroidetes

was found at 29.59, 27.52, and 32.97 for FUDS+, FUDS-, and control

flocks, respectively.

Ileum samples were dominated by Firmicutes with similar

relative abundances across flocks and disease state. It was found

at 97.10, 94.56, and 96.67% for FUDS+, FUDS- and control

flocks, respectively.

Cloacal samples had notable abundance differences across

samples. Main differences were observed for the top four phyla:

Firmicutes, Fusobacteria, Proteobacteria, and Bacteroidetes. FUDS+

birds had the highest relative abundance of Firmicutes representing

73.18, 62.92, and 66.52% for FUDS +, FUDS-, and control birds,

respectively. Fusobacteria was found at 13.73, 24.23, and 8.52%

across FUDS+, FUDS- and control birds, respectively. Proteobacteria

displayed a mild trend with FUDS+ birds having the lowest relative

abundance when compared to asymptomatic and healthy birds.

Proteobacteria were present at 4.21, 6.12, and 7.86% in FUDS+,

FUDS- and control birds, respectively.

Skin samples microbiota was dominated by Firmicutes,

Bacteroidetes, and Proteobacteria. Across disease state, the skin

microbiome from sick birds had higher relative abundances of

Firmicutes and Proteobacteria, and lower relative abundances of

Bacteroidetes when compared with healthy birds. Firmicutes relative

abundances were at 80.10, 71.11, and 64.79% for FUDS+, FUDS-

and control birds, respectively. Bacteroideteswas found at 4.11, 14.84,

and 21.31% for FUDS+, FUDS- and control birds, respectively. The

relative abundance of Proteobacteria was found at 9.87, 4.08, and

3.33% for FUDS+, FUDS- and control birds, respectively.

Relative abundance by genera
At the genus level for all flocks, the six most predominant

genera by sample type are shown in Figure 4. Ileum samples

were primarily composed by Lactobacillus, Rombustia, Turnibacter,

Clostridium, Tyzzerella, and Streptococcus, with these genera

representing 91% of total bacterial population. Cecum samples

were dominated by Bacteroides, Lactobacillus, Fusobacterium,
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FIGURE 2

Principal component analysis (PCoA) for Control, FUDS –, and FUDS + flocks by sample type. (A) Cecum; (B) ileum; (C) skin; and (D) cloaca. The plot was

generated using the Bray-Curtis metrics.

Ruminococcaceae UCG.005, Alistipes, and Lachnospiraceae, with

these genera representing 36% of total bacteria. The top six

genera from cloacal samples were Fusobacterium, Turnibacter,

Lactobacillus, Rombustia, Clostridium, and Bacteroides, with these

genera representing 63% of the total bacteria present. Skin samples

were mainly composed by Staphylococcus, Lactobacillus, Bacteroides,

Turnibacter, Rombustia, and Ruminococcus, with these genera

representing 48% of the total skin microbiota.

Skin samples taxa relative abundance
Looking specifically at the lesion, Staphylococcus abundance was

significantly greater (p < 0.001) in the skin of FUDS + birds

compared to FUDS–birds, highlighting a potential association with

the development of FUDS. The relative abundance by genus from

skin samples for control and FUDS flocks is shown in Figure 5.

Staphylococcus spp. abundance increased as FUDS lesion progressed.

In samples from the control flock (lesion score = 0), Staphylococcus

spp. represented 0.7% of total relative abundance whereas, in the

samples from the FUDS+ flock, Staphylococcus spp. concentration

was 2.1, 41.6, 45.6, and 60.8%, at lesion scores 0, 1, 2, and 3,

respectively. Staphylococcus diverged into two similarly abundant

OTU groups when accessed at the species level. However, Silva

taxonomic identification was able to speciate Staphylococcus agnetis

for one OTU group, whereas the second group was not identified

below the genus level. Further analysis via NCBI blast of the

sequences associated with the second Staphylococcus group identified

them as Staphylococcus aureus. The predominant Staphylococcus

aureus OTU was present at 0.71, 2.06, 21.65, and 37.79% for lesion

scores 0, 1, 2, and 3, respectively. Staphylococcus agnetis was present

at 0.04, 19.97, 18.56, and 23.13% for lesion scores 0, 1, 2, and

3 respectively.

Genera relative abundance comparisons among
flocks

Bacteroides and Lactobacillus were the two most abundant genus

in cecum samples across flocks. Lactobacillus relative abundance was

found at increased levels in control (5.62%), followed by FUDS-

(3.77%), and FUDS+ (2.82%) birds, respectively. Bacteroides relative

abundances were similar among flocks, found at 18.35, 18.03, and

18.04% in FUDS+, FUDS- and control birds, respectively.

Lactobacillus was the most abundant taxon in the ileum samples

with increased abundance in the control samples. Lactobacillus was

found at 27.24, 21.35, and 43.38% in FUDS+, FUDS-, and control

birds, respectively. Romboutsia trended downward following disease

state, being the highest in FUDS+ birds at 32.36%, followed by

29.474% in FUDS -, and 18.437% in control birds.

Cloacal samples displayed the most differences across flocks and

disease state with Fusobactereium, Turicibacter and Lactobacillus

being the top three most abundant taxa. Fusobacterium was present

at 13.72, 24.23, and 8.46% in FUDS+, FUDS- and control birds,
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FIGURE 3

Relative abundance plot of top six taxa at phylum level for Control, FUDS –, and FUDS + flocks by sample type. (A) Cecum; (B) ileum; (C) skin; and (D)

cloaca.

FIGURE 4

Relative abundance plot of top six taxa at genus level for Control, FUDS –, and FUDS + flocks by sample type. (A) Cecum; (B) ileum; (C) skin; and (D)

cloaca.
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FIGURE 5

Relative abundance as average percentage of bacterial taxa

populations for skin samples grouped by lesion score. The

predominant Staphylococcus aureus OTU was present at 0.709, 2.063,

21.647, and 37.787% for lesion scores 0, 1, 2, and 3, respectively.

Staphylococcus agnetis was present at 0.043, 19.969, 18.564, and

23.125% for lesion scores 0, 1, 2, and 3, respectively.

respectively. Turicibacter was notably different among flocks, but not

across disease state within a flock. Turicibacter made up 17.78%,

and 17.52% of FUDS+ and FUDS- birds’ microbial composition,

while only comprising 6.27% of control bird cloacal microbiota.

Lactobacillus was also differentially abundant across flocks and

disease state, with its peak representation in the control flock.

Lactobacilluswas found at 10.75, 4.74, and 21.61% in FUDS+, FUDS-

and control birds, respectively.

Skin samples were dominated by Staphylococcus, Lactobacillus

and Bacteroides, with notable trends across disease state and flocks.

Staphylococcus comprised 41.96% of FUDS+, 2.35% of FUDS-, and

0.77% of control skin samples. Lactobacillus exhibited its lowest

representation in FUDS+ samples. Lactobacillus was present at

5.39, 10.02, and 13.05% in FUDS+, FUDS-, and control samples,

respectively. Bacteroides displayed a similar trend as Lactobacillus

among disease states. Bacteroides was found at 2.72, 9.79, 12.01% in

FUDS+, FUDS-, and control samples, respectively.

Staphylococcus relative abundance by sample type
Staphylococcus abundance in the skin was found at 41.96, 2.63,

and 0.77%, and for FUDS+, FUDS -, and control flocks, respectively.

In the ileum it was at 0.032, 0.052, and 0.011% for FUDS+, FUDS-

, and control flocks, respectively. Staphylococcus in the cloaca was

found at 0.058, 0.075, and 0.654%, for FUDS+, FUDS-, and control

flocks, respectively. The lowest Staphylococcus abundance was found

in the cecum, found at 0.001, 0.003, and 0% for FUDS+, FUDS-, and

control flocks, respectively.

Linear discriminate analysis e�ect size analysis
The LEfSe analysis was performed to identify differential

microbial features between the Control and FUDS affected flocks

(Figure 6). For the skin, the genus Staphylococcus was significantly

enriched (p < 0.05) in FUDS affected flock and Bacteroides and

Lactobacillus significantly enriched (p < 0.05) in the Control

(healthy) flock. A second LEfSe analysis was performed only on

Staphylococcus to identify specific species associated with the health

status of the birds (Figure 7). S. aureus and S. agnetis were identified

as the only two taxa associated with FUDS + birds (p < 0.05), while

S. cohnii was significantly enriched in the Control flock. Lactobacillus

was found as a significant taxon associated with the healthy group in

all sample types analyzed in this study. Further LEfSe analysis on the

differential Lactobacillus spp. showed a high diversity of Lactobacillus

associated with healthy birds, with L. alvi, L. gallinarum, L. johnsonii,

and L. acidophilus differentially abundant in the control flock as

compared to the FUDS affected flock.

Whole genome sequence analysis

The WGS data set analyzed in this study is available in the

NCBI Sequence Read Archive repository with accession BioProject

ID PRJNA884648. Staphylococcus species of all 68 isolates selected

were confirmed by WGS, three isolates taxonomically identified by

16S PCR amplification as S. fleuretti, S. simulans, and S. pasteuri were

identified by WGS as S. sciuri, S. aureus, and S. warneri, respectively

(Table 3, Figure 8).

Characterization of antimicrobial resistance and
disinfectant resistance

A total of 30 Staphylococcus isolates (44.12%) out of the 68

sequenced had between one and four acquired AMR genes encoding

for macrolides, lincosamides, spectrogramines, aminoglycosides,

tetracyclines, and beta-lactams resistance (Table 3). The msrA gene

was the most common AMR acquired gene identified in the set,

encoding for macrolide, lincosamide and streptogramin B resistance.

It was carried by 14 isolates (13 S. cohnii isolates, 1 S. lentus) and was

found alone (n= 6) or in combination withmphC (n= 3), tetK (n=

2), lnuA (n= 2), and spr (n= 1). The tetK andmphC genes encoding

the tetracycline efflux protein and the macrolide phosphotransferase

C protein, respectively, were the second and third most common

acquired AMR genes identified carried by 9 (5 S. cohnii, 2 S. lentus,

1 S. warneri, and 1 S. simulans) and 8 (5 S. cohnii, 3 S. lentus)

isolates, respectively. The tetK gene was found alone (n = 1), or in

combination with msrA (n = 4), str (n = 2), and mphC (n = 2). The

mphC gene was found alone (n= 2), or in combination withmsrA (n

= 4), tetK (n= 1), and str (n= 1).

Control flock

A total of 22 Staphylococcus isolates (32.35%) out of the 68

sequenced were isolated from skin (n = 12; 54.45%) and from

environment (n= 10; 45.45%). Ten (83.33 %) of the skin isolates had

AMR genes in their genomes, with the mphC, msrA, and lnuA genes

associated with MLS (macrolide, lincosamide and streptogramin B)

resistance (n = 6), as the most prevalent; 2 isolates (16.67%) did not

have AMR genes in their genomes. Five (50%) of the environmental

isolates had AMR genes associated with MLS, aminoglycoside, and
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FIGURE 6

Linear discriminant analysis (LDA) e�ect size (LEfSe) for microbial di�erential abundance between Control and FUDS a�ected flocks. (A) Cecum, (B) ileum,

and (C) cloaca.

tetracycline resistance, the 5 remaining environmental isolates had

no AMR genes in their genomes (Table 3).

FUDS a�ected flock

A total of 46 Staphylococcus isolates (67.64%) out of the 68

sequenced were isolated from FUDS–skin (n = 15; 32.61%), FUDS

+ skin (n = 16; 34.78%), and from environment (n = 15; 32.61%).

Differences in AMR genes content was observed among FUDS–and

FUDS + skin isolates. A total of 11 (73.33%) FUDS–skin isolates

had AMR resistance genes associated with MLS and tetracycline

resistance, with the msrA as the most common; the 4 (26.77%)

remaining isolates had no AMR resistance genes in their genomes.

FUDS + skin isolates were dominated by S. aureus and S. agnetis, all

S. aureus (n= 7) and S. agnetis (n= 8) selected forWGS had no AMR

genes in their genomes. One isolate, S. cohnii, from FUDS+ skin

samples had themsrA gene. The environmental isolates selected were

composed of S. aureus (n= 4), S. agnetis (n= 4), S. cohnii (n= 3), S.

simulans (n = 2), S. lentus (2). A total of 11 (73.33%) of the selected

isolates had no AMR genes in their genomes, similarly to the skin

+ isolates, S. aureus and S. agnetis isolates did not have AMR genes

in their genomes. The 4 (26.67%) remaining environmental isolates

had AMR genes associated with MLS, tetracycline, and beta-lactam

resistance (Table 3).

Disinfectant resistance
A total of 20 isolates (29.41%), out of the 68 sequenced, had the

qacGgene encoding resistance to quaternary ammonium compounds

(QACs). The QACs resistant isolates were composed of 5 (25%)

from skin in the control group, 4 (20%) from environment of

control group, 5 (25%) from FUDS + skin, 5 (25%) from FUDS–

skin, and 1 (5%) from FUDS house environment. Eight (40%)

isolates had the quaG gene alone, the 12 (60%) remaining had

the quaG gene in combination with one (n = 5), or two (n =

7) acquired AMR genes. The most common phenotype identified

in the isolates exhibiting QACs resistance was msrA- mphC- qacG

(n = 3), msrA- tetK- qacG (n = 2), msrA- qacG (n = 2)

(Table 3).

Identification of Staphylococcus virulence factors
Six classes of Staphylococcus VF were identified including

adherence, enzyme, immune evasion, secretion system, toxin,

and iron uptake. In addition, VF with >50% homology

to non-Staphylococcus species were identified; the latter

included the following 7 VF classes: adhesion proteins,

regulation, surface protein anchoring, anti-phagocytosis,

intracellular survival, serum resistance, and phagosome arresting

(Supplementary Table 1).

The VF class with most genes identified were enzyme (n =

171) and immune evasion, followed by adherence (n = 84), and

toxin (n = 84). Among the enzymes-encoding genes, geh and lip,

encoding for lipase, were the most prevalent (n = 54), followed

by sspA (n = 39), encoding for serine V8 protease, and hysA

(n = 26), encoding for hyaluronate lyase (Supplementary Table 1).
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FIGURE 7

Linear discriminant analysis (LDA) e�ect size (LEfSe) for Staphylococcus di�erential abundance between FUDS + and FUDS–flocks.

The geh and lip genes were identified in all Staphylococcus species

analyzed in this study except for S. sciuri and S. lentus, sspA

was found across all Staphylococcus species, and hysA only in S.

aureus and S. agnetis isolates. In the immune evasion category,

the most common VF included capB (n = 36), encoding for

polyglutamic acid capsule, adsA (n = 35) encoding for adenosine

synthase (A), and galE (n = 22) encoding for polysaccharide

capsule. The capB was found in all Staphylococcus species analyzed

in this study except for S. aureus, S. sciuri and S. lentus; adsA

was only present in S. aureus, S. agnetis, and S. simulans, and

galE present in all species except for S. aureus, S. sciuri and

S. warneri.

In the category of adherence, the ebp gene encoding for elastin

binding protein was the most common (n = 19), followed by icaA,

icaB, and icaC, genes associated with intercellular adhesion (n =

17), other genes found were fnbB (n = 13) encoding for fibronectin

binding protein, cna (n = 13) associated with collagen adhesion,

and atl (n = 10) encoding for autolysin. The ebp was found only in

S. aureus, and S. cohnii; the icaA, icaB, and icaC genes were only

present in S. aureus, S. sciuri; the cna genes was present only in

S. agnetis, and the atl only present in S. aureus. In the category of

toxin, the set genes encoding for exotoxin were the most common

(n = 25), followed by hlgA, hlgB, and hlgC genes associated with

gamma hemolysin (n= 14), and hlb (n= 14) encoding for hemolysin

B. The set genes were found only in S. aureus and S. agnetis. The

hlgA, hlgB, and hlgC genes were found only in S. aureus; adsA

was only present in S. aureus, S. agnetis, and S. simulans, and

galE present in all species except for S. aureus, S. sciuri and S.

warneri.

Antimicrobial e�ect by agar-well di�usion
assay

The inhibitory results of the four proprietary Bacillus DFM

combinations against S. aureus and S. agnetis isolated from skin

lesions of birds affected with FUDS are shown in Table 4. All DFM

tested in this study were found inhibitory against both Staphylococcus

aureus and Staphylococcus agnetis. S. aureus inhibition ranged from

6 to 22mm with DFM Combo 4 and DFM Combo 1, respectively. S.

agnetis inhibition ranged from 14.5 to 25mm with DFM Combo 4

and DFM Combo 1, respectively. Bacillus DFM Combo 1 produced

the highest inhibitory effect with clear zones of inhibition ranging

from 20 to 22mm for S. aureus isolates and 22–25mm for S. agnetis

isolates (Table 4). DFM Combo 4 was the least inhibitory with zones

of inhibitions ranging from 6 to 11.5mm for S. aureus isolates and

14.5 to 16mm for S. agnetis isolates recovered from the lesions.

Antimicrobial e�ect by competitive
exclusion on broth

The antimicrobial effect of the 4 Bacillus DFM combinations by

competitive exclusion on broth is shown in Table 5. All DFM combos

were found inhibitory, S. aureus reductions ranged from 0.24 to 1.55

log10 CFU/mL with DFM Combo 4 and Combo 2, respectively. S.

agnetis and S. aureus reductions (log10 CFU/mL) were evaluated 24 h

after co-inoculation with respect to control samples. Reductions of S.

agnetis ranged from −0.05 to 1.17 log10 CFU/mL with DFM Combo

4 and Combo 2, respectively. Reductions were summed up across all
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TABLE 3 Whole genome sequencing analysis of staphylococci isolates from control and FUDS a�ected flocks, bioinformatics analysis for identificantion of AMR genes.

Strain
ID

Species Flock Source Disease
state

Antimicrobial
phenotype

Antimicrobial resistance (AMR) genes

MLS Aminoglycoside Tetracycline Streptogramin
A/
Pleuromutilin/
Lincosamide

Macrolide Aminocyclitol Beta-lactam QACs

7A S. lentus Control Skin Negative Macrolide resistance mph(C)

7B S. cohnii Control Skin Negative Macrolide, Lincosamide

and Streptogramin B,

Amonglycosidase

msr(A),

lnu(A)

str

11B S. lentus Control Skin Negative Macrolide, Lincosamide,

Tetracycline resistance

msr(A),

lnu(A)

tet(K)

11C S. cohnii Control Skin Negative Tetracycline resistance tet(K)

12A S. sciuri Control Skin Negative Streptogramin A,

Pleuromutilin, and

Lincosamide resistance

sal (A) mec A1

45C S. agnetis Control Skin Negative No antimicrobial

resistance

5A S. cohnii Control Skin Negative Quaternary Ammonium

Compounds resistance,

macrolide, lincosamide

and streptogramin B

resistance

msr(A) mph(C) qacG

6A S. cohnii Control Skin Negative No antimicrobial

resistance

8A S. cohnii Control Skin Negative Quaternary Ammonium

Compounds resistance,

macrolide, lincosamide

and streptogramin B

resistance

msr(A) mph(C) qacG

10C S. cohnii Control Skin Negative Macrolide, Lincosamide

and Streptogramin B

resistance, tetracycline,

quaternary ammonium

compounds resistance

msr(A) tet(K) qacG

12D S. cohnii Control Skin Negative Aminoglycoside

resistanc, macrolide

resistance, quaternary

ammonium compounds

resistance

str mph(C) qacG

15B S. cohnii Control Skin Negative Aminoglycoside

resistance, quaternary

ammonium compounds

resistance

str qacG
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TABLE 3 (Continued)

Strain
ID

Species Flock Source Disease
state

Antimicrobial
phenotype

Antimicrobial resistance (AMR) genes

MLS Aminoglycoside Tetracycline Streptogramin
A/
Pleuromutilin/
Lincosamide

Macrolide Aminocyclitol Beta-lactam QACs

1B S. agnetis Control Environmental NA Lincosamide, quaternary

ammonium compound

resistance

lnu(A) qacG

2B S. simulans Control Environmental NA Aminoglycoside

resistance

str

2C S. lentus Control Environmental NA No antimicrobial

resistance

4A S. cohnii Control Environmental NA Macrolide, Lincosamide

and Streptogramin B

resistance

msr(A)

4B S. simulans Control Environmental NA Tetracycline, QACs,

Aminoglycoside

str tet(K) qacG

9A S. aureus Control Environmental NA Quaternary Ammonium

Compounds resistance

qacG

34A S. simulans Control Environmental NA No antimicrobial

resistance

43A S. cohnii Control Environmental NA Macrolide and

Streptogramin B

resistance

msr(A) tet(K) qacG

2D S. agnetis Control Environmental NA No antimicrobial

resistance

9B S. lentus Control Environmental NA No antimicrobial

resistance

16A S. aureus FUDS Skin Negative Quaternary Ammonium

Compounds resistance

qacG

16C S. agnetis FUDS Skin Negative No antimicrobial

resistance

16D S. simulans FUDS Skin Negative No antimicrobial

resistance

23B S. lentus FUDS Skin Negative No antimicrobial

resistance

26C S. cohnii FUDS Skin Negative Macrolide and

Streptogramin B

resistance

msr(A) mph(C) qacG
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TABLE 3 (Continued)

Strain
ID

Species Flock Source Disease
state

Antimicrobial
phenotype

Antimicrobial resistance (AMR) genes

MLS Aminoglycoside Tetracycline Streptogramin
A/
Pleuromutilin/
Lincosamide

Macrolide Aminocyclitol Beta-lactam QACs

30A S. sciuri FUDS Skin Negative Streptogramin A,

Pleuromutilin, and

Lincosamide resistance

sal (A) mec A1

30B S. sciuri FUDS Skin Negative Quaternary Ammonium

Compounds resistance

mec A qacG

31A S. cohnii FUDS Skin Negative Macrolide and

Streptogramin B

resistance

msr(A) tet(K) mph(C)

20A S. lentus FUDS Skin Negative Macrolide resistance

33B S. aureus FUDS Skin Negative No antimicrobial

resistance

38A S. lentus FUDS Skin Negative Macrolide resistance mph(C)

38B S. cohnii FUDS Skin Negative Macrolide and

Streptogramin B

resistance

msr(A) qacG

44B S. warneri FUDS Skin Negative Tetracycline resistance str tet(K)

26B S. lentus FUDS Skin Negative Macrolide resistance mph(C)

33D S. cohnii FUDS Skin Negative Macrolide, Lincosamide

and Streptogramin B

resistance, quaternary

ammonium compounds

resistance

msr(A) qacG

19A S. cohnii FUDS Skin Positive Macrolide and

Streptogramin B

resistance

msr(A) str

21C S. agnetis FUDS Skin Positive No antimicrobial

resistance

28B S. aureus FUDS Skin Positive No antimicrobial

resistance

28C S. agnetis FUDS Skin Positive No antimicrobial

resistance

18A S. agnetis FUDS Skin Positive Quaternary Ammonium

Compounds resistance

qacG
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TABLE 3 (Continued)

Strain
ID

Species Flock Source Disease
state

Antimicrobial
phenotype

Antimicrobial resistance (AMR) genes

MLS Aminoglycoside Tetracycline Streptogramin
A/
Pleuromutilin/
Lincosamide

Macrolide Aminocyclitol Beta-lactam QACs

18B S. agnetis FUDS Skin Positive Quaternary Ammonium

Compounds resistance

qacG

21B S. aureus FUDS Skin Positive Quaternary Ammonium

Compounds resistance

qacG

22B S. aureus FUDS Skin Positive Quaternary Ammonium

Compounds resistance

qacG

24B S. aureus FUDS Skin Positive Quaternary Ammonium

Compounds resistance

qacG

24D S. agnetis FUDS Skin Positive No antimicrobial

resistance

25A S. agnetis FUDS Skin Positive No antimicrobial

resistance

25B S. agnetis FUDS Skin Positive No antimicrobial

resistance

27A S. aureus FUDS Skin Positive No antimicrobial

resistance

27B S. agnetis FUDS Skin Positive No antimicrobial

resistance

29A S. aureus FUDS Skin Positive No antimicrobial

resistance

39B S. aureus FUDS Skin Positive No antimicrobial

resistance

14C S. cohnii FUDS Environmental NA Macrolide and

Streptogramin B

resistance

msr(A)

17A S. agnetis FUDS Environmental NA No antimicrobial

resistance

17C S. aureus FUDS Environmental NA Quaternary Ammonium

Compounds resistance

qacG

32A S. agnetis FUDS Environmental NA No antimicrobial

resistance

36A S. cohnii FUDS Environmental NA Macrolide, Lincosamide

and Streptogramin B

resistance

erm(A) tet(K) ant (9)-Ia blaZ

(Continued)

F
ro
n
tie

rs
in

V
e
te
rin

a
ry

S
c
ie
n
c
e

fro
n
tie

rsin
.o
rg

268

https://doi.org/10.3389/fvets.2023.1110573
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


A
y
a
la

e
t
a
l.

1
0
.3
3
8
9
/fv

e
ts.2

0
2
3
.1
1
1
0
5
7
3

TABLE 3 (Continued)

Strain
ID

Species Flock Source Disease
state

Antimicrobial
phenotype

Antimicrobial resistance (AMR) genes

MLS Aminoglycoside Tetracycline Streptogramin
A/
Pleuromutilin/
Lincosamide

Macrolide Aminocyclitol Beta-lactam QACs

37B S. simulans FUDS Environmental NA Beta-lactam resistance blaZ

37D S. aureus FUDS Environmental NA No antimicrobial

resistance

41A S. aureus FUDS Environmental NA No antimicrobial

resistance

46B S. lentus FUDS Environmental NA No antimicrobial

resistance

46C S. simulans FUDS Environmental NA No antimicrobial

resistance

14B S. agnetis FUDS Environmental NA No antimicrobial

resistance

32D S. agnetis FUDS Environmental NA No antimicrobial

resistance

37A S. cohnii FUDS Environmental NA Macrolide, Lincosamide

and Streptogramin B

resistance

msr(A)

37C S. lentus FUDS Environmental NA No antimicrobial

resistance

42A S. aureus FUDS Environmental NA No antimicrobial

resistance
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FIGURE 8

Phylogenetic tree of Staphylococcus isolates from skin and environmental samples of Control and FUDS flocks.

Staphylococcus isolates and DFM combos were ranked from highest

to lowest antimicrobial effect, DFM combo 2 showed the highest

inhibitions across all Staphylococcus isolates tested.

Agar-well diffusion (AWD) overall score was added to the

competitive exclusion (CE) overall score to rank the DFM

combinations with highest antimicrobial effect (Table 6). DFM

Combo 1 had the greatest effect across all isolates tested.

Discussion

The transition from conventional to cage-free production

systems has presented some challenges for the egg producers, one

of these challenges is the increase of bacterial infections which have

been described as one of the most common causes of mortality

in birds raised in cage free and litter-based systems (5). Skin

infections in commercial poultry have severe impacts on growth, egg

production, feed conversion, and overall performance. Members of

the Staphylococcus genus have been described as common causative

agents of these conditions (30, 31). Sources of infectious agents

include soil, litter, cross-contamination among infected birds, and

fomites such as contaminated equipment.

In this study, next generation sequencing was used to characterize

the microbiome composition of sites in the gastrointestinal tract

(GIT) and skin of laying hens with signs of focal ulcerative dermatitis

(FUDS) and compare it to the microbiome composition of healthy

birds with the overall objective of identifying the causative agents

of FUDS and potential routes of infection. The comparison of the

microbial community structure between healthy and sick populations

is crucial to identify what constitutes a healthy gut/skin microbiota

and identify potential dysbiosis, thereby providing opportunities to

modulate it and improve overall animal health (32). The microbial

composition can be affected by many factors including age, breed,

diet, sample type (i.e., GIT site), disease state, housing system, and

management. A significant variation in the microbial population was

observed in this study attributed to health status of the flock and

sample type. For example, a genus identified at significantly higher

abundance in the skin and confirmed as present in the FUDS +

birds was Staphylococcus. Staphylococcus abundance in the skin was

found at 2.63 and 0.77% in FUDS–and control flocks, respectively, in

comparison with FUDS+ flock (>41.96%).

Staphylococci are ubiquitous in poultry farms and hatcheries and

are natural inhabitants of the chicken skin and mucous membranes

but have also been associated with secondary infections (12). The

16S metagenomics and isolation results in this study showed a

high diversity of Staphylococcus species on skin and environmental

samples from FUDS negative and control flocks as compared to

the FUDS positive group. In agreement with the ubiquitous nature

of Staphylococci in the microbial population of poultry houses,

the environmental samples analyzed in this study showed high

diversity of Staphylococcus species including S. cohnii, S. lentus, S.

simulans, S. agnetis, and S. aureus. Recent studies have associated

the abundance of coagulase-negative staphylococci (CoNS) such as S.

conhii and S. simulans with healthy skin in humans and mice models

Frontiers in Veterinary Science 17 frontiersin.org
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TABLE 4 Antimicrobial activity, by agar-well di�usion, of proprietary DFM combination against S. agnetis and S. aureus isolated from skin of FUDS + birds.

DFM combos Zone of inhibition averaged from duplicate wells (mm)∗

S. aureus 21A S. aureus 21B S. agnetis 21C S. aureus 21D S. aureus 24A S. aureus 24B S. agnetis 24C S. aureus 24D Overall scorea

Combo 1 22 20 25 22 20 21 22 20 172

Combo 2 20.5 19 14 20 18 16.5 16 16.5 140.5

Combo 3 15 16.5 17 16.5 15 14 16.5 15 125.5

Combo 4 9 11.5 14.5 10.5 6 10.5 16 11 89

∗Low inhibition: 6–10mm; medium inhibition: 10–14mm; high inhibition: >14 mm.
aOverall score summed for inhibitions produced by each DFM combo across all Staphylococcus isolates tested.

TABLE 5 S. agnetis and S. aureus reduction (log10 CFU/ml) by DFM combos co-cultivated 24h on nutrient broth.

Log 10 CFU/ml

DFM Combosa S. aureus 21A S. aureus 21B S. agnetis 21C S. aureus 21D S. aureus 24A S. aureus 24B S. agnetis 24C S. aureus 24D Overall scoreb

Combo 2 0.72 0.52 1.05 1.55 0.63 0.95 0.59 1.23 7.24

Combo 3 0.68 0.38 1.17 1.17 0.68 0.84 0.67 0.96 6.53

Combo 1 0.34 0.42 0.63 0.96 0.59 0.73 0.37 0.39 4.43

Combo 4 0.20 0.09 0.55 0.74 0.52 0.56 −0.05 0.53 3.14

aDFM combos ranked from highest to lowest reduction.
bOverall score summed for reductions (log10 CFU/ml) produced by each DFM combo across all Staphylococcus isolates tested.
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(33–35). In 2020, Brown et al. (34) reported that the commensal

S. simulans effectively blocked methicillin-resistant Staphylococcus

aureus (MRSA) quorum sensing in an infection model in mice. The

observed resistance to pathogenic colonization was a result of the

production of an autoinducing peptide that acted as MRSA S. aureus

accessory gene regulator (agr) inhibitor protecting the host from

invasive infection. In this study, S. simulans was isolated from all

environmental sample types and was also isolated from skin samples

of FUDS negative and control groups. This result could suggest

a potential protective effect of this species in the development of

the disease.

Staphylococcus cohnii was another commensal Staphylococci

identified on samples from the skin of FUDS negative and control

birds and not present on FUDS positive skin samples. It was also

identified by the LEfSe analysis as the most enriched taxon in the

Control flock (healthy) not present in the FUDS flock. Similar to S.

simulans, S. cohnii has been associated with healthy skin. In a skin

microbiome analysis ofmice with dermatitis found that commensal S.

cohnii isolated from sick mice had preventive and therapeutic effects

on S. aureus mediated skin inflammation (33). Further investigation

is needed to determine the potential protective effect of commensal

Staphylococci found on control and FUDS- samples and not isolated

from FUDS+ skin samples, on the development of FUDS.

The Lactobacillus genus was found ubiquitously in all sample

types associated with the healthy birds. Our findings are similar

to those observed by Ngunjiri et al. (36) who studied the effect

of age and body site in the microbial composition of commercial

layer chickens. The authors found Lactobacillus ubiquitous in the

trachea, nasal, ileum, and cecum samples analyzed. Lactobacillus

was the most significant taxon in the cloaca and ileum of the

control flock, suggesting a potential beneficial/protective effect for the

birds. Lactobacillus has been commonly ascribed a protective effect

through the production of lactic acid that promotes the inhibition of

pathogenic bacteria.

The contribution of the skin microbiota to the development of

FUDS was analyzed through 16S metagenomic sequencing, and the

results showed a higher Staphylococcus load (>60% of all bacteria

present) as skin lesions progressed from lesion score 0 to 3 than

on FUDS negative and control samples. The dysbiosis revealed was

characterized by increased abundance of S. aureus and S. agnetis.

These results were confirmed by plate count enumeration with S.

aureus and S. agnetis being the only Staphylococci isolated from the

skin of FUDS positive birds. Our results agree with those observed by

Ito et al. (33) in their comparative skin microbiome analysis in mice

to identify commensal strains with protective effect of inflammatory

skin diseases. The authors observed that the severity of dermatitis

in mice was associated with an increased abundance of S. aureus

and Corynebacterium mastitidis and negatively associated with the

abundance of S. cohnii (33).

Staphylococcus aureus has been associated with the development

of multiple localized infections in poultry including bumblefoot,

joint infections, osteomyelitis, and skin abscesses (9, 37, 38). It is

also the most common non-clostridial bacterial pathogen associated

with gangrenous dermatitis, a systemic infection in chickens (31). In

our study, S. aureus isolates were recovered from all environmental

samples and skin samples from FUDS + birds which demonstrates

broad distribution of the pathogen in the poultry house tested. Meyer

et al. (9) reported that S. aureus was the main bacterial pathogen

isolated from different tissues (lungs, liver, wattle lesions, among
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others) from multiple commercial layer hen flocks, experiencing an

increased mortality and a drop in egg production between April and

November of 2018. Even though, S. aureus was the predominant

bacteria isolated, a challenge study, to elucidate the mechanisms by

which S. aureus could have been causing the systemic infection, was

not able to replicate the disease, highlighting the potential role of

other infectious agents in the development of the disease (9). In

our study, S. aureus and S. agnetis were found in combination in

skin samples from FUDS + birds, suggesting a potential synergistic

interaction of both staphylococci in the pathogenesis of the disease.

Staphylococcus agnetis, a coagulase-variable Staphylococcus, was

identified as a separate species in 2012, associated with clinical and

subclinical cases of bovine mastitis (39). Since its discovery, it has

been recognized as the causative agent of poultry diseases such as

bacterial chondronecrosis with osteomyelitis (BCO) (40), valvular

endocarditis and septicemia in broiler breeder flocks (41). In our

study, S. agnetis isolates were recovered from environmental samples

from control (nest box, scratch) and FUDS (nest box) houses; similar

to S. aureus, it was positively correlated with the severity of the

lesion with increased abundance in samples from FUDS+ birds with

a lesion score 3. S. agnetis isolates were found clustered together,

suggesting a single clone circulating in the farm environment.

FUDS is an emerging disease of cage-free laying flocks, cases

have been identified in both Bovans and Hy-Line browns. Previous

bacterial analyses on swabs from FUDS lesions identified S. hyicus, a

skin commensal bacterium associated with opportunistic infections,

as the main pathogen present in lesions (42). In our study, 16S

microbiome analysis and bacterial isolation of isolates from the

skin, identified S. agnetis and S. aureus in FUDS positive birds. The

WGS of S. agnetis isolates recovered confirmed them as S. agnetis.

As identified by Taponen and others (39), S. agnetis isolates are

closely related to S. hyicus and S. chromogenes, their differentiation

using phenotypic methods and 16S PCR amplification has not

been successful leading to misidentification of these species (8). In

addition, it is hypothesized that S. agnetis diverged from S. hyicus and

that some of the infections attributed to S. hyicus might have been

caused by S. agnetis (8).

Further characterization to identify antimicrobial resistance

genes and virulent factors that could have contributed to the

development of FUDS was performed on a selected set of

Staphylococcus isolates recovered in this study. The use of antibiotics

in livestock for disease control and growth promotion has led to the

emergence of AMR genes and a worldwide public health concern,

due to their potential dissemination to commensal bacteria (43).

Antimicrobial resistance genes were widely spread in the screened

isolates, with 44.12% of them harboring between one and four

acquired AMR genes, they were found equally distributed in control

and FUDS flocks, in the skin and environmental samples. Macrolide,

lincosamide and spectrogramine resistance was the most common,

characterized by the presence of the msrA and mphC genes in

the isolates’ genotypes, the msrA gene was harbored by 46.66% of

the isolates (13 S. cohnii isolates, 1 S. lentus). Our results are in

agreement with those observed by Zmantar and others (44) in a

study to determine the antimicrobial susceptibility and resistance to

quaternary ammonium compounds (QACs) in clinical S. aureus and

coagulase negative Staphylococcus (CoNS). Authors found the msrA

gene as one of the most prevalent, identified in 41% of CoNS, and in

10.2% of S. aureus strains. Surprisingly, in our study, all S. aureus and

93.33% (n= 14/15) of S. agnetis isolates did not carry any AMR genes

in their genotypes. The msrA gene encodes for an ATP-dependent

efflux pump that transports erythromycin and streptogramin B from

the cell inducing resistance to these antibiotics; and has been mostly

associated to Staphylococcus and recently discovered in other genera,

including Streptococcus, Enterococcus and Pseudomonas (45).

The tetK gene was the secondmost commonAMR gene identified

in our study, harbored by 30% of the isolates. It encodes a tetracycline

efflux pump that confers resistance, this resistance is commonly

observed in staphylococci isolates regardless of source due to the

widespread of tetK/tetM genes (46). Ali Syed et al. (47) found similar

results, with the tetK/tetM genes present in 58.8% of staphylococci

from farmed chickens. Similar to our results, the authors found

the genes harbored by CoNS. The wide distribution of AMR

genes among staphylococci not associated with the development of

FUDS constitutes a potential risk of transmission of AMR genes to

pathogenic staphylococci or commensal bacteria, highlighting the

importance of monitoring antibiotic resistance in poultry facilities.

The harboring of disinfectant-resistance genes was also analyzed

in this study. Disinfectants are widely used in poultry farming

and consist of two or more active components with quaternary

ammonium compounds (QACs) the most frequently used

component (48). The application of subinhibitory concentrations has

reduced the bactericidal effect of sanitizers, leading to an increased

resistance to QACs-based sanitizers and a potential increase of

antibiotic resistance. Resistance to QACs is associated to the presence

of the qac (qacA, qacB, qacC, qacD, and qacG) and smr genes. In

this study, 29.41% of the isolates sequenced had the qacG gene

present, 40% of the isolates (exclusively S. aureus and S. agnetis)

had the qacG gene present and no other AMR gene. The remaining

60% of the Staphylococci isolates screened, had the qacG gene

present in combination in one or two AMR genes with resistance to

macrolides the most common. El Zayed Zaki et al. (49) evaluated the

prevalence of qac and smr genes in clinical isolates of S. aureus from

hospital-acquired infections and their susceptibility to QACs-based

sanitizers and antibiotics. Authors found the qacG gene as one of

the most prevalent genes, present in 17.8% of the isolates, the results

were strongly correlated with reduced susceptibility to QACs-based

sanitizers. In our study, S. aureus and S. agnetis from FUDS + birds

did not exhibit resistance to QACs.

The analysis of virulence is an important step when evaluating

interventions to inhibit the causative agents of a disease. It is well-

established that staphylococci express a wide variety of virulence

factors that allow them to evade the immune response and increase

their infectivity (50). Staphylococci isolates screened in this study

harbored a number of virulence genes encoding for enzyme, immune

evasion, adherence, and toxins that could have an additive effect in

the development of FUDS. The geh and lip genes encoding for lipase

were themost prevalent enzyme-encoding genes identified, both were

found widely spread in Staphylococcus isolates screened in this study.

Lipases are important factors for colonization and persistence of

staphylococci strains in the skin and have a potential role in bacterial

growth by the release of host fatty acids during pathogenesis. Delekta

et al. (51) demonstrated that the inactivation of the geh gene reduced

the ability of S. aureus strains to utilize host LDLs as a source of

exogenous fatty acids, with a potential impact on pathogenesis (51).

The hysA gene encoding for hyaluronate lyase was another common

virulence factor identified, only present in S. aureus and S. agnetis.
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Hyaluronidases are bacterial enzymes that cleave the β-1,4 glycosidic

bond of hyaluronic acid, a natural substance abundant in the skin,

joints, and tissues. These virulence factors are associated with a rapid

pathogenic dissemination through tissues causing increased lesion

size during infection. Tissues with high concentrations of hyaluronic

acid have often been found infected with S. aureus (52). Ibberson et al.

(52) demonstrated a reduction in tissue damage of the lung of mice

when challenged using a S. aureus hysA mutant strain, emphasizing

the role of hysA in S. aureus bacterial infection. In our study, the hysA

gene was widely spread among S. aureus and S. agnetis isolates from

FUDS + birds, suggesting a potential role in their dissemination,

pathogenicity, and developing of FUDS.

Staphylococci harbors cell wall proteins involved in adhesion

together with tissue and immune defense evasion (50). Cell wall

proteins interact directly or indirectly with host receptors to initiate

attachment to epithelial cells. This interaction between pathogen

and host cells has been found to be species and strain dependent

(53). The S. aureus protein A encoded by the spA gene has been

commonly associated with immune response evasion. In our study,

it was found in 3 S. aureus isolates (2 from FUDS environmental

samples and 1 from FUDS + skin sample). Other proteins, such as

the fnbB, encoding for fibronectin binding proteins and cna encoding

for collagen adhesin were found only in S. agnetis isolates (n = 13).

Poulsen et al. (41) analyzed the genomes of three S. agnetis isolates

from birds with valvular endocarditis and identified the fnbB gene

together with other six virulence factors associated with fibronectin

binding proteins. The presence of these genes highlights a potential

role in cell adhesion, diffusion, and invasion of host tissues. The

production of toxins is another important factor that contributes to

pathogenesis by the disruption of eukaryotic membranes, interfering

with receptors and causing cell lysis (50). S. aureus and S. agnetis in

this study, harbored genes encoding for exotoxin (set genes), alpha

and beta-porin forming toxins, and exfoliative toxin type A. These

toxins have been implicated in the development of Staphylococcus-

induced dermatoses, such as acantholytic dermatitis in humans (10),

and gangrenous dermatitis in poultry (31). Our results concur with

those observed by Al-Rubaye et al. (40) who identified S. agnetis

as a causative agent of lameness in chickens, and the authors

also identified a repertoire of virulence determinants including

exfoliative toxin A, fibronectin-binding proteins, and several others

associated with adherence, toxin biosynthesis, host immune evasion,

and secretion systems. Our findings suggest that the development of

FUDS occur as a result of a combination of “inside-out” mechanisms

by which both staphylococci translocate across the host tissues using

the cooperative virulence factors they express and proliferate in the

skin developing typical FUDS lesions. Exposed lesions are a source of

cross-contamination to other animals and the environment.

Once pathogens were identified and fully characterized the

next step was the development of a customized DFM product

to inhibit/reduce their growth. The developed product was based

on the use of proprietary novel direct fed microbials. DFM’s can

be a natural alternative to the subtherapeutic use of antibiotics

in animal production. There is an increased interest in their use

to reduce the spread of antimicrobial resistance while supporting

an improved production efficiency. In this study, four proprietary

Bacillus combinations were developed based on previous antagonistic

screening against multiple pathogens including Staphylococcus spp.

The antimicrobial effect of the combinations was determined based

on the overall reduction of S. aureus and S. agnetis isolates by agar

well diffusion and competitive exclusion antimicrobial screenings.

DFM combo 1, a combination of two Bacillus pumilus, was found

the most effective at inhibiting the growth of both staphylococci

isolated from the skin of diseased birds as compared to the other

combinations tested. As observed in other studies, there was a strong

association between Bacillus species and antagonistic effect, with

highest inhibitions achieved with the Bacillus pumilus combination

in DFM combo 1, followed by combo 2 containing two B. pumilus, a

B. amyloliquifaciens, and a B. subtilis strain.

Bacilli are endospore-forming bacteria widely used in DFM

preparations due to their ability to survive high temperatures,

acidic environments, and desiccation, thus increasing their viability

during manufacturing and pelleting processes and enhancing their

stability in the host’ GIT (54, 55). They are known to promote

gut health by the production of enzymes, antimicrobial peptides,

and other metabolites that inhibit/reduce the growth of bacterial

pathogens (56). In our study, the B. pumilus combination exerted

the improved inhibitions with zones of inhibition ranging between

20–22mm, and 22–25mm, for S. aureus and S. agnetis strains,

respectively. These inhibitions were higher than those observed

by Ouoba and others (57) who reported that, in an agar spot

diffusion assay, B. pumilus strains B6 and B10 inhibited indicator

S. aureus isolates with zones of inhibition <3mm, 24 h after

incubation (57).

Similar to other Bacilli, B. pumilus produce antimicrobial

peptides such as bacteriocins and other compounds including

amicoumacins with antimicrobial, antifungal, and anti-inflammatory

properties (58). Aunpad and Bangchang (59) reported the

enhanced antimicrobial effect of the bacteriocin pumilicin 4,

against methicillin-resistant S. aureus (MRSA). In 2012, Hashimoto

and others (60) reported a strong anti-MRSA effect by derivatives

of amicoumacins A and B with minimum inhibitory concentrations

(MICs) between 0.6 and 256 ug/ml allowing no visible growth

of MRSA. In our study, the co-culture of B. pumilus combo 1

with Staphylococcus aureus and Staphylococcus agnetis allowed for

reductions between 0.34–0.96 log10 CFU/ml, and 0.37–0.63 log10
CFU/ml, respectively, after 24 h of co-inoculation. It is important to

highlight that the concentrations of the Bacillus pumilus tested were

found at 108CFU/ml, 24 h after co-inoculation.

The control of pathogens is one of the major interests for the

poultry industry from an economic and public health point of view.

The Bacillus DFM supplementation of layer hen diets has shown

improved laying production by enhancing gut health, increasing

intestinal fermentation and mineral assimilation, and improving

the overall daily feed intake (14, 61, 62). The exact mechanism by

which Bacillus DFM supplementation inhibits pathogens is not well-

understood; the direct inhibition by the production of antimicrobial

metabolites or competitive exclusion have been suggested as the main

modes of action, other mechanisms such as the enhancement of

the intestinal mucosal layer to avoid microbial diffusion across the

membrane has also been suggested (14). The targeted B. pumilus

combination developed for this study, inhibited both pathogens in

vitro and is being used at different farms with history of FUDS with

successful results at: (1) inhibiting the synergistic effect of S. agnetis

and S. aureus, (2) decreasing FUDS mortalities, and (3) improving

harvestable eggs (data not shown). Further analysis will be performed

to determine the effect of the Bacillus DFM supplementation on a

potential shift of the microbial population of laying hens at farms

previously afflicted with FUDS.
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Conclusion

Staphylococcus aureus and Staphylococcus agnetis were identified

as the causative agents of FUDS in laying hens. Both pathogens

were found as statistically significant bacterial species only

present in the skin of FUDS + birds, this result was confirmed

by plating with both staphylococci as the only pathogens

isolated from the skin. Both S. aureus and S. agnetis had a high

number of virulence factors associated with adherence, toxin

production, and immune evasion that could have contribute to

their pathogenesis and the development of FUDS. The customized

Bacillus pumilus product developed in this study was found

successful at inhibiting both pathogens in vitro and is currently

being fed at poultry facilities with chickens afflicted with FUDS

with improved results at reducing mortality and enhanced

egg production.
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Dietary yucca extract and
Clostridium butyricum promote
growth performance of weaned
rabbits by improving nutrient
digestibility, intestinal
development, and microbial
composition

Yuyan Wang1, Yan Zhang1, Hongjie Ren1, Zubo Fan1, Xu Yang2,

Cong Zhang2 and Yibao Jiang1*

1College of Animal Science and Technology, Henan Agricultural University, Zhengzhou, Henan, China,
2College of Veterinary Medicine, Henan Agricultural University, Zhengzhou, Henan, China

Yucca has abundant amounts of polyphenolics, steroidal saponins, and resveratrol

and its extract can be used as a feed additive in the animal husbandry, which might

contribute to the improvement in the growth and productivity in rabbit production.

Hence, the current study aimed to examine the e�ects of yucca extract alone and

in combination with Clostridium butyricum (C. butyricum) on growth performance,

nutrient digestibility, muscle quality, and intestinal development of weaned rabbits.

A total of 400 40-day-old male rabbits were randomly divided into 4 treatment

groups for 40 days: (1) basal diet group, (2) basal diet contained 300 mg/kg of

yucca extract, (3) basal diet supplemented with 0.4 × 1010 colony-forming units

(CFU)/kg of C. butyricum, and (4) the blend of 0.4 × 1010/kg CFU of C. butyricum

and 300 mg/kg of yucca extract. The supplementation of yucca extract or C.

butyricum increased bodyweight (BW) of rabbits depending on the age, the combined

addition of yucca extract and C. butyricum significantly increased BW, weight gain,

and feed intake, companying with increased the digestibility of crud protein, fiber,

phosphorous, and calcium as compared to control diet (P < 0.05). Furthermore,

yucca extract andC. butyricum treatment alone and in combination notably increased

the villus high and the ratio of villus high to crypt depth of rabbits (P < 0.05). The

combined supplementation of yucca extract and C. butyricum altered the intestinal

microbiota of rabbits, as demonstrated by increased the abundance of beneficial

bacteria Ruminococcaceae and decreased the proportion of pathogenic bacteria

such as Pseudomonadaceae and S24-7. In addition, the rabbits fed the diet with yucca

extract and the blend of yucca extract and C. butyricum had significantly increased

pH45min, decreased pressing loss, drip loss, and shears force when compared with

rabbits received control diet (P < 0.05). Diet with C. butyricum or its mixture with

yucca extract increased the fat content ofmeat, while the combined addition of yucca

extract and C. butyricum declined the content of fiber in meat (P < 0.05). Collectively,

the combined use of yucca extract and C. butyricum showed better results on growth

performance and meat quality, which might be closely associated with the improved

intestinal development and cecal microflora of the rabbits.

KEYWORDS

yucca extract, Clostridium butyricum, growth performance, meat quality, rabbit
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1. Introduction

The transformation of weaned rabbits from breast milk to solid

feed will cause many physiological and environmental stresses, which

could lead to the prevalence and spread of enteric pathogens such as

Escherichia coli and coccidia, and finally bring huge economic losses

to animal husbandry due to negatively affect the growth performance

and feed efficiency, as well as impair the animal welfare of rabbits.

Considering the banned use of antibiotic growth promoters, mainly

because of the emergence of bacteria resistant to multiple types of

antibiotics, the development of antibiotic substitute and alternative

feed additives to promote intestinal health, protect the stability of

gastrointestinal microorganisms, and improve growth performance

is urgent to the producers.

Emerging evidence have showed that plants and their

extracts exert positive roles in animal growth, immunity, and

maintaining animal health (1). The yucca extract contains saponins,

polysaccharides, polyphenols, and other active substances (2),

and is generally recognized as a safe feed additive. Studies have

confirmed that yuca extract can enhance antioxidant function

and immunity, maintain intestinal health, and improve animal

growth performance in laying hens (3) and broilers (4). In addition,

a diet with yucca extract can improve feed nutrient utilization,

gut microflora, and intestinal barrier function of weaned piglets

(5, 6). Dietary yucca extract was also found to promote female

rabbit growth and fecundity through affecting the release of

hormones and reducing ovarian resistance to benzene (7, 8).

Of note, the performance of livestock is closely related to gut

microbial load, the intestinal barrier, and the activity of the immune

system, which could be regulated by probiotics (9). Clostridium

butyricum (C. butyricum), a obligate anaerobic gram-positive

probiotics that produces butyric acid (10), is considered to be

one of the beneficial bacteria that widely colonized in animal

intestines, and is proved to promote growth, strength immune

system, and regulate intestinal microbial composition in weaned

piglets (11), goats (12), and Peking ducks (13). These above

evidence imply supplementation with yucca extract and/or C.

butyricum probably improve the growth performance and health

of rabbits.

Although single probiotic bacteria or plant extract have

been widely applied in animal production, the application of

combinational yucca extract and C. butyricum in the rabbit

industry is rarely reported. The combined supplementation of

probiotics and plant extract could be superior to them individual

utilization as different species of probiotics or extract may promote

animal health and production performance through different effects

on gut microbial composition and cooperative action between

different bacterial species and botanical extracts (14). However,

some antagonism roles might be possible regarding the use of

probiotics and plant extracts. In this context, diets with yucca

extract alone or supplementation of clostridium butyric acid, are

being practiced in the pigs (6, 11), poultry (3, 4), and ruminant

animal research (12). The aim of this study, therefore, was to

evaluate whether yucca extract and C. butyricum addition in

rabbit feed improves growth, nutrient digestibility, meat quality,

and intestinal microflora, which may provide some guidelines

for the development of antibiotics alternative feed additives in

rabbit production.

2. Materials and methods

2.1. Ethical statement

All experimental protocols were approved by the Animal Care

and Use Committee of Henan Agricultural University and the

animals were maintained in accordance with office guidelines for the

care and use of laboratory animals (approval number: HN20210806).

2.2. Yucca extract and bacterial strain

Yucca schidigera extract with an active ingredient content of

60% was purchased from Xi’an Lutian Biotechnology Co., Ltd.

(Xi’an, China). The C. butyricum was provided by Hubei Greensnow

Biological Biotechnology Co., Ltd. (Wuhan, China) and the bacterial

concentration reached 1× 1010 colony-forming units (CFU)/g.

2.3. Animals, experimental design, and diets

To rule out the effects of gender, the just male rabbits from New

Zealand White line (Henan, Jiyuan, China) were used in the present

study. The animals were individually housed in metal cages (0.4 ×

0.6 × 0.45m) in a climate-controlled facility. The temperature in

the room was 15–20◦C with relative humidity was 55–65% based

on normal management practices. The light schedule was 16-h light

and 8-h dark throughout the experiment. The rabbits (40 days of

age) with mean 1.05 ± 0.02 kg body weight (BW) were randomly

into 4 treatment groups with 5 replicates of 20 rabbit each group,

i.e., (1) basal diet group (Ctrl), which was formulated according to

NRC (1977) rabbit feeding standard and shown in Table 1, (2) the

basal diet supplemented with 400mg C. butyricum per kg diet (0.4

× 1010) CFU/kg diet of C. butyricum, (3) the basal diet with 300mg

yucca schidigera extract per kg diet (YSE), and (4) the basal diet

supplemented with both 400mg C. butyricum and 300mg yucca

schidigera extract per kg diet (C. butyricum + YSE). The dosage of

additives in this study were based on previous studies (15, 16). The

rabbits were fed at 07:00 and 18:00 every day to ensure free access to

drinking water and feed from 40 to 80 days.

2.4. Growth performance

During the experiments, the feed intake and BW was recorded

every 10 days after 8-h feed withdrawal. The average daily gain

(ADG), average daily feed intake (ADFI), and feed to gain ratio (F:G)

were calculated by recording the feed intake of rabbits in each pen.

In addition, the number of rabbits with diarrhea in each replicate was

recorded to calculate the diarrhea rate as following:

Diarrhea rate=
Nubmer of rabbits with diarrhea duing the trial

Nubmer of test rabbits×Number of text days
×100
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TABLE 1 Composition and nutrient analysis of experimental diet (as-fed

basis).

Ingredients, % Calculated
analysis nutrient
levels, %

Corn 17.0 Digestible energy

(MJ/kg)

10.42

Bran 14.0 Crud protein 14.54

Soybean meal 16.0 Crud fiber 16.85

Alfalfa hay 4.0 Neutral detergent fiber 47.04

Peanut seedling 22.0 Acid detergent fiber 24.78

Peanut shells 9.0 Ether extract 5

Corn germ meal 15.0 Ash 9.81

Sodium chloride 0.5 Calcium 1.24

Calcium hydrogen

phosphate

0.40 Total phosphorus 0.64

Stone powder 1.10

Premixa 1

Total 100

aPremix is provided per kilogram of diet: 6,800 IU vitamin A; 1,200 IU vitamin D3 ; 9mg

vitamin E; 1.4mg vitamin K; 0.5mg vitamin B1; 1.75mg vitamin B2 ; 18mg niacin; 0.45mg

folic acid; 2.5mg pantothenic acid; 0.09mg biotin; 70mg iron; 20mg copper; 70mg zinc; 10mg

manganese; 0.15mg cobalt; 0.2mg iodine; 0.25mg selenium.

2.5. Determination of nutrient apparent
digestibility

Five days before the end of the experiment, 3 rabbits from

each replicate were randomly selected for digestion test. After a

3-day adaptation period, excreta from each cage were collected

daily for the next 72 h. After each collection of feces, 10%

hydrochloric acid was added to excreta nitrogen and stored

at −20◦C. After dry at 60◦C for 72 h and ground to a size

that could pass through a 1-mm screen, the feed and fecal

samples were analyzed for dry matter (DM), ether extract (EE),

crude protein (CP), neutral detergent fiber (NDF), acid detergent

fiber (ADF), crude ash, calcium (Ca), and phosphorus (P), and

then their apparent digestibility were determined as previous

description (17).

2.6. Sample collection

On days 80, five similar BW rabbits from each treatment

group were selected and sampled. After sacrification,

the longissimus thoracis (LT) muscle from the left side

of each carcass was used for the measurement of meat

characteristics and composition. The middle segments

of duodenum, jejunum, and ileum were stored in 4%

paraformaldehyde for morphological analysis. Digesta samples

of cecum were collected and stored in liquid N2 for 16S

rDNA sequencing.

2.7. Muscle quality and nutrient composition

The meat characteristics included pH, water holding capacity

(WHC) expressed as pressing loss (%), drip loss (%) and cooking

loss rate (%), and tenderness, as well as the nutrient composition

including CP, ether extract, and crude ash were analyzed based on

the standard methods (18).

The pH45min and pH24h values were measured twice on LT at

45min and 24 h postmortem, respectively, using a TESTO 205 pH

acidity tester (Mettler-Toledo International Inc., USA) equipped with

an insertion glass electrode. The pH meter was calibrated before

measurements using standard phosphate buffers (pH = 4.01 and

7.00) and adjusted to the actual temperature of sample measurement

following the instrumental user’s manual.

The filter-paper press method was used to measure pressing loss.

Cored LT samples, 2.523 cm in diameter and 1.0 cm in thickness,

were collected and weighed (W1). Subsequently, the meat sample

was placed on the pressure gauge platform and pressed to 35 kg (the

range of the pressure gauge is about 138 kg) for 5min. Samples were

reweighed (W2) and pressing loss (%) was calculated according to the

following equation: (W1–W2)/W1× 100%.

Two pieces of about 5 g dorsal muscle were cut into 5mm× 5 cm

strips and weight (W3). Then themeat samples were placed in a water

drop loss measuring tube avoiding sticking to the wall. After 24 h of

the refrigerator at 4◦C, these samples were removed, dried the surface

moisture ofmuscle with filter paper, and weighed (W4), and the water

drop loss (%) was calculated according to the following equation:

(W3–W4)/W3× 100%.

About 100 g of LT was subsampled by cutting 5× 3× 2 cm cubes

devoid of fat and connective tissue and weighted (W5). Each cube was

cooked in a water bath at 80◦C until an internal temperature of 70◦C

was reached. Subsequently, the cooked samples were then cooled at

4◦C for 2 h and reweighed (W6). The cooking loss (%) was calculated

according to the following equation: (W5–W6)/W5× 100%.

Tenderness was measured through the shears to force values

and expressed in Newton (N) (19). Meat sample was putted

into a constant temperature water bath at 80◦C until the

core temperature of the muscle reached 70◦C, subsequently

cooled at 4◦C for overnight. About 6 to 8 1.27-cm-dia

cylindrical cores parallel to the muscle fiber orientation were

removed from each meat. The peak shear force measurement

was obtained for 3–5 core each sample using a Warner-

Bratzler meat shear machine (C-LM3B, Tenovo, Beijing,

China) and the arithmetic mean was calculated for each

meat sample.

2.8. Morphological analysis of small intestine

The fixed segments of duodenum, jejunum, and ileum were

dehydrated, embedded, sliced into 5-µm transects, and stained

with hematoxylin and eosin (H&E), and subsequently villus height

(VH) and crypt depth (CD) of at least ten well-oriented villi,

were measured and the ratio of villus height to crypt depth (V/C)

was calculated. The histomorphometry data were taken using a

microscope (Nikon Eclipse TS100; Nikon Corporation) and an image

analyzer (Media Cybernetics Image Pro-Plus) at a magnification

of 400×.
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2.9. Gut microbiome analysis

The caecal content was mixed with lysis buffer which was

composed of 40mM ethylene diamine tetraacetic acid, 50mM Tris

pH 8.3, and 0.75M sucrose, and then submitted to smooth shaking

for 30min. 200 µl of supernatant were used for the DNA extraction

with the QIAamp DNA Stool kit (QIAGEN, Hilden, Germany).

The quantity and quality of DNA was detected by using the

Nanodrop ND-2000 spectrophotometer (Thermo Fisher Scientific,

USA) and 1% agarose gel electrophoresis, respectively. The fusion

primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-

GGACTACHVGGGTATCTAAT-3′) were used to amplify the V3–

V4 hypervariable region of the 16S rRNA gene using 200 ng DNA

based on the 2-step PCR protocol. Sequencing library was prepared,

and high-throughput sequencing was performed using the Illumina

platform (Illumina, San Diego, US). Initial screening was conducted

for the original off-machine data of high-throughput sequencing

according to the sequence quality, and the problem samples were

retested. Then the primer fragments of the sequence were removed,

and the sequences of unmatched primers were discarded, and the

steps of quality control, denoising, splicing and chimerism removal

were carried out according to DADA2 analysis process in QIIME

software (20). The alpha diversity was evaluated by calculating Chao1

estimator, Simpson, and Shannon diversity index. Beta-diversity was

estimated by calculating the distance of dietary treatments to Ctrl

group based on Bray-Curtis dissimilarities. Differentially enriched

Kyoto Encyclopedia of Genes and Genomes (KEGG) functional

pathways were also calculated.

2.10. Statistical analysis

In this study, the statistical power of 0.75 (75%) was obtained

when the minimally detectable effect size was 1.0 and the significance

level was 0.05. The data obtained were analyzed by the Shapiro-

Wilk and Levene’s test to assess normal distribution and homogeneity

of variances (SPSS 26.0). One-way analysis of variance (ANOVA)

by Duncan test for multiple comparisons and Kruskal-Wallis test

TABLE 2 E�ects of yucca extract (YSE) and C. butyricum on growth performance and diarrhea rate of rabbits.

Item Ctrl YSE C. butyricum C. butyricum +
YSE

P-value

Body weight, kg/rabbit

40 days 1.05± 0.02 1.05± 0.02 1.05± 0.03 1.05± 0.01 0.992

50 days 1.32± 0.16b 1.45± 0.03a 1.41± 0.03ab 1.39± 0.06ab 0.176

60 days 1.83± 0.01b 1.96± 0.03a 1.93± 0.02a 1.93± 0.09a 0.003

70 days 2.31± 0.10b 2.39± 0.06ab 2.36± 0.05ab 2.45± 0.05a 0.038

80 days 2.79± 0.07b 2.90± 0.08ab 2.85± 0.11ab 2.96± 0.07a 0.031

Average daily gain, g/rabbit

40–50 days 31.60± 7.40b 39.14± 3.25a 35.98± 4.06ab 34.53± 6.00ab 0.214

51–60 days 39.28± 7.88b 46.15± 6.11ab 47.76± 4.35ab 50.43± 5.82a 0.063

61–70 days 33.91± 5.39b 36.15± 1.45ab 39.27± 7.71ab 43.07± 6.16a 0.1

71–80 days 44.49± 3.82 44.90± 6.57 41.86± 4.97 46.15± 3.10 0.562

40–80 days 37.32± 2.86b 41.58± 2.40a 41.21± 3.31ab 43.54± 3.05a 0.027

Average daily feed intake, g/rabbit

40–50 days 110.71± 7.09b 116.91± 4.82ab 122.29± 5.35a 117.61± 3.52ab 0.028

51–60 days 177.18± 4.24b 176.99± 8.78b 196.19± 6.90a 186.09± 7.00b 0.001

61–70 days 187.59± 26.94 207.40± 10.35 214.37± 27.57 219.32± 21.25 0.17

71–80 days 207.50± 29.21 199.58± 26.65 200.98± 10.25 219.02± 10.72 0.471

40–80 days 170.75± 10.26b 175.22± 10.73ab 183.46± 8.46ab 185.51± 6.16a 0.066

Fend intake/Gain, g/g

40–50 days 3.67± 0.92 3.00± 0.15 3.42± 0.27 3.48± 0.56 0.307

51–60 days 4.62± 0.70a 3.88± 0.43b 4.13± 0.34ab 3.72± 0.35b 0.045

61–70 days 5.44± 0.68 5.74± 0.12 5.52± 0.42 5.12± 0.34 0.214

71–80 days 5.59± 0.59 5.47± 1.37 5.84± 0.84 5.70± 0.17 0.918

40–80 days 4.83± 0.41 4.52± 0.28 4.73± 0.27 4.51± 0.19 0.267

Diarrhea rate, %

40–80 days 2.73± 1.31a 1.25± 0.33b 1.70± 1.28ab 1.55± 0.71ab 0.146

Means within a row with different superscripts are significantly different (n= 100; P < 0.05).
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FIGURE 1

(A) Body weight of Ctrl. (B) Body weight of YSE. (C) Body weight of C. butyricum. (D) Body weight of YSE+C. butyricum. Body weight of rabbits at di�erent

days in response to dietary treatments with and logistic model: BW = a/(1 – b × EXP(–k*day)), in which a is the asymptotic value of modeled trait, b is a

constant of integration without biological interpretation, k is the maturity rate. The age of maximal growth rate is on lnb/k day.

followed byDunn’s multiple comparisons were performed for normal

distribution and non-normal distribution, respectively. Values are

given as mean ± standard deviation. P < 0.05 was considered

statistically significant.

For the determination of the growth curves of BW of rabbits,

three non-linear regression model (von Bertalanffy, logistic, and

Gompertz) were assessed based on the coefficient of determination

(R²) using the non-linear models (PROCNLIN) of SAS by the Gauss-

Newton algorithm (data not shown). The logistic model was finally

selected as the optimized model for BW as the equation: BW = a/(1

– b × EXP(–k∗day)), a is the asymptotic value of modeled trait, b is

a constant of integration without biological interpretation, k is the

maturity rate. The age of maximal growth rate is on lnb/k day.

3. Results

3.1. Growth performance

The effects on the growth performance are showed in Table 2,

when compared with Ctrl group, dietary YSE inclusion increased

the BW of rabbits on days 50, and C. butyricum or YSE treatment

significantly increased the BW of rabbits on 60 days (both P <

0.05). Of note, diet with C. butyricum and YSE induced a remarkably

increase in BW than the Ctrl diet on days 70 and 80 (P < 0.05),

which was consistent with the ADG results (P < 0.05). Furthermore,

based on these growth curve showed in Figures 1A–D, the ages

of maximal growth rate of YSE, C. butyricum, and YSE + C.

butyricum were earlier than those in Ctrl group, i.e., the age of

maximal growth rate was 74.36, 65.50, 65.51, and 70.28 days in Ctrl,

YSE, C. butyricum, and YSE + C. butyricum groups, respectively.

Regarding feed consumption, the rabbits fed C. butyricum or YSE

diet presented a significant increase in ADFI during 40–50 and 51–

60 days as compared to those received Ctrl diet. The combined

supplementation of C. butyricum and YSE significantly increased

the ADFI during the whole study period (40–80 days). Except the

decreased ration of feed to gain in YSE and C. butyricum + YSE

group, the dietary administration not significantly changed the F/G

when compared to Ctrl group. In addition, dietary supplemented

with YSE, C. butyricum, or their blend could decrease the diarrhea

rate to varying degrees when compared to Ctrl diet.

3.2. Nutrient apparent digestibility

As illustrated in Table 3, diets with YSE, C. butyricum, or their

compound notably increased the digestibility of CP, ADF, and Ca as

compared to Ctrl diet (both P < 0.05). Supplementation of the blend

of YSE and C. butyricum also significantly elevated the digestibility
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TABLE 3 E�ects of yucca extract (YSE) and C. butyricum on nutrient apparent digestibility of rabbits.

Item, % Ctrl YSE C. butyricum C. butyricum + YSE P-value

Ether extract 76.78± 6.21 79.32± 8.39 77.82± 9.66 81.19± 12.25 0.943

Crude protein 68.12± 1.50c 69.91± 0.78b 71.86± 0.19a 71.13± 0.41ab 0.004

Neutral detergent fiber 32.98± 1.40b 34.17± 1.33ab 34.81± 0.52ab 35.32± 0.35a 0.097

Acid detergent fiber 23.19± 1.20b 27.39± 1.17a 28.16± 2.23a 27.22± 1.30a 0.016

Ash 42.59± 0.35ab 41.75± 1.27b 42.91± 3.42ab 45.72± 0.81a 0.132

Calcium 58.00± 5.41b 64.56± 2.58a 67.69± 2.62a 65.85± 2.11a 0.039

Phosphorus 27.42± 1.02b 31.13± 2.10b 33.13± 2.46ab 37.47± 4.86a 0.019

Means within a row with different superscripts are significantly different (n= 5; P < 0.05).

FIGURE 2

Dietary yucca extract (YSE) and C. butyricum promote the development of small intestine in rabbits. (A) Crypt depth and (B) villus height of duodenum,

jejunum, and ileum were measured, and (C) the ratio of villi height to crypt depth were calculated based on hematoxylin/eosin (H&E) staining. Scale bar =

100µm. Values are means and standard deviation (SD) represented by vertical bars. a,bMean values with di�erent letters are significantly di�erent (n = 5; P

< 0.05).

of NDF and P (P < 0.05). There was no significant difference in the

digestibility of EE among all groups (Table 3).

3.3. Small intestinal morphology

The diet with YSE or C. butyricum reduced duodenal CD,

while it did not apparent change the CD of jejunum and ileum

(Figure 2A). Dietary supplementation of both YSE and C.butyricum

could decrease the intestinal CD when compared to Ctrl diet. Rabbits

fed C. butyricum or YSE had a higher VH and VH/CD of duodenum,

jejunum, and ileum than the those fed the Ctrl diet. In particular,

the combined supplementation of YSE and C. butyricum contributed

higher villus and VH/CD than single YSE or C. butyricum group

(Figures 2B, C).

3.4. Muscle quality and nutrient composition

The effects of YSE and C. butyricum on muscle quality and

nutritional composition of LT are shown in Table 4. The rabbits in the

YSE- and YSE+C. butyricum-supplemented groups had significantly

increased pH45min compared with rabbits in the Ctrl group (P <

0.05). The dietary YSE and C. butyricum supplementation improved

the WHC of LT, evidenced by decreased pressing loss and drip loss in

YSE, C. butyricum, and YSE + C. butyricum as compared with that

in the Ctrl group. In addition, the meat shears force of C. butyricum,

and YSE + C. butyricum groups was significantly lower than that of

the Ctrl group (P= 0.033). In terms of nutrient composition of meat,

diet withC. butyricum or the blend of YSE andC. butyricum increased

the EE content of LT, whereas the dietary treatments did not change

the content of moisture, CP, and ash in meat when compared with the

Ctrl diet (P < 0.05, Table 4).
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TABLE 4 E�ects of yucca extract (YSE) and C. butyricum on meat quality of rabbits.

Item Ctrl YSE C. butyricum C. butyricum + YSE P-value

Meat quality traits

pH45min 6.05± 0.13b 6.67± 0.19a 6.28± 0.22b 6.66± 0.19a 0

pH24h 5.72± 0.15 5.71± 0.14 5.68± 0.17 5.74± 0.04 0.9

Pressing loss, % 29.87± 3.81a 20.89± 4.63b 24.37± 5.90ab 20.42± 4.51b 0.023

Drip loss, % 4.01± 0.38a 1.72± 0.12c 2.82± 0.24b 1.43± 0.54c 0

Cooking loss, % 27.21± 1.47 25.19± 4.41 26.56± 3.03 24.97± 4.13 0.697

Shear force value, N 41.54± 4.00a 37.78± 2.86ab 35.40± 4.06b 34.33± 3.72b 0.033

Meat composition, %

Moisture 74.49± 0.86 75.19± 1.12 74.60± 0.98 74.76± 0.45 0.633

Ether extract 4.19± 1.10b 5.18± 0.82b 6.78± 0.86a 6.60± 0.69a 0.001

Crude protein 83.24± 1.85 84.05± 1.56 83.62± 1.21 84.08± 1.37 0.793

Ash 4.83± 0.25 5.02± 0.17 4.84± 0.30 4.68± 0.29 0.255

Means within a row with different superscripts are significantly different (n= 5; P < 0.05).

3.5. Microbiota structure in colonic contents

The microbiota in the colonic content is presented in Figure 3.

The dietary interferes did not change the alpha diversity, showed by

similar Chao1, Simpson, and Shannon indexes (Figures 3A–C; P >

0.05). The administration of YSE combined C. butyricum induced

an apparent difference in microbiota composition of the colonic

contents in rabbits (Figure 3D), which mainly comprised Firmicutes,

Bacteroidetes, Proteobacteria, and Tenericutes at the phylum level

(Figure 3E). At the family level, Ruminococcaceae was the dominant

species in the cecal flora of rabbits, with 37.94% abundance in the

Ctrl group, 43.11% abundance in the C. butyricum group, 41.97%

abundance in YSE group and 45.05% abundance in the combined

treatment group (Figures 3F, G). Dietary supplementation with YSE

and C. butyricum increased the abundance of beneficial bacteria

Ruminococcaceae and decreased the proportion of pathogenic

bacteria Pseudomonadaceae and S24-7 (Figures 3G–I). In addition, as

illustrated in Figure 4, the metabolic pathways were predicted using

KEGG according to the known microbial genome data, and these

results showed that dietary YSE or/and C. butyricum mainly affected

biosynthesis including amino acid, nucleoside, and fatty acid, etc.

4. Discussion

The physiological and environmental stress of rabbits due

to weaning usually occur during the initial postweaning period,

which is frequently characterized by transient anorexia, gut

microbiota dysbiosis, severe intestinal damage, infections,

and diarrhea, compromising the disease resistance of juvenile

rabbit (21). Reasonable nutritional regulation means are very

important for the normal growth of weaned rabbits on this.

In this study, dietary supplementation with the blend of

yucca extracts and C. butyricum had a positive role in growth

performance, digestive ability, and meat quality of rabbits, which

might involve in the improved intestinal development and

intestinal microbiota.

Yucca is rich in polyphenols, steroidal saponins and resveratrol,

which was often used in food, cosmetics, pharmaceutical and animal

feed as a solution or powder due to its properties of antioxidant,

anti-inflammatory, antiviral, lowering cholesterol (22). The addition

of yucca extract to feed can promote the growth performance of

rabbits (7) and broilers (4, 23). Additionally, the butyrate produced

by C. butyricum is essential for the proper functioning of gut.

Treatment with C. butyricum could promote growth and regulate

intestinal microbial composition in weaned piglets (11), goats (12),

and ducks (13). Diet with C. butyricum was proved to improve

intestinal morphology, gut microbiota, and growth performance of

rabbits (24). Consistent with previous findings, the outcomes of

performance indicated that the ages of maximal growth rate of YSE,

C. butyricum, and YSE+ C. butyricum were earlier than those in Ctrl

group. Diet with C. butyricum or yucca extract increased the BW of

rabbits depending on the age, while the combined supplementation of

C. butyricum and yucca extract in feed significantly increased the BW

andADFI during 40–80 days in the present study, which suggests that

dietary supplementation of yucca extract has synergetic effect with C.

butyricum and enhanced the growth performance of rabbits.

Improving nutrient apparent digestibility might be a key reason

to explain these positive roles of dietary combined supplementation

yucca extract and C. butyricum in growth performance of rabbits,

evidenced by the increased digestibility of CP, ADF, NDF, P, and

Ca in YSE + C. butyricum group. Of note, the direct action of

the combined supplementation yucca extract and C. butyricum

on digestive physiology, regulation of the intestinal development,

and remodeling gut microbiota might be closely associated with

the improved digestibility of rabbits. It was reported that steroidal

saponins in yucca extract could increase the activity of digestive

enzymes and have a positive promoting effect on digestive tract (25).

Polyphenols existing yucca extract was found to increase the attention

of nutrition in the digestive tract due to their multiple bioactive

properties (26). Therefore, dietary yucca extract addition increased

the digestibility of fat and DM of sows during late gestation and

lactation (27), as well as improved feed conversion, protein efficiency,

and energy efficiency of broilers (28). In addition, C. butyricum

is also pointed to increase the activity of digestive enzymes, and
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FIGURE 3

Dietary yucca extract (YSE) and C. butyricum on caecal microbiome of rabbits. (A–C) Chao1, Simpson, and Shannon indexes were used to assess alpha

diversity, (D) the distance to Ctrl group of caecum microbiome diversity at species level based on Bray-Curtis dissimilarities; the relative abundances of

bacterial communities at (E) phylum level and (F) family level, including (G) Ruminococcaceae, (H) Pseudomonadaceae, and (I) S24-7. Values are means

and standard deviation (SD) represented by vertical bars. a,bMean values with di�erent letters are significantly di�erent (n = 5; P < 0.05).

ultimately improving the digestion and absorption of nutrients (29),

which might contribute to the feed consumption of rabbits during

40–60 days.

Promotion of intestinal development might be another likely

explanation for the elevation in nutrient apparent digestibility in the

current study. Although exerting immunologic function, intestinal

tract mainly involves in digestion and absorption of nutrition. The

length and thickness of villi directly affect the absorption area of

the intestinal tract, and then affect the absorption and utilization of

nutrients by animals (30). The longer intestinal villi and the shallower

crypt depth indicate the stronger absorption capacity of nutrients.

It was noticed that dietary yucca extract increased the villus height

and the ratio of villus height to crypt depth in ileum of weaned

piglets (6). Administration withC. butyricum as a probiotic in the diet

could increase the ratio of villus height to crypt depth of geese (31).

Analogously, in this study, the supplementation alone or combined

yucca extract and C. butyricum notably increased the villus height

and the ratio of villus height to crypt depth. It probably increases

the ability of intestinal digestion and absorption of nutrients and

improved the performance of rabbits.

Intestinal microbiota plays an important role in the development

of the immune system and the maintenance of the intestinal

barrier. Dysbiosis of intestinal flora can lead to the destruction of

the intestinal barrier and increase the susceptibility to pathogenic

microorganism (32). Dietary yucca extract and C. butyricum induced

significant changes in microbial composition as evidenced by a large

distance between YSE + C. butyricum and Ctrl groups in this study.

At the family level, S24-7, Ruminococcaceae, and Lachnospiraceae

were the most abundant in rabbits. S24-7 is negatively correlated

with BW and had long-term adverse effects on growth (33), and

plays important roles in amino acid metabolism and intestinal

mucosal immunity (34). The decreased relative abundance of S24-

7 implied the improved role of the addition of yucca extract

and C. butyricum to rabbit feed. The mechanism of antiprotozoal

effects of yucca extract is the formation of irreversible complex

between saponins and cholesterol (25). In addition, C. butyricum

Frontiers in Veterinary Science 08 frontiersin.org
284

https://doi.org/10.3389/fvets.2023.1088219
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Wang et al. 10.3389/fvets.2023.1088219

FIGURE 4

Functional predictions for the caecal microbiome based on Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.

also decreased the abundance of pathogenic bacteria and increased

the abundance of beneficial bacteria to regulate the composition

of intestinal flora (11). Previous data showed that C. butyricum

could promote the growth and reproduction of cellulolytic bacteria

and fungi in gut, improve cellulase activity and thus increase the

digestibility of cellulose and ADF in goats (35). In this study,

dietary supplementation with YSE and C. butyricum increased the

abundance of beneficial bacteria Ruminococcaceae and decreased

the proportion of pathogenic bacteria Pseudomonadaceae in gut

microbiota might be closely related to nutrient digestion in rabbits,
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especially NDF and ADF. Further studies are needed to confirm

the possibility.

Meat quality traits such as pH, color, WHC, and tenderness are

critical to consumers’ initial selection of rabbit meat as well as for

final product satisfaction. As a key indicator of the glycolysis rate of

muscle glycogen after slaughter, the pH of meat is gradually reduced

as the slaughtering time goes on, and too low pH value could cause

the meat to be rotten and soft. In this regard, increased pH45min

in YSE, C. butyricum, and YSE + C. butyricum diets indicated the

positive role of yucca extract and C. butyricum in meat quality

of rabbits. It is well-known that lower pH prompts muscle fiber

contraction, causing more drip loss (36), thus the increased pH

might explain why the enhancement in WHC of meat by the diet

contained yucca extract and C. butyricum in the current study,

evidenced by lower pressing loss and drip loss. Similarly, feeding the

diet with yucca extract could reduce the water loss rate of broiler

muscle (37). Dietary C. butyricum treatment was also found to

improve the pH45min of meat in 28-day-old Huanjiang Mini-Pigs

(38), and reduce drip loss of pectoral muscle in Peking ducks (13).

In addition, shear force is negatively correlated with the tenderness

of the muscle, which is affected by multiple factors including pH,

WHC, postmortem proteolysis, meat composition such as fat and

fiber (39, 40). In this study, diet with yucca extract and C. butyricum

increased the tenderness of meat in rabbits, which could attribute

to higher fat proportion. Of note, the failure of yucca extract to

increase muscle fat may be due to the inhibitory effect of saponins

on pancreatic lipase activity. Saponins can reduce the fat rate of

meat by inhibiting pancreatic lipase activity and delaying muscle

fat deposition (41). Taken together, the combined addition of yucca

extract and C. butyricum to feed could improve meat quality of TL

in rabbits.

5. Conclusions

In summary, using yucca extract and C. butyricum as feed

additives could increase nutrient digestibility and improve growth

performance, which is linked to the alteration in digestive physiology,

intestinal development, and gut microbiota. In addition, the

combination of yucca extract and C. butyricum in feed has a

synergistic effect on meat quality through increasing pH45min, WHC,

and tenderness, as well as increasing fat proportion of meat.
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Herein, Galla Chinensis tannin (GCT) was examined for its influence on preventing

lipopolysaccharide (LPS)-induced liver damage in broiler chickens. Approximately 486

one-day-old healthy broilers were randomly allocated to 3 treatment groups (control,

LPS, and LPS + GCT). The control and LPS groups were fed a basal diet and the

LPS+GCT group was fed the basal diet supplemented with 300 mg/kg GCT. LPS

was intraperitoneally injected (1 mg/kg body weight BW) in broilers in the LPS and

LPS+GCT groups at 17, 19, and 21 days of age. The results manifested that dietary

GCT addition attenuated LPS-induced deleterious e�ects on serum parameters and

significantly increased serum immunoglobulin and complement C3 concentrations

relative to the control and LPS groups. Dietary supplementation of GCT inhibited

LPS-induced increase in broiler hepatic inflammatory cytokines, caspases activities,

and TLR4/NF-κB pathway-related gene mRNA expression. Therefore, 300 mg/kg

GCT addition to the diet improved the immune function of broilers and inhibit liver

inflammation by blocking the TLR4/NF-κB pathway. Our findings provide support for

the application of GCT in poultry production.

KEYWORDS

Galla Chinensis, tannic acid, broiler, liver health, lipopolysaccharide

Introduction

The liver performs a multitude of functions, including immune activity, detoxification,

phagocytizing bacteria, and nutrient metabolism. Its health is pertinent and indispensable to

livestock production (1, 2). Contemporarily, in the poultry industry, intensive production has

resulted in their confinement to limited spaces, exacerbating the risk of microbial infection.

Substances absorbed from the gut are transported to the liver via the portal vein, making it

the first barrier against enteric pathogenic microorganisms and their by-products (3–5). Liver

inflammatory injury is a common clinical disease due to insensitive poultry production (6–8).

Tannins are naturally occurring polyphenolic compounds found in high concentrations in

pasture, shrub, grain, herbal, and fruit species (9, 10). Depending on the chemical structure,

tannins can be divided into hydrolyzable tannins (HT) and concentrated tannins (CT) (11).

Tannins have exerted positive effects on growth performance, gut morphology, and antioxidant
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activity in broilers under normal and stressful conditions in

previous studies (12–15). Galla Chinensis has long been used as a

traditional medicine in China, and its main bioactive component

is HT, gallotannins (16). Recently, 300 mg/kg Galla Chinensis

tannin (GCT) addition in the broiler diet was shown to improve

growth performance and immune functions (17). Moreover, Zhang

et al. (18) also showed that 250 and 500 mg/kg GC improved

growth performance and antioxidant capacity, along with protecting

gut health in AFB1-challenged broilers to an extent. Whether

supplementing GCT in the diet can alleviate liver injury under

inflammatory conditions in broiler chickens remains unknown.

As a by-product of microbes, lipopolysaccharide (LPS) is a

cell wall component of Gram-negative bacteria. LPS activates acute

immune responses and induces systemic dysfunction via generating

proinflammatory cytokines that can inhibit innate immune receptors

expressions and downregulate immunoglobulin synthesis (19). Upon

recognition of LPS by the liver immune system, cytokines are

generated, which in turn result in liver inflammation (20, 21). Huang

et al. (22) have indicated that intraperitoneal injection of LPS can

cause acute liver injury and alter hepatic structure and function by

regulating toll-like receptor 4 (TLR4) signaling and its downstream

molecules along with specific cytokines in broilers.

Therefore, this study aimed to investigate the effect of adding 300

mg/kg GCT in the diet on alleviating systemic and liver inflammatory

responses in broiler chickens challenged by LPS. Our findings provide

useful insights for the application of GCT in poultry production.

Materials and methods

Experimental design and management

A total of 486 1-day-old Arbor Acres (AA) broiler chickens

with uniform body weight (48.35 ± 0.41g) were chosen and

randomly allocated to 3 treatment groups, each of which included

6 replicates per treatment (27 chickens in each replicate), for a

21-day study. The three treatment groups were control (CON),

LPS, and LPS+GCT. Broilers in CON and LPS groups were fed a

basal diet and those in the LPS+GCT group were fed a basal diet

supplemented with 300 mg/kg GCT (17). The LPS (E. coli L2880;

Sigma-Aldrich, MO, USA) was intraperitoneally injected (1 mg/kg

body weight BW) in broilers in the LPS and LPS+GCT groups at

17, 19, and 21 days of age, while an equivalent amount of sterile

saline solution was injected in the CON group intraperitoneally

(23). The basal diet (Table 1) was formulated to provide nutrients

that met or exceeded the needs of the broilers as recommended

by the National Research Council (24). Microencapsulated GCT

products with a net 40% TA content were produced by Wufeng

Chicheng Biotechnology Co., Ltd., Yichang, Hubei, China. During

the experimental period, all chickens were raised in standard

chicken coops with free access to water and food. The test site

and chicken house were cleaned and sanitized daily, and normal

disinfection was conducted. The test house was well-ventilated and

maintained at the desired temperature. Strict anti-epidemic and

disinfection measures were implemented during the trial. On the

7th and 14th days of the experiment, the birds were vaccinated

with the Newcastle disease vaccine and infectious bursal disease

vaccine, respectively.

TABLE 1 Composition and nutrient contents of the basal diets (air-dried

basis).

Items Content

Ingredients, %

Corn 55.91

Soybean meal, 44% CP 13.78

Wheat bran 11.98

Corn starch residue 7.99

Corn gluten meal 3.99

Extruded soybean 1.50

Limestone 1.70

Calcium monophosphate 1.10

L-Lysine HCl 1.00

DL-Methionine 0.20

L-Threonine 0.10

Sodium chloride 0.40

Choline 0.10

Phytase 0.10

Complex enzyme 0.02

Trace mineral premix1 0.10

Vitamin premix2 0.02

Antioxidant 0.02

Total 100

Calculated analysis,%

Metabolizable energy MJ/kg 12.33

Crude protein 19.47

Crude fat 3.45

Calcium 0.94

Available phosphorus 0.35

Lysine 1.15

Methionine 0.50

1Provided per kilogram of the complete basal diets: 10mg of Cu as CuSO4 , 100mg of Fe as

FeSO4 , 1.1mg of I as Ca(IO3)2 , 65mg of Zn as ZnSO4 , 100mg of Mn as MnSO4 and 0.3mg of

Se as Na2SeO3 .
2Provided per kilogram of complete basal diet: vitamin A 10,000 IU, vitamin D3 3,000 IU,

vitamin E 30 IU, vitamin K3 1.3mg, vitamin B1 2.2mg, vitamin B2 8mg, vitamin B3 8mg,

vitamin B6 4mg, vitamin B12 0.025mg, biotin 0.2mg, niacin 40mg, folic acid 1mg and

D-calcium pantothenate 10mg.

Samples collection

Three hours after LPS or saline solution injection at 21 days of age

(23), one broiler in each replicate was chosen and 5mL of wing vein

blood samples were collected using a coagulation vacuum container

tube. The sera were obtained by centrifugation at 4,000× g for 15min

at 4◦C and stored at −80◦C until further analysis. Subsequently, the

broilers were euthanized and slaughtered for collecting liver samples.

Initially, a part of the liver samples was quickly frozen with liquid

nitrogen and stored at −80◦C until further analysis, while another

portion was fixed for 24 h in a 4% paraformaldehyde solution.
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TABLE 2 Primer sequences used for quantitative real-time PCR.

Genes Gene bank No. Primer sequencesa (5’-3’) Size, bp

β-actin NM_205518.1 F: TTGGTTTGTCAAGCAAGCGG 100

R: CCCCCACATACTGGCACTTT

TLR4 NM_001030693.1 F: AGGCACCTGAGCTTTTCCTC 96

R: TACCAACGTGAGGTTGAGCC

MyD88 XM_046910878.1 F: TGATGCCTTCATCTGCTACTG 174

R: TCCCTCCGACACCTTCTTTCTA

NF-κB NM_001396038.1 F: CAGCCCATCTATGACAACCG 152

R: TCAGCCCAGAAACGAACCTC

NLRP3 NM_001348947.2 F: GAAGGTGCTGCTATGGACATTG 118

R: CGTGCTCTGTGTATTTCTGCTTAT

Bax XM_422067 F: GGTGACAGGGATCGTCACAG 108

R: TAGGCCAGGAACAGGGTGAAG

Bcl-2 NM_205339.2 F: GCTGCTTTACTCTTGGGGGT 128

R: CTTCAGCACTATCTCGCGGT

aF, forward; R, reverse.

Determination of serum biochemical
parameters and inflammatory cytokines
concentrations

The commercial kits (Jiancheng Bioengineering Institute,

Nanjing, China) were used to detect alanine aminotransferase (ALT),

total protein (TP), low-density lipoprotein (LDL), albumin (ALB),

total cholesterol (TCHO), urea nitrogen (UREA), triglyceride (TG),

high-density lipoprotein (HDL), and glucose (GLU) concentrations

in the sera on the Roche Cobus-Mira-Plus platform (Roche

Diagnostic System Inc., USA) (25). The levels of inflammatory

cytokines including tumor necrosis factor α (TNF-α), interleukin

(IL)-1β , IL-4, IL-6, and IL-10 were examined using chicken-specific

ELISA kits (Jiangsu Meimian Industrial Co., Ltd, Jiangsu, China) and

all experimental steps were conducted following the corresponding

protocols described by Li et al. (23).

Determination of serum immunoglobulins
and complements concentrations

ELISA kits (Jiangsu Meimian) were used to detect serum

immunoglobulin (Ig)G, IgM, IgA, complement 3 (C3), and

complement 4 (C4) levels following the detection procedures

described previously (26).

Examination of hepatic histopathology

Liver samples were fixed in a 4% paraformaldehyde solution for

24 h, dehydrated with graded concentrations of ethyl alcohol, and

embedded in liquid paraffin according to the standard histological

procedure (17). After embedding the liver tissue in paraffinwax, 5µm

sections were cut and stained with hematoxylin and eosin (H&E). An

Olympus digital microscope (Olympus BX51, Tokyo, Japan) was used

to observe the liver sections.

Determination of inflammatory cytokines,
health biomarkers and caspases levels in liver

ELISA kits (Jiangsu Meimian) were used to detect the levels of

TNF-α, IL-1β , IL-6, IL-18, NOD-like receptor family pyrin domain

containing 3 (NLRP3), heat shock 70 kDa protein (HSP70), caspase-

1, caspase-3, and hepatic 8-hydroxy-2-deoxyguanosine(8-OHdG)

following the corresponding protocols described by Chen et al. (27).

Determination of gene expression

Following the manufacturer’s instructions, total RNA was

extracted from the liver samples using the TRIzol reagent

(Invitrogen, Carlsbad, CA, USA). Subsequently, cDNA was

synthesized using TaKaRa reverse transcription kit (TaKaRa,

Dalian, China), and amplified by real-time quantitative polymerase

chain reaction (RT-PCR) using the specific kit (TaKaRa, Dalian,

China) following the protocol described by Li et al. (28). All

primer sequences (Table 2) were based on the articles of Niu

et al. (17), including those for TLR4, nuclear factor-kappa B

(NF-κB), myeloid differentiation primary response 88 (MyD88),

NLRP3, B-cell lymphoma-2 (Bcl-2), and Bcl-2-associated X (Bax),

were synthesized by Sangon Bioengineering Ltd. (Shanghai,

China). The 2−11CT method was used to evaluate the target

mRNA expression relative to the levels of the internal reference

gene, β-actin.
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Statistical analysis

After the data were evaluated for normality by the Shapiro-Wilk’s

statistic (W > 0.05), one-way analysis of variance (ANOVA) with

the SAS software (Version 9.4, Institute Inc., Cary, NC, US) was

used to assess statistically significant differences among the three

treatments. Multiple comparison analyses were performed by the

least significant difference procedure. Data were presented using

the mean ± standard error and plotted. Significant differences were

considered at ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001, and #0.05 < p

< 0.10 was regarded as a trend toward significance. “ns” represented

non-significant differences.

Results

E�ects of GCT supplementation on serum
concentrations of biochemical parameters

As displayed in Figure 1, compared to CON broilers, LPS

broilers showed significantly higher serum LDL and ALT levels

(p < 0.05), and 300 mg/kg GCT supplementation suppressed the

LPS-induced increase in serum LDL and ALT levels to those

observed in the CON group (p < 0.05). However, there were no

significant differences in serum TP, ALB, HDL, TCHO, TG, GLU,

and UREA contents in broilers among the three treatment groups

(p >0.05).

E�ects of GCT supplementation on serum
inflammatory cytokines concentrations

Significantly enhanced serum TNF-α, IL-6, IL-1β , and IL-10

concentrations and decreased serum IL-4 levels were observed in LPS

broilers relative to CON broilers (p < 0.05; Figure 2). The addition

of GCT significantly reduced serum TNF-α, IL-1β , IL-6, and IL-

10 concentrations and increased that of IL-4 in the LPS-challenged

broilers (p < 0.05). The CON group showed significantly lower IL-

1β level and significantly higher IL-10 concentration in serum than

the LPS+GCT group (p < 0.05). However, there were no significant

differences in serum TNF-α, IL-4, and IL-6 concentrations between

CON and LPS+GCT groups (p > 0.05).

E�ects of GCT supplementation on serum
levels of immunoglobulins and complements

As displayed in Figure 3, significantly reduced serum

IgM, complement C3, complement C4 concentrations were

observed in LPS broilers, and GCT supplementation significantly

increased serum IgA, IgM, complement C3, and complement C4

concentrations in LPS-challenged broilers (p < 0.05). Besides, the

LPS+GCT broilers showed significantly higher serum IgA, IgM, and

complement C3 concentrations than the CON broilers (p < 0.05),

and there was no significant difference in serum complement C4

between broilers in CON and LPS+GCT groups (p > 0.05).

E�ects of GCT supplementation on hepatic
histopathology

As shown in Figure 4, the hepatocytes in CON group were

structurally complete and arranged in an orderly manner with

minimal hyperchromatism, and showed normal development hepatic

sinusoid but macrovesicular fatty change. The hepatocytes in

LPS group showed obvious injury, including dissolved nucleus,

cellular degeneration, and inflammatory cell infiltration with few

lymphocytes. The hepatocytes in LPS+GCT group were structurally

complete and arranged in an orderly manner with hyperchromatism,

and also showed normal development hepatic sinusoid. However,

LPS+GCT group showed fewer inflammatory cell infiltration and

obvious cell divide and repair compared with LPS group.

E�ects of GCT supplementation on hepatic
levels of inflammatory cytokines and
caspases

As displayed in Figure 5, compared to the CON broilers, the LPS

broilers showed markedly higher TNF-α, IL-6, and NLRP3 levels

(p < 0.05), and tended to increase IL-18 level (p < 0.10) in their

livers. However, 300 mg/kg GCT supplementation suppressed the

LPS-induced raising in the hepatic levels of TNF-α, IL-6, and NLRP3

to those observed in the CON group (p < 0.05). Moreover, the

concentrations of IL-1β and IL-18 in the LPS+GCT group were

markedly lower than those in the LPS group (p < 0.05), and IL-18

level was notably lower in the LPS+GCT group than in the CON

group (p < 0.05).

E�ects of GCT supplementation on the
hepatic caspases and 8-OHDG levels

Hepatic caspases and 8-OHDG levels are displayed in Figure 6.

Compared to the CON group, LPS administration markedly elevated

the caspase-1, caspase-3, and 8-OHDG levels in the livers of broilers

(p < 0.05). Dietary 300 mg/kg GCT addition significantly decreased

hepatic caspase-1 and caspase-3 activities in the liver compared to the

LPS broilers (p < 0.05). Moreover, the LPS+GCT broilers showed

significantly lower caspase-3 activity (p < 0.05), and tended to have

higher caspase-1 activity in the liver compared to the CON broilers

(p < 0.10).

E�ects of GCT supplementation on hepatic
genes expressions

Inflammatory pathway gene expressions in the liver are displayed

in Figure 7. Compared to the CON broilers, the LPS broilers

showed significantly up-regulated mRNA expressions of TLR4, NF-

κB, and NLRP3 (p < 0.05), and tended to have an increased MyD88

mRNA expression (p < 0.10) in the liver. However, 300 mg/kg

GCT supplementation suppressed LPS-induced increase in hepatic

MyD88, NF-κB, and NLRP3mRNA expressions to those observed in

the CON group (p < 0.05). Moreover, hepatic TLR4 expression of

LPS+GCT broilers tended to be lower than that of LPS broilers and
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FIGURE 1

E�ects of dietary Galla Chinensis tannin (GCT) supplementation on serum biochemical parameters of broilers under lipopolysaccharide (LPS) challenge.

(A) Total protein (TP); (B) Albumin (ALB); (C) High-density lipoprotein (HDL); (D) Low-density lipoprotein (LDL); (E) Total-cholesterol (TCHO); (F)

Triglyceride (TG); (G) Glucose (GLU); (H) Urea nitrogen (UREA); (I) Alanine transaminase (ALT). CON, fed on a basal diet and intraperitoneally injected with

saline solution; LPS, fed on a basal diet and intraperitoneally injected with LPS; LPS+GCT, fed on a basal diet supplemented with 300 mg/kg GCT and

intraperitoneally injected with LPS. Values are presented as mean ± standard error (n = 6). *p < 0.05, **p < 0.01; ns, non-significant.

FIGURE 2

E�ects of dietary Galla Chinensis tannin (GCT) supplementation on serum inflammatory factors of broilers under lipopolysaccharide (LPS)-challenge. (A)

Tumor necrosis factor-α (TNF-α); (B) Interleukin-1β (IL-1β); (C) Interleukin-4 (IL-4); (D) Interleukin-6 (IL-6); (E) Interleukin-10 (IL-10). CON, fed on a basal

diet and intraperitoneally injected with saline solution; LPS, fed on a basal diet and intraperitoneally injected with LPS; LPS+GCT, fed on a basal diet

supplemented with 300 mg/kg GCT and intraperitoneally injected with LPS. Values are presented as mean ± standard error (n = 6). *p < 0.05, **p < 0.01,

***p < 0.001; ns, non-significant.
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FIGURE 3

E�ects of dietary Galla Chinensis tannin (GCT) supplementation on serum immunoglobulins and complements of broiler chickens under

lipopolysaccharide (LPS)- challenge. (A) Immunoglobulin A (IgA); (B) Immunoglobulin G (IgG); (C) Immunoglobulin M (IgM); (D) Complement C3; (E)

Complement C4. CON, fed on a basal diet and intraperitoneally injected with saline solution; LPS, fed on a basal diet and intraperitoneally injected with

LPS; LPS+GCT, fed on a basal diet supplemented with 300 mg/kg GCT and intraperitoneally injected with LPS. Values are presented as mean ± standard

error (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001; ns, non-significant.

FIGURE 4

E�ects of dietary Galla Chinensis tannin (GCT) supplementation on hepatic histopathology. (A–C) Hematoxylin and eosin photomicrographs of CON,

LPS, and LPS+GCT obtained at 100× magnification, respectively; (D–F) Hematoxylin and eosin photomicrographs of CON, LPS, and LPS+GCT obtained

at 400× magnification, respectively. CON, fed on a basal diet and intraperitoneally injected with saline solution; LPS, fed on a basal diet and

intraperitoneally injected with LPS; LPS+GCT, fed on a basal diet supplemented with 300 mg/kg GCT and intraperitoneally injected with LPS.

showed no statistically significant difference compared with the CON

broilers (p > 0.05).

Hepatic apoptosis-related gene expressions are shown in Figure 8.

No significant differences were observed in mRNA expression of pro-

apoptosis Bax and anti-apoptosis Bcl-2 among all the groups (p >

0.05). However, Bax/Bcl-2 ratio in the LPS group tended to be higher

than that in the CON group (p < 0.10), and was markedly higher

than that in the LPS+GCT (p < 0.05) group; there was no significant

difference in Bax/Bcl-2 ratio between the CON group and LPS+GCT

group (p > 0.05).

Discussion

Previous studies have shown that LPS injection can cause liver

injury and dysfunction in broilers (22). When a liver injury occurs,
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FIGURE 5

E�ects of dietary Galla Chinensis tannin (GCT) supplementation on hepatic inflammatory cytokines of broilers under lipopolysaccharide (LPS)-challenge.

(A) Tumor necrosis factor-α (TNF-α); (B) Interleukin-1β (IL-1β); (C) Interleukin-6 (IL-6); (D) Interleukin-18 (IL-18); (E) NLRs family pyrin domain containing

3 (NLRP3); (F) Heat shock 70 kDa protein (HSP70). CON, fed on a basal diet and intraperitoneally injected with saline solution; LPS, fed on a basal diet and

intraperitoneally injected with LPS; LPS+GCT, fed on a basal diet supplemented with 300 mg/kg GCT and intraperitoneally injected with LPS. Values are

presented as mean ± standard error (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, #0.05 < p < 0.10; ns, non-significant.

FIGURE 6

E�ects of dietary Galla Chinensis tannin (GCT) supplementation on hepatic caspases levels of broilers under lipopolysaccharide (LPS)-challenge. (A)

Caspase-1; (B) Caspase-3; (C) 8-hydroxy-2-deoxyguanosine (8-OHdG). CON, fed on a basal diet and intraperitoneally injected with saline solution; LPS,

fed on a basal diet and intraperitoneally injected with LPS; LPS+GCT, fed on a basal diet supplemented with 300 mg/kg GCT and intraperitoneally injected

with LPS. Values are presented as mean ± standard error (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, #0.05 < p < 0.10; ns, non-significant.

ALT in hepatocytes enters the blood circulation, increasing serum

ALT levels (29). Therefore, ALT is usually regarded as a specific

indicator of liver injury in clinical settings (30). In the present study,

the results showed that the ALT activity of the GCT group was similar

to the serum of broilers in the CON group but significantly higher

in the LPS group. The liver is one of the main sites of complement

synthesis. Complement is an enzymatically active glycoprotein that

plays a key role in the body’s immune regulation, and liver damage is

usually associated with decreased serum levels of complements (31).

Complement C3 deficiency results in decreased liver regeneration

(32). We found that GCT supplementation significantly increased

serum C3 concentration compared to the CON and LPS groups,

and inhibited the decrease in serum C4 concentration induced

by the LPS challenge. LPS administration significantly increased

hepatic 8-OHdG concentration compared to the CON group.

8-OHdG is considered as the most critical indicator of DNA

damage because it can result in the formation of 8-OHdG in the

nucleotide pool during DNA replication (33). The above results

demonstrated that the animal model of LPS-induced liver injury was

successfully established, as evidenced by the hepatic histopathology.

Supplementation with GCT in the diet suppressed the adverse

changes in serum ALT and complement levels along with hepatic

8-OHdG levels, showing that GCT supplementation benefited the

amelioration of LPS-induced liver injury in broilers.

Immune function decline is associated with the development of

liver diseases (34). In modern breeding, intensive farming systems

cause drastic metabolism in broiler chickens during growth and

development, resulting in decreased immune function (25). Our

findings showed that the LPS challenge decreased serum IgM

concentration but GCT addition increased serum IgA and IgM

concentrations in these broilers compared to the other groups.

Immunoglobulin acts as a major anti-infective component in the

blood and serves as the first line of host defense against infections

(35). Previous study in IPEC-J2 cells also indicated that LPS decreased

IgA, IgG, and IgM levels (36). Niu et al. (17) showed that GCT

addition in the broiler diet elevated the serum levels of IgG,
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FIGURE 7

E�ects of dietary Galla Chinensis tannin (GCT) supplementation on expressions of inflammatory pathway genes in liver of broilers under

lipopolysaccharide (LPS)-challenge. (A) Toll-like Receptor 4 (TLR4); (B) Myeloid di�erentiation primary response 88 (MyD88); (C) Nuclear factor-kappa B

(NF-κB); (D) NLRs family pyrin domain containing 3 (NLRP3). CON, fed on a basal diet and intraperitoneally injected with saline solution; LPS, fed on a

basal diet and intraperitoneally injected with LPS; LPS+GCT, fed on a basal diet supplemented with 300 mg/kg GCT and intraperitoneally injected with

LPS. Values are presented as mean ± standard error (n = 6). *p < 0.05, **p < 0.01, #0.05 < p < 0.10; ns, non-significant.

FIGURE 8

E�ects of dietary Galla Chinensis tannin (GCT) supplementation on apoptosis genes in livers of broilers under lipopolysaccharide (LPS)-challenge. (A)

BCL2-Associated X (Bax); (B) B-cell lymphoma-2 (Bcl-2); (C) Bax/Bcl-2 ratio. CON, fed on a basal diet and intraperitoneally injected with saline solution;

LPS, fed on a basal diet and intraperitoneally injected with LPS; LPS+GCT, fed on a basal diet supplemented with 300 mg/kg GCT and intraperitoneally

injected with LPS. Values are presented as mean ± standard error (n = 6). **p < 0.01, #0.05 < p < 0.10; ns, non-significant.

IgM, and complements. Therefore, enhanced immune function by

GCT supplementation might contribute to alleviating LPS-induced

liver injury.

Increasing evidence shows that inflammatory response is a major

important inducement for liver injury (37). LPS challenge can

increase liver contents of pro-inflammatory cytokines like TNF-

α, IL-1β , and IL-6, and result in inflammatory injuries to broilers

(22, 38). In the present study, LPS administration induced an

increase in the concentrations of TNF-α, IL-6, IL-1β , and IL-10,

while reducing the serum IL-4 content. Moreover, the concentrations

of TNF-α, IL-6, and IL-18 in the liver were elevated. TNF-α, IL-

1β , IL-6, and IL-18 are often used as markers of inflammatory

responses and are involved in the induction of liver diseases (39, 40).

The main biological roles of IL-4 and IL-10 are inhibition of the

production and release of pro-inflammatory cytokines, promoting

the proliferation and differentiation of B cells, and enhancing the

activity of macrophages (41, 42). However, IL-10 production can be

also increased under low-grade inflammatory conditions for inducing

antibody generation (26). Therefore, the LPS challenge resulted

in a systemic and hepatic inflammatory response in this study.

Our findings showed that GCT addition suppressed LPS-induced

detrimental changes in inflammatory cytokines concentrations. A

previous study in vitro also indicated that tannin addition could

inhibit the production of pro-inflammatory cytokines, IL-1β and IL-

6, in BV2 microglial cells (43). In vivo experiments in mice have

shown that tannic acid promotes the reduction in TNF-α, IL-1β , and

IL-6 contents (44). Furthermore, caspases play a key role inmediating

inflammatory responses and cellular apoptosis (45). Dietary GCT

supplementation inhibits LPS-induced increase in hepatic caspase-1

and caspase-3 activities of broilers. Caspase 1, an initiating caspase or

the IL-1β converting enzyme, is required for apoptosis (46). Caspase-

3 is an executioner caspase that causes apoptosis-related nuclear

changes, including chromatin condensation (47). A high Bax/Bcl-2

ratio usually results in the activation of caspase-1 and caspase-3 in
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initiating pyroptosis and apoptosis, respectively, ultimately leading

to organ damage (48). In this study, dietary GCT addition alleviated

the LPS-induced increases in the Bax/Bcl-2 ratio. Importantly, dietary

GCT could resist LPS-induced liver injury by inhibiting systemic and

hepatic inflammatory responses.

To further investigate the possible mechanisms underlying

the inhibition of LPS-induced broiler liver inflammatory injury

by GCT, the gene expression levels of the TLR4/NF-κB pathway

were quantified herein. TLR4, belonging to the pattern recognition

receptor family of genes, plays an important role in activating the

innate immune response, participating in the body’s response to

infection due to various pathogens (49). TLR4 can quickly trigger

the activation and generation of several cytokines involved in

regulating immunological and inflammatory responses by activating

the NF-κB signaling pathway through the MyD88 protein (50,

51). Previous studies have shown that intraperitoneal injection of

LPS can mediate acute liver injury by up-regulating TLR4 and

its downstream molecules including MyD88, NF-κB, IL-1β , and

TNF-α (22). Gastric administration of 20 and 40 mg/kg of pure

tannic acid down-regulates the expression of NF-κB, IL-6, and TNF-

α induced by arsenic trioxide in rats (52). In the present study,

the LPS challenge up-regulated the expressions of TLR4/NF-κB

pathway-related genes and dietary GCT supplementation alleviated

LPS-induced increase in the hepatic mRNA expressions of TLR4,

MyD88, NF-κB, and NLRP3. Taken together, GCT could suppress

hepatic inflammatory responses likely by inhibiting the TLR4/NF-κB

signaling pathway.

Conclusion

To sum up, our findings demonstrated that addition with

300 mg/kg GCT could alleviate the systemic and hepatic

inflammatory responses in broilers challenged by LPS. These

findings can facilitate the mechanistic understanding by which

dietary GCT can promote liver development and enhance

immune regulation, supporting the application of GCT in

poultry production.
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Eighteen dairy Damascus goats weighing 38–45 kg live body weight and aged 3–4

years were divided into three groups according to their body weight, with six goats

in each group. Yellow corn grain in their concentrate feed mixture was replaced with

mango seeds (MS) at levels of 0% MS in group 1 (G1, control), 20% MS in group 2

(G2), and 40% MS in group 3 (G3). The digestibility coe�cients of the organic matter,

dry matter, crude fiber, crude protein, ether extract, nitrogen-free extract, and total

digestible nutrients increased (P < 0.05) upon feeding MS to G2 and G3. The amounts

of dry matter, total digestible nutrients, and digestible crude protein required per 1 kg

3.5% fat-corrected milk (FCM) were lower (P < 0.05) in G2 and G3 vs. G1. Actual

milk and 3.5% FCM yield increased (P < 0.05) with the increasing MS dietary level. G2

and G3 had the highest significant (P < 0.05) total solids, total protein, non-protein

nitrogen, casein, ash, fat, solids not fat, lactose, and calcium contents compared

with G1. Replacing yellow corn grain with MS in G2 and G3 significantly (P < 0.05)

decreased the cholesterol concentration and AST activity. Feeding MS increased the

concentrations of caprioc, caprylic, capric, stearic, oleic, elaidic, and linoleic acids

and decreased the concentrations of butyric, laueic, tridecanoic, myristic, myristoleic,

pentadecanoic, heptadecanoic, cis-10-Heptadecanoic, cis-11-eicosenoic, linolenic,

arachidonic, and lignoseric acids in themilk fat. The results show that the replacement

of corn grain with MS improved the digestibility, milk yield, feed conversion, and

economic e�ciency, with no adverse e�ects on the performance of Damascus goats.
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Introduction

Mango residue, which accounts for 40–50% of the total fruit weight, has potential

nutritional benefits in addition to its significant levels of essential minerals (1, 2). Recently,

starch from fruit seeds, including mango, was found to possess good physicochemical

properties in addition to a balanced amino acid concentration in the kernel (3). Mango

seeds kernel (MSK), pulp, and peel contents are usually considered important bioactive

materials because they contain antioxidant, anti-bacterial, and antiviral immune modulatory

substances as well as lipids, and have a high protein content (4–6). MSK is considered

a good source of carbohydrates (77%), fat (11%), proteins (6–7%), crude fiber (2%),

and ash (2%) on a dry matter basis (7). MSK contains 210 mg/100 g magnesium, 170

mg/100 g calcium, and 368 mg/100 g potassium (8) as well as vitamin E (1.30 mg/100 g db),
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provitamin A (15.27 IU), vitamin C (0.56 mg/100 g db), and vitamin

K (0.59 mg/100 g db) (9, 10).

Mango seeds kernel, as a nonconventional concentrate mixture,

can greatly lower feed costs and can be safely integrated into lambs’

rations without compromising the nutrient utilization, growth rate,

feed intake, or blood profile (11, 12). The nutrient digestibility and

consumption of sheep fed rice straw supplemented with mango

kernel meal suggest that mango kernel meal can be used as an unusual

feedstuff supplement during the lengthy dry season (13).Mango seeds

kernel can also be used to replace up to half of the yellow corn

in sheep rations without affecting feed intake, water metabolism,

digestion coefficients, nitrogen balance, or ruminal fermentation

(14). Replacement of corn grain with 30% MS in the diets of

Damascus goat bucks showed positive effects on the productive

performance and increased semen production (15). An economic

evaluation of using whole mango meal in the diets of dairy goats,

instead of corn, showed that the total feeding cost was reduced and

the benefit-to-cost ratio improved (16). Furthermore, adding MS to

mixed diets with alfalfa hay increased the diet’s fermentation rate

(17). Therefore, the objective of the present study was to investigate

the effects of partial replacement of yellow corn grain with MS as a

nontraditional source of energy on the productive performance of

Damascus goats.

Materials and methods

The present study was carried out at the Sakha Animal

Production Research Station, which is part of the Animal Production

Research Institute, Agricultural Research Center, Cairo, Egypt.

Experimental animals

Eighteen dairy Damascus goats, weighing 38–45 kg live body

weight and aged 3–4 years, were divided into three similar groups

according to their body weight, with six goats in each group.

Experimental diets

Three experimental diets were used to feed the goats during the

experimental period (240 days). All diets contained a concentrate feed

mixture [50% concentrate feedmixture (CFM)], fresh berseem (40%),

and wheat straw (10%). Mango seeds were added instead of yellow

corn grain in the CFM, at concentrations of 0% MS (G1, control),

Abbreviations: MS, Mango seeds; FCM, Fat-corrected milk; CFM, Concentrate

feedmixtures; MSK, Mango seeds kernel; OM, Organicmatter; EE, Ether extract;

CP, Crud protein; NDF, Neutral detergent fiber; ADL, Acid detergent lignin; ADF,

Acid detergent fiber; NFE, Nitrogen free extract; DM, Dry matter; AOAC, O�cial

methods of analysis; AIA, Acid insoluble ash; NSC, Non-structural carbohydrate;

DCP, Digestible crud protein; TDN, Total digestible nutrients; NH3-N, Ammonia;

AST, Asprtate aminotransferase; ALT, Alanine aminotransferase; Ca, Calcium; P,

Phosphorus; NPN, Non-protein nitrogen; TVFA’s, Total volatile fatty acids; SNF,

Solids not fat; TS, Total solids; TP, Total protein; CEL, Cellulose; CK, Creatinine

kinase; EFE, Economic feed e�ciency; VFA, Volatile fatty acids; SEM, Standard

error of the mean; ANOVA, Analysis of variance; SPSS, Statistical package for

social sciences.

TABLE 1 Formulation of di�erent concentrate feed mixtures (CFM, % on

DM basis).

Ingredients CFM1 CFM2 CFM3

Yellow corn grains 30 24 18

Mango seeds 0 6 12

Wheat bran 40 40 40

Undecorticated cottonseed meal 24 24 24

Molasses 3 3 3

Limestone 2 2 2

Common salt 1 1 1

20% (G2), and 40% (G3). The ingredients of the different CFMs are

shown in Table 1.

Mango seeds preparation

Mango seeds consist of approximately 68% kernel, 29% shell, and

3% test (18). The mango seeds were soaked in water for 3 days to

decrease the anti-nutritional factors, air-sundried for 48 h, and then

crushed in a forage machine.

Chemical analyses

Chemical analyses of representative samples of the experimental

ingredients, CFM, and diets were conducted according to (19)

for OM (ID number 942.05), EE (using the Soxhlet procedure,

ID number 938.06), and CP (as 6.25× N; ID number 954.01).

Neutral detergent fibers (NDF), acid detergent lignin (ADL), and acid

detergent fiber (ADF) were evaluated as described previously (20).

Cellulose and hemicelluloses were also calculated. The content was

calculated as follows: NFE [g/kg dry matter (DM)] = 100 – (CP +

ash+ EE+ CF). All chemical analyses were carried out in duplicate.

Experimental procedures

Animals in all groups were fed by group feeding, and the

tested diets were offered in equal amounts for all groups twice

daily at 8 a.m. and 3 p.m., while fresh water was always available.

The offered amounts of CFM and roughage were adjusted every 2

weeks according to changes in the animals’ body weight. Diets were

formulated to meet the requirements of growing goats according

to (21).

Digestibility trials

During the feeding period, three digestibility trials were

conducted on three lambs from each group to assess the feeding

values and digestibility of the experimental meals. Each digestibility

study had a 15-day preparatory phase and a 7-day collection period.

As a natural marker, acid-insoluble ash was used (22). During the

collection period, feces samples were taken twice daily from the
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TABLE 2 Chemical analysis of CFM ingredients and feedstu�s, and CFM and the tested diets of experimental groups.

Item DM % Chemical analysis (%, on DM basis)a

OM CP EE CF NFE Ash

CFM ingredients and feedstu�s

Yellow corn grains 91.58 98.70 9.29 1.7 2.1 85.7 1.3

Wheat brane 90.50 93.80 14.20 2.7 11.8 65.10 6.2

Undecorticated cotton-seed meal 90.98 93.30 26.40 5.64 24.26 37.00 6.7

Mango seeds 89.04 97.15 8.93 3.5 21.93 62.79 2.85

Soaking mango seeds 88.33 98.21 7.13 4.81 22.21 64.06 1.79

Fresh Berseem 16.31 88.85 16.62 1.21 26.30 44.12 11.15

Wheat Straw 91.75 87.83 2.96 1.59 25.8 57.48 12.17

Experimental CFM

CFM1 (0% MS) 91.23 89.52 14.78 2.94 11.17 60.63 10.48

CFM2 (20% MS) 91.08 89.49 14.66 3.13 12.37 59.33 10.51

CFM3 (40% MS) 90.95 89.47 14.53 3.30 13.59 58.04 10.53

Experimental dietsb

G1 (Control, 0% MS) 32.17 89.07 14.34 2.11 18.68 55.51 10.92

G2 (20% MS) 32.16 89.07 14.26 2.21 19.29 53.08 10.94

G3 (40% MS) 32.14 88.99 14.18 2.28 19.93 52.41 10.95

aOM, organic matter; CF, crude protein; CF, crude fiber; NFE, Nitrogen free extract.
bMango seeds (MS) replaced by yellow corn grains in the concentrate feed mixture (CFM) at the levels of 0 (G1, control), 20 (G2) and 40 % (G3), respectively.

TABLE 3 Fiber fractions % of feedstu�s and experimental rations.

Item NDF ADF ADL Hemi cellulose Cellulose NSC

Feedstu�s

CFM1 34.76 12.92 4.47 21.84 8.45 39.04

CFM2 35.85 16.30 5.11 19.25 11.19 37.85

CFM3 37.29 19.38 7.35 17.91 12.03 36.35

Fresh berseem 50.51 39.23 8.26 11.34 30.97 20.45

Wheat straw 56.98 38.56 4.15 18.42 34.41 26.30

Experimental dietsa

G1 (Control, 0% MS) 43.31 26.01 5.96 17.30 20.06 30.33

G2 (20% MS) 43.86 27.7 6.28 16.10 21.42 29.74

G3 (40% MS) 44.58 29.24 7.39 15.34 21.85 28.97

aMango seeds (MS) replaced by yellow corn grains in the concentrate feed mixture the (CFM) at levels of 0 (G1, control), 20 (G2) and 40 % (G3), respectively.

NDF, Neutral detergent fiber; ADF, Acid detergent fiber; ADL, Acid detergent lignin.

rectum of each animal at 12-h intervals. At the start, middle, and

end of the collection period, feedstuff samples were taken. Chemical

analyses of the CFM, corn silage, rice straw, and feces samples were

carried out using AOAC procedures (2005). The equation proposed

by Schneider was used to calculate the nutrient digestibility as follows:

Dry matter (DM) digestibility, %

= 100−

[

100×
AIA% in feed

AIA % feces

]

,

Nutrient digestibility, %

= 100−

[

100×
AIA% in feed

AIA % feces
×

Nutrient% in feces

Nutrient % feed

]

,

where AIA is acid-insoluble ash. Digestible crude protein (DCP)

and total digestible nutrients (TDN) were assessed according to the

formula in (23).

Rumen liquor samples

Rumen liquor samples were collected from goats 3 h after

morning feeding using a stomach tube and the draw pulse power

of an automatic milking machine. Rumen samples were strained

using four layers of cheesecloth. The pH of the rumen was measured

using an Orian 680 digital PH meter immediately after the samples

Frontiers in Veterinary Science 03 frontiersin.org
300

https://doi.org/10.3389/fvets.2023.1058915
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


El-Sanafawy et al. 10.3389/fvets.2023.1058915

TABLE 4 Digestibility coe�cients and feeding values of the tested diets by male kids in the experimental groups.

Item Experimental diets1 SEM

G1
(0%MS)

G2
(20% MS)

G3
(40% MS)

Digestibility coe�cients (%)

Dry matter 68.83b 71.39a 72.82a 0.63

Organic matter 70.03c 72.03b 73.51a 0.55

Crude protein 71.17b 73.08a 73.97a 0.49

Ether extract 67.41c 70.83b 73.23a 0.88

Crude fiber 65.69b 69.32a 70.51a 0.75

Nitrogen free extract 71.26b 72.78ab 74.57a 0.61

Feeding value (%)

Total digestible nutrients 63.47b 65.45a 66.92a 0.55

Digestible crude protein 10.28 10.44 10.52 0.05

1Mango seeds (MS) replaced by yellow corn grains in the concentrate feed mixture (CFM) at levels of 0 (G1, control), 20 (G2) and 40 % (G3), respectively.
abcMeans in the same row with different superscripts significantly differ (P < 0.05). SEM, Standard error of the mean.

TABLE 5 Average daily feed intake ratio of the tested diets by female kids in the experimental diets.

Item Experimental diets1 SEM

G1
(0% MS)

G2
(20% MS)

G3
(40% MS)

As fed basis (kg/day)

CFM (kg) 0.702 0.722 0.737

Fresh berseem (kg) 3.140 3.227 3.286

Wheat straw (kg) 0.140 0.143 0.146

Total 3.982 4.092 4.169

On DM basis (kg/day)2

DM (kg) 1.281 1.316 1.340 0.027

TDN (kg) 0.813c 0.861b 0.897a 0.012

DCP (kg) 0.132 0.137 0.141 0.002

1Mango seeds (MS) replaced by yellow corn grains in the concentrate feed mixture (CFM) at levels of 0 (G1, control), 20 (G2) and 40 % (G3), respectively.
2TDN, total digestible nutrients; DCP, Digestible crude protein.
abcMeans in the same row with different superscripts significantly differ (P < 0.05). SEM, Standard error of the mean.

were extracted. The amount of ammonia nitrogen (NH3-N) in the

air was measured using the AOAC saturated magnesium oxide

distillation method (2005). Total volatile fatty acids in rumen

liquor were measured using the steam distillation method described

previously (24).

Blood samples and biochemical analysis

At 3 h after feeding, blood samples were collected from

the jugular vein in centrifuge tubes containing EDTA as an

anticoagulant. The plasma was then centrifuged for 15min at 4,000

rotations/min and stored in a deep freezer until analysis. Calorimetric

determinations of blood plasma protein, albumin, globulin (by

difference), urea nitrogen, AST, and ALT were performed using

commercial diagnostic kits.

Milk yield and composition

Milk production was recorded weekly using the manual milking

technique. The udder was stripped completely, and then the total

milk production was calculated by collecting milk during the entire

experiment period and correcting for 3.5% fat according to (25) as

follows: FCM 3.5% fat as FCM (3.5%) = 0.35M + 18.57 F, where F

is the amount of fat in kilograms, and M is the quantity of milk in

kilograms. Milk samples were analyzed for total solids, protein, NPN,

casein, ash, and fat. The solid-not-fat portion was also determined

using the formula reported previously (26).

The carbohydrate content of the milk was calculated by the

difference. The Ca and P contents were determined using atomic

absorption, according to the method described previously (27). The

milk fatty acid composition was determined according to (28). The

pH values of the sample were measured using a digital pH meter.
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TABLE 6 Feed conversion and economic feed e�ciency of experimental diets fed by female kids in di�erent groups.

Item Experimental diets1 SEM

G1
(0% MS)

G2
(20% MS)

G3
(40% MS)

Feed conversion (kg/kg 3.5% FCM)

Dry matter 1.253a 1.135b 1.113b 0.23

Total digestible nutrients 0.795a 0.743b 0.745b 0.16

Digestible crude protein 0.129a 0.118b 0.117b 0.045

Economic e�ciency

Feed cost (L.E./day) 4.85 4.89 4.88 0.18

Feed cost (L.E./kg 3.5% FCM) 4.75a 4.22b 4.05b 0.21

Price of 3.5% FCM (L.E./day) 6.13b 6.95a 7.22a 0.26

Net revenue (LE) 1.28b 2.06a 2.34a 0.12

Relative net revenue (%) 100.00b 160.94a 182.81a 2.32

Economic efficiency 1.26b 1.42a 1.48a 0.03

Relative economic efficiency % 100.00 112.70 117.46 1.17

1Mango seeds (MS) replaced by yellow corn grains in the concentrate feed mixture (CFM) at levels of 0 (G1, control), 20 (G2) and 40 % (G3), respectively.
abMeans in the same row with different superscripts significantly differ (P < 0.05). SEM, Standard error of the mean.

Prices of diets (L.E./Kg): CFM1: 4.65 L.E., CFM2: 4.50 L.E., CFM3: 4.36 L.E., FB:0.48 L.E., WS: 0.60 L.E.,3.5% FCM: 6 L.E.

TABLE 7 Blood parameters of Damascus female goat fed di�erent experimental rations.

Item Experimental diets1 SEM

G1
(0% MS)

G2
(20% MS)

G3
(40% MS)

Rumen liquor parameters

pH value 6.19 6.25 6.16 0.05

TVFA’s (Mm/100ml) 12.41 12.00 12.67 0.35

NH3-N(mg/100ml) 7.84 7.84 7.65 0.57

Blood plasma biochemical

Total protein (g/100ml) 7.08 6.92 7.15 0.11

Albumin (g/100ml) 3.42 3.30 3.37 0.08

Globulin (g/100ml) 3.66 3.62 3.78 0.12

Albumin: Globulin ration 0.93 0.91 0.89 0.04

Cholesterol (mg/dl) 77.00a 65.17b 63.72b 1.89

Creatinine (mg/100ml) 0.58 0.61 0.59 0.03

AST (IU/l) 75.17a 67.33b 68.83b 2.23

ALT (IU/l) 11.83 11.67 12.33 0.29

Urea-N (mg/100ml) 56.50 57.83 55.67 4.19

1Mango seeds (MS) replaced by yellow corn grains in the concentrate feed mixture (CFM) at levels of 0 (G1, control), 20 (G2) and 40 % (G3), respectively.
abMeans in the same row with different superscripts significantly differ (P < 0.05). SEM, Standard error of the mean.

Feed conversion

The feed conversion efficiency in terms of DM, TDN, and DCP

required for 1 kg 3.5% FCM yield was calculated for every animal.

Economic e�ciency

The cost of feed, the feed cost/kg 4% FCM, and the price of

4% FCM were calculated for every goat according to 2020 prices.
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TABLE 8 Milk yield and composition for dairy goats fed di�erent experimental rations.

Item Experimental diets1 SEM

G1
(0% MS)

G2
(20% MS)

G3
(40% MS)

Milk yield (kg/day)2

Actual milk 1.514c 1.650b 1.880a 0.093

3.5% FCM 1.022c 1.159b 1.204a 0.072

Milk composition2

TS % 10.43c 11.35a 10.92b 0.02

TP % 2.91b 2.99a 2.96ab 0.025

NPN % 0.35b 0.38a 0.36b 0.009

Casein % 2.01b 2.06a 2.03ab 0.012

Ash % 0.73b 0.82a 0.79a 0.014

Fat % 2.65c 3.13a 2.94b 0.06

SNF % 7.77c 8.19a 7.96b 0.02

Lactose % 4.14c 4.41a 4.25b 0.01

Ca (mg/100g) 123.67b 133.00a 131.33a 1.12

P (mg/100g) 116.00 117.67 116.33 1.27

Fat yield (g/day) 25.76c 27.77a 26.73b 0.18

pH 6.53 6.54 6.54 0.007

1Mango seeds (MS) replaced by yellow corn grains in the concentrate feed mixture (CFM) at levels of 0 (G1, control), 20 (G2) and 40 % (G3), respectively.
2FCM, fate corrected milk; TS, total solids; NPN, non-protein nitrogen; SNF, solids not fat.
abcMeans in the same row with different superscripts significantly differ (P < 0.05). SEM, Standard error of the mean.

Additionally, the economic efficiency expressed as the ratio of the

price of the 4% FCM yield and the feed cost was estimated.

Statistical analysis

Data analyses were performed using SPSS version 23.0 software

(IBM, New York, NY, USA). The data were statistically analyzed

using the general linearmodel procedure adopted by (29) for one-way

ANOVA. A Duncan test was also performed to evaluate the degree of

significance among the means. The significance level for all analyses

was set at 0.05.

Results and discussion

The organic matter (OM) content of mango seeds (MS) was

found to be approximately similar to that of yellow corn. However,

MS was superior in terms of the ether extract (EE), crude fiber (CF),

and ash content in comparison with yellow corn. The ash content

in yellow corn (1.30%) was slightly lower than the ash content in

MS (1.75%), while the nitrogen free extract (NFE) and crude protein

(CP) in MS were lower than those in yellow corn (Table 2). Ash,

CF, and CP contents in the present study differed from the results

found previously (30), where 4.73% ash, 3.98% CF, and 8.98% CP in

boiled mango seeds kernel were reported. However, the ash content

was 1.40% and 2.38% for yellow corn and MS, respectively (14). The

chemical composition of MS in this study differed from that reported

by numerous researchers, possibly because those authors used MSK.

The present findings are consistent with those previously described

(7, 31–33), who reported that MSK is a rich source of carbohydrates

(67–82%) and contains moderate amounts of protein (6–10%) and

fat (7–14%). However, the present results were inconsistent with the

results found by (34). In line with the present study, it was reported

that MSK could be a powerful energy source and would probably

be a good replacement for maize (33), which is considered the main

energy source in the diet of non-ruminants.

Similar to previous reports, the highest concentration of CF was

for CFM3 (40% MS), while the lowest concentration was for CFM1

(0% MS), which may be due to the high CF in MS compared with

corn gain (14). The present study also found that replacing corn with

MS led to an increase in EE (2.94 to 3.30 g/100 gDM) andCF (11.17 to

13.59 g/100 g DM) in the tested feed mixtures, whereas the nitrogen-

free extract content decreased from 60.63 to 58.04 g/100 g DM. These

results show that MS is a good source of carbohydrates. The OM,

CP, EE, and ash contents were nearly similar for the different diets,

whereas CF tended to increase and NFE decrease with increasing MS

levels. In line with other research, MS was shown to have greater

concentrations of growth energy and CF, because the kernel is usually

a significant source of fat, starch, and protein (7, 14). Similarly, it

was reported that mango kernels included a higher percentage of fat,

starch, and protein (34, 35).

Fiber fractions

The fiber fractions of the feedstuffs and experimental diets are

shown in Table 3. These results show that CFM3 had the highest all-

fiber fractions compared with CFM1, except for hemicellulose and
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TABLE 9 Milk fatty acid profile in dairy goats fed MS replacing corn.

Fatty acids concentration, % Experimental diets1 SEM

G1
(0% MS)

G2
(20% MS)

G3
(40% MS)

Butyric acid (C4:0) 0.29a 0.12c 0.21b 0.07

Caproic acid (C6:0) 0.87c 1.07b 1.32a 0.19

Caprylic acid (C8:0) 1.78c 2.40b 2.60a 0.37

Capric acid (C10:0) 9.44a 10.06b 10.36a 0.41

Laueic acid (C12:0) 5.47a 4.52b 3.92c 0.68

Tridecanoic acid (C13:0) 0.19a 0.06b 0.05b 0.07

Myristic acid (C14:0) 11.52a 9.74c 10.06b 0.83

Myristoleic acid methyl ester (14.1) 0.39a 0.29b 0.20c 0.83

Pentadecanoic acid (C15:0) 1.39a 0.96b 0.68b 0.31

Palmitic acid (C16:0) 29.44a 25.74c 29.02b 1.75

Palmitoleic acid (C16:1n7) 0.52a 0.49b 0.39c 0.06

Heptadecanoic acid (C17:0) 0.57a 0.50b 0.41c 0.07

Cis-10-Heptadecanoic acid (C17:1) 0.84a 0.73b 0.56c 0.12

Stearic acid (C18:0) 10.02c 13.69a 11.73b 1.59

Oleic acid (C18:1n9c) 21.10b 23.55a 20.72c 1.33

Elaidic acid (C18:1n9t) 0.71c 0.98b 1.24a 0.23

Linoleic acid (C18:2n6c) 2.43c 2.89b 3.25a 0.36

Linolelaidic acid (C18:2n6t) 0.24b 0.37a 0.24b 0.07

Arachidic acid (20.0) 0.20b 0.22a 0.15c 0.03

γ- Linolenic acid (C18:3n6) —c 0.07a 0.04b 0.02

Cis-11- Eicosenoic acid(20.1) 0.52a 0.46b 0.34c 0.08

Linolenic acid (C18:3n3) 0.68a 0.60c 0.65b 0.04

Cis−11,14- Eicosadienoic acid (C 20.2) —b 0.06a 0.06a 0.01

Arachidonic acid (C20: 4n6) 0.23a 0.19b 0.19b 0.02

Eicosapentaenoic acid (C20:5n3) —a 0.04b —a 0.02

Lignoseric acid (C24:0) 1.18a 0.12c 0.98b 0.49

Docosahexaenoic acid (C22:6n3) —a 0.05b —a 0.02

1Mango seeds (MS) replaced by yellow corn grains in the concentrate feed mixture (CFM) at levels of 0 (G1, control), 20 (G2) and 40 % (G3), respectively.
abcMeans in the same row with different superscripts significantly differ (P < 0.05). SEM, Standard error of the mean.

non-structural carbohydrates, because MS is superior in terms of

CF, NDF, ADF, ADL, and cellulose contents compared with yellow

corn. The present study showed variations between the different

tested diets in terms of the CF, NFE, NDF, ADF, ADL, CEL,

hemicellulose, and non-fiber carbohydrate contents. The present

study results suggest that NDF is positively correlated with lignin but

negatively correlated with non-fiber carbohydrate. These results are

in agreement with those reported previously (36).

Digestibility coe�cients and feeding values

The digestibility coefficients of all nutrients (DM, OM, CP, CF,

EE, and NFE) and TDN increased (P < 0.05) in the diets that

included CFMs containing MS in G2 and G3, with the highest

observed in G3. The DCP content was nearly similar for the different

groups and not significantly affected by feeding of MS (Table 4). This

result may imply that a 40% concentration of MS supplementation

would support rumenmicrobial activity fermentation, which, in turn,

facilitates improved digestibility. Similarly, it was revealed (37) that

a specific minimum daily dry matter intake is required to fulfill an

animal’s hunger and to allow the digestive tract to function properly.

This indicates a healthy source of roughage that could improve

rumination and prevent rumen digestive disorders (38). Similarly, it

was found (15) that the digestibility coefficients of DM, CP, EE, and

CF increased (P < 0.05) as the level of MS increased. The digestibility

of OM and NFE, and feeding values, as well as the TDN and DCP

were higher (P < 0.05) in groups fed MS, at 20% in G2 and 40%

in G3, compared with G1. Similarly, it was reported (13) that the

nutrient digestibility of growing West African dwarf sheep fed a diet
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containing 75% mango kernel meal was the best in terms of CF, EE,

and NFE and differed significantly (P < 0.05) from those containing

0, 50, and 100% mango kernel meal. The addition of 25% or 50%

yellow corn instead of MSK considerably increased the nutritional

digestibility coefficients of DM, OM, CP, CF, and NFE (P< 0.05) (14).

When MSK was substituted with 25% or 50% yellow corn content in

the control ration, the TDN and DCP values improved (P < 0.005).

Feed intake and feed conversion

The average daily feed intake of goats fed different experimental

rations is presented in Table 5. Because the goats were group fed,

comparisons regarding the feed intakes of all nutrients are made on

a relative basis rather than on a statistical basis. The CFM, fresh

berseem, wheat straw, DM, TDN, andDCP intakes tended to increase

for goats fed CFMs containing MS and tended to increase as the

MS concentration increased from 20 to 40%. These results agreed

with previous findings (15), where the average daily feed intake from

feedstuffs (CFM, fresh berseem, and wheat straw) or DM, TDN, and

DCP was slightly higher in treatment groups containing MS than

in the control group. Similarly, significant differences (P < 0.05)

were observed in the digestible nutrient intake in growing West

African dwarf sheep fed different levels of mango kernel meal-based

diets (13).

The results of feed conversion reveal that introducing MS in the

CFMs of dairy goats improved feed conversion, and the amounts

of DM, TDN, and DCP required per kilogram of 3.5% FCM were

lower (P < 0.05) in G2 and G3 when compared with G1 (Table 6).

These results may be attributed to the improved FCM yield upon

feeding withMS. Similar results were previously obtained (15), where

the feed conversion in growing lambs improved in lambs fed CFMs

containing MS.

Economic e�ciency

The feeding cost was the same for the different groups, whereas

the feed cost per 1 kg 3.5% FCM decreased (P < 0.05) for G2 and G3

when compared with G1 (Table 6). However, the prices of the 3.5%

FCM yield, net revenue, relative net revenue, economic efficiency,

and relative economic efficiency were higher (P < 0.05) for G2 and

G3 compared with G1. The best economic efficiency occurred with

the 40% MS replacement of corn compared with all treatments. This

result was obtained because MS is a mango, and it is handled at

a cheaper rate than yellow corn, in addition to the decreased feed

consumption, which may be due to the bitter taste of MS. The relative

economic efficiency of 20 and 40%MS replacement of corn increased

by approximately 12.70 and 17.46%, respectively, compared with that

of the control group. Similarly, it was reported (39) that the feed cost

per kilogram weight gain of broilers was lowest in the group fed 10%

rice polish as a replacement for corn. Additionally, it was reported

(15) that the daily feed cost of growing lambs was nearly similar in

all lambs, but the feed cost per kilogram weight gain decreased (P

< 0.05) with increasing the level of MS. However, the price of daily

gain, economic feed efficiency (EFE), and relative EFE increased (P

< 0.05) with increasing MS level. In line with the present results, the

economic analysis revealed a decrease in the total feeding costs and a

superior benefit-to-cost ratio (16).

Rumen liquor parameters

The ruminal pH value and the total volatile fatty acids (TVFA)

and NH3-N concentrations were not affected by incorporating MS

into the diets (Table 7). Similarly, MSK replaced 25 or 50% of

the yellow maize in the control ratio which significantly increased

the ruminal pH (P < 0.05); however, it had no significant (P >

0.05) effect on the NH3-N and total volatile fatty acid (TVFA)

concentrations (14). The high fermentation of mango waste likely

stimulated microbial growth, resulting in high NH3-N capture by

microorganisms (40). The greater proportion of minor VFA is

consistent with the higher NH3-N concentrations, as minor VFA

and NH3-N are the final products of protein degradation in the

rumen (41).

Blood parameters

Only the cholesterol concentration and AST activity were

decreased (P<0.05) when yellow corn grain was replaced with MS

in G2 and G3. Other plasma biochemical parameters, including total

protein, albumin, globulin, albumin to globulin ratio, creatinine, ALT,

and urea–N were not affected by MS (Table 7). This result agrees

with that found previously (42), where 0.28% dietary mango saponin

supplementation decreased the plasma total cholesterol content in

cockerels. This could be explained by the presence of mangiferin in

the mango saponin. The hypocholesterolemia effect of MSK may be

related to flavonoid components that may prevent lipid peroxidation,

which regulates cholesterol synthesis. Serum creatinine kinase (CK)

activity for Gimmizah cockerels decreased (P < 0.05) in the treated

groups. At 10% MSK substitution with corn, the lowest creatinine

kinase (CK) concentration was reported. According to a previous

study (43), elevated serum CK levels are linked to cell damage and

muscle cell disintegration. The enhancement of muscle cells in that

study, by replacing 10 and 15% of the maize in the cockerels’ diet with

MSK, was linked to phenolic chemicals, which may reduce oxidation

reactions in the cell.

Milk yield and composition

The actual milk and 3.5% FCM yields increased (P < 0.05)

with increasing MS concentration. G3 (40% MS) exhibited the

highest actual milk and 3.5% FCM yields (1.880 and 1.204 kg/day,

respectively), followed by G2 (1.650 and 1.159 kg/day, respectively),

with G1 presenting the lowest values (1.514 and 1.022 kg/day,

respectively). Concerning the milk composition, G2 had significant

(P < 0.05) TS, TP, NPN, casein, ash, fat, SNF, lactose, and Ca contents

as well as fat yield G3, while G1 had the lowest (Table 8). The P

content and pH values were nearly similar in all groups. Similarly, it

was found (1, 44) that MSK contained considerable levels of calcium,

phosphorus, sodium, magnesium, iron, zinc, and copper.
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Milk fatty acid profile

Feeding the goats with MS increased the concentrations of

caprioc, caprylic, capric, stearic, oleic, elaidic, and linoleic acids

(Table 9). In contrast, feeding with MS decreased the concentrations

of butyric, laueic, tridecanoic, myristic, myristoleic, pentadecanoic,

heptadecanoic, cis-10-Heptadecanoic, cis-11-Eicosenoic, linolenic,

arachidonic, and lignoseric acids in the milk fat (Table 9). The

apparent change in themilk’s stearic acid content when the goats were

fed with MS may be due to the high percentage of that acid in MS, as

explained previously (4). In line with other reports, the assessment

of the milk fatty acid profile of goats revealed no difference among

treatments (16). However, the level of myristoleic fatty acid C14:1 cis-

9 decreased linearly by 0.15 g/100 g of fatty acids for every 1% increase

in whole mango meal levels (P < 0.05).

Conclusions

The results revealed that replacement of 20–40% of yellow

corn grain with mango seeds resulted in no adverse effects on the

performance of Damascus goats. In addition, the inclusion of mango

seeds at a concentration of 40% improved the digestibility, milk yield,

feed conversion, economic efficiency, and milk composition.
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quality, and uterine gene
expression for layers as a�ected by
N-Carbamylglutamate
supplementation

Wei Ma, Yi Lu and Chunqiang Wang*

College of Animal Science and Veterinary Medicine, Jinzhou Medical University, Jinzhou, Liaoning, China

Introduction: Supplementation of exogenous additives is a strategy to improve laying

performance of layers by regulating uterine function. N-Carbamylglutamate (NCG) as

an activator for endogenous arginine synthesis has the potential to regulate the laying

performance of layers, but its e�ects have not been fully understood.

Methods: This study investigated the e�ects of dietary supplementation of NCG on

production performance, egg quality, and uterine gene expression in layers. A total of

360 45-week-old layers with a genetic line of Jinghong No. 1 were used in this study.

The experimental period was 14 weeks. All birds were divided into 4 treatments with

6 replicates per treatment and 15 birds per replicate. Dietary treatments were based

on a basal diet and supplemented with 0, 0.08, 0.12, or 0.16% NCG to form C, N1, N2,

and N3 groups.

Results and discussion: We found that layers in group N1 had higher egg

production rate than those in group C. Egg weight was significantly reduced, while

eggshell thickness was significantly improved, by treatment. However, the albumen

height and Haugh unit were the lowest in group N3. Based on the above results,

groups C and N1 were selected for further transcriptomics analysis of uterine

tissue by RNA-seq. More than 7.4 Gb clean reads and 19,882 tentative genes

were obtained using the Gallus gallus genome as a reference. Transcriptomics

analysis in uterus tissue revealed that 95 di�erentially expressed genes (DEGs) were

upregulated and 127 DEGs were downregulated. Functional annotation and pathway

enrichment analysis showed that DEGs in uterine tissue were mainly enriched in

glutathione metabolism, cholesterol metabolism, and glycerolipid metabolism, etc.

Vitamin A metabolism-related gene, RBP1, nutrient transport-related gene, ALB,

protein synthesis-related gene, METTL21C, and calcium transport-related gene,

RYR2, CACNB2, RAMP3, and STAC, were significantly regulated by 0.08% NCG

supplementation. Therefore, we concluded that NCG supplementation at a dose

of 0.08% improved production performance and egg quality of layers by regulating

uterus function.

KEYWORDS

N-Carbamylglutamate, layer, production performance, egg quality, transcriptome analysis in

uterus

Introduction

Egg, as an important source of protein, is widely consumed worldwide. For decades, animal

nutritionists have constantly optimized the egg production and egg quality of poultry from the

perspective of nutrition to meet people’s increasing demand for high-quality eggs (1). High

calcium ion transport capacity of the uterus is related to the production of high-quality eggs

(2). Huang et al. (3) found that dietary supplementation of mulberry-leaf flavonoids upregulated
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the expression of calcium ion transport-related genes in uterus,

and therefore improved egg quality. Moreover, increasing dietary

vitamin A levels was beneficial to ameliorate the reduction of laying

performance induced by heat stress (4). Therefore, the reproductive

performance of layers is closely related to the supply of exogenous

nutrients and the inherent function of ovaries and/or uterus.

N-Carbamylglutamate (NCG) is an activator for endogenous

arginine synthesis (5). Its supplementation had positive effects on

growth performance and tissue development of broiler chicks (6).

Its amnion injection improved the meat quality of broiler chicks

(7). Additionally, feeding roosters with NCG-containing diet was

beneficial to regulate the levels of circulating reproductive hormone

and improve the development of sexual organ (8). For layers,

supplementing NCG to the diet can promote the development of

follicles (9). Therefore, it seems that supplementing NCG to the diet

is beneficial to improve the reproductive performance of birds.

However, nutrients should not only be regarded as a provider

of nutrients, but also as a source of various molecules that can

be perceived by the organism and affect the expression of the

genome (10). Therefore, the application of omics technologies in

animal nutrition could identify phenotypic responses of dietary

administration of different kinds of additives. Transcriptome

sequencing technology (RNA-Seq) can accurately and efficiently

obtain almost all the transcripts of a specific tissue in a certain period

of time, and deeply excavate the subtle changes in the differential

expression of genes in the tissue or cell (11). Therefore, the RNA-

Seq technique is of great significance for exploring gene expression

and regulation mechanisms at transcription level and is widely used

in animal nutrition research (12, 13).

We hypothesized that dietary supplementation of NCG improved

production performance and egg quality of layers by regulating the

function of uterus. In this study, we first investigated the effects of

dietary supplementation of NCG on production performance and

egg quality of layer by feeding them with graded levels of NCG-

containing diet. Based on the above results, suitable experimental

group was selected and then collected uterine tissue for further

transcriptomics analysis by RNA-seq. Therefore, the objective of

this study was to investigate the effects of dietary supplementation

of NCG on production performance, egg quality, and uterine gene

expression in layers.

Materials and methods

All methods and procedures were approved by the Ethics

Committee of Jinzhou Medical University and implemented in

accordance with the relevant guidelines formulated by the Ministry

of Agriculture of the People’s Republic of China.

Experimental design, animals, and housing

A total of 360 45-week-old layers with a genetic line of Jinghong

No. 1 were used in this study. All birds were obtained from

the poultry experimental unit in Jinzhou Medical University. The

experimental period was 14 weeks. All birds were randomly assigned

into 4 groups with 6 replicates per group and 15 birds per replicate.

Dietary treatments were based on a basal diet and supplemented

with 0, 0.08, 0.12, or 0.16% NCG to form C, N1, N2, or N3

TABLE 1 Composition and nutrient levels of the experimental basal diet (%,

as-fed basis).

Items

Ingredients, %

Corn 63.18

Soybean meal 25.60

Dicalcium phosphate 1.30

Limestone 8.70

NaCl 0.26

NaHCO3 0.20

Vitamin and mineral premixa 0.50

Methionine 0.23

Lysine 0.03

Total 100.00

Analyzed nutrient composition

Metabolizable energy, MJ/kg 11.03

Crude protein, % 16.50

Calcium, % 3.41

Available phosphorus, % 0.32

Lysine, % 0.80

Methionine, % 0.51

Methionine+ Cysteine, % 0.80

Tryptophan, % 0.18

aProvided per kilogram of diet: 125,000 IU vitamin A; 2,500 IU vitamin D3 ; 10mg vitamin

E; 2mg vitamin K3 ; 1mg vitamin B1 ; 5mg vitamin B2 ; 1mg vitamin B6 ; 15mg vitamin B12 ;

500mg folic acid; 35,000mg niacin; 10,000mg Ca-Pantothenate; 50mg biotin; 8mg Mn; 60mg

Zn; 25mg Cu; 40mg Fe; 0.3mg Co; 1.5mg I; 0.15 mg Se.

groups. The basal diet was (Table 1) formulated according to the

recommendation of National Research Council (14). The NCG used

in this study was purchased from a commercial company (Anhui

Pusheng Pharmaceutical Co. Ltd).

Layers were housed in natural ventilation and programmable

lighting equipped room and reared in an adjacent steel cage,

which was installed with nipple drinkers, common trough feed, and

egg collection plate. During the experimental period, the average

temperature was 23◦C. The lighting program was 16 h light and 8 h

dark. All layers had free access to feed and water.

Sampling and measurements

Production performance analysis
The number and weight of eggs were recorded daily on a

replication basis to calculate egg production rate.

Egg quality analysis
On the last day of the experiment, two eggs per replication

were selected to measure egg quality. A Vernier caliper was used

to measure eggshell thickness excluded inner membrane, which was

determined to be based on the average thickness of the rounded end,

pointed end, and the middle of the egg. Additionally, the albumen
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TABLE 2 E�ect of dietary supplementation of N-Carbamylglutamate (NCG) on production performance and egg quality in layers.

Items NCG, %

0.00 0.08 0.12 0.16

Egg production rate, % 86.40± 1.67b 92.31± 5.43a 87.01± 5.76b 89.18± 4.12ab

Egg weight, g 63.26± 1.67a 61.33± 1.34b 61.43± 1.56b 61.54± 1.94b

Albumen height, mm 5.84± 0.95a 6.25± 1.01a 6.28± 0.83a 4.46± 2.04b

Yolk color 4.38± 0.74 4.51± 1.07 4.75± 0.46 5.00± 0.93

Haugh unit 73.51± 8.19a 76.41± 6.86a 77.13± 5.72a 53.35± 3.23b

Eggshell thickness, mm 0.28± 0.03b 0.31± 0.02a 0.32± 0.03a 0.33± 0.02a

a,bDifferent superscripts within a column indicate a significant difference (P < 0.05).

TABLE 3 Statistics of sequencing data of uterus in layers.

Items Clean reads Clean bases Q20, % Q30, % GC content, %

C_1 55,690,070 8,211,245,214 97.92 93.89 50.51

C_2 50,100,024 7,397,701,348 98.07 94.25 50.23

C_3 64,429,890 9,422,573,881 98.10 94.35 50.49

Average 56,739,995 8,343,840,148 98.03 94.16 50.41

N1_1 58,709,712 8,699,767,426 98.66 96.03 50.40

N1_2 56,509,706 8,375,330,746 98.75 96.33 50.49

N1_3 56,802,790 8,448,341,951 98.61 95.92 50.31

Average 57,340,736 8,507,813,374 98.67 96.09 50.40

height, Haugh unit, and yolk color were measured using an egg

multi-tester (Touhoku Rhythm Co., Ltd., Tokyo, Japan).

Transcriptomics analysis of uterus tissue
Based on the results of production performance and egg quality,

a total of 6 birds were randomly selected from groups C and N1 for

further transcriptomics analysis of uterine tissue by RNA-seq. Birds

were euthanized with 1 cc Euthasol R© intravenously after 12 h fasting

on the last day of the experiment and then remove uterus tissue.

Total RNA was extracted from tissue samples using Trizol

reagent. The degree of RNA degradation was analyzed by agarose

gel electrophoresis and RNA purity was detected using a Nanodrop

2000 spectrophotometer. The RNA concentration was accurately

quantified by Qubit 2.0; and RNA integrity was detected using the

Agilent 2100 Bioanalyzer. Following sample testing, a total amount of

3 µg RNA per sample was used as input material for the RNA sample

preparations. Sequencing libraries were generated using NEBNext R©

UltraTM RNA Library Prep Kit for Illumina R© (NEB, USA) following

manufacturer’s recommendations and index codes were added to

attribute sequences to each sample (15). The quality of library was

assessed on the Agilent Bioanalyzer 2100 system.

The library preparations were sequenced on an Illumina HiSeq.

2500 platform.Quality control of the reads was performed by

using in-house written scripts. Raw data of Fastq format were

initially processed by in-house perl scripts. In this step, clean reads

were obtained by removing reads containing adapter, poly-N,

and low-quality reads from raw data. Q20, Q30 and GC content

were calculated for the clean data. All downstream analyses were

based on clean data with high quality. The PE 150 paired-end

sequencing strategy was used in this study. The chicken’s genome

sequence (90 version) was downloaded from genome website

(ftp://ftp.ensembl.org/pub/current_fasta/gallus_gallus/dna/Gallus_g

allus.Gallus_gallus-5.0.dna.toplevel.fa.gz). Index of the reference

genome was built using Hisat2 v2.0.5 and paired-end clean

reads were aligned to the reference genome using Hisat2 v2.0.5.

The gene expression level was estimated by the number of

normalized fragments per kilogram of transcript per million

fragments (FPKM) method. The differential expression analysis

of the groups was performed using the DESeq. 2R package

(1.16.1) based on the readcount data. The resulting P values

were adjusted using the Benjamini and Hochberg’s approach

for controlling the false discovery rate. Genes with an adjusted

P < 0.05 found by DESeq. Two were assigned as differentially

expressed. The group C was used as the control group to analyze

the differentially expressed genes in the uterine tissue as affected by

NCG supplementation.

Gene ontology (GO) (http://www.geneontology.org/)

enrichment analysis of differentially expressed genes was

performed using GOseq based on Wallenius non-central

hyper-geometric distribution43. This includes three parts:

molecular function, biological process, and cellular component.

A specific P-value was used to determine if a DEG is enriched

in the GO. Usually, a P < 0.05 is indicative of enrichment.

Pathway enrichment analysis was assessed using the KEGG

(Kyoto Encyclopedia of Genes and Genomes) database44

(http://www.genome.jp/kegg/). The ClusterProfiler R package

was used to test the statistical enrichment of differential expression

genes in KEGG pathways. A P < 0.05 was considered indicative of

the function being enriched.
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Statistical analysis

The normality of data was examined by Shapiro-Wilk test

and QQ plots. Then, data were analyzed by one-way ANOVA

FIGURE 1

Volcano plot of di�erentially expressed genes of layers fed with C or

N1 groups diets. C, basal diet; N1, basal diet supplemented with 0.08%

N-Carbamylglutamate. Nosig, no significant.

model with Dunnett’s post hoc Test using SPSS software

(Version 26.0). Results were presented as the means ± standard

deviation. Probability value below 0.05 was taken to denote

statistical significance.

Results

Production performance and egg quality as affected by

supplementing NCG to the diet of layers was presented in Table 2.

We observed that feeding layers with 0.08% NCG-containing

diet led to a higher egg production rate in comparison to

those fed with a basal diet (P < 0.05). Egg weight was affected

by treatment, the supplementation of graded levels of NCG

resulted in a decrease in egg weight (P < 0.05). Additionally,

we found that the albumen height (P < 0.05) and Haugh

unit (P < 0.05) were the lowest in N3 group in comparison

to those in other groups. Eggshell thickness in N1, N2, and

N3 groups was higher than that in C group (P < 0.05).

However, NCG supplementation had no significant effects on

yolk color.

As observed in Table 3, after filtering the raw reads, an average

of 5,673,995 clean reads were obtained from the samples of group C,

whereas an average of 57,340,736 clean reads were obtained from the

samples of group N1. Values of Q20 and Q30 were higher than 98%

and 94% in both groups, respectively. The contents of GCwere higher

than 50% for both groups.

Analysis of the expression of differential genes was conducted by

using RSEM software. A total of 222 differential genes were obtained

(Supplementary material 1), of which 95 genes were significantly

FIGURE 2

The upregulated items in the GO (gene ontology) database at all levels using DEGs of C vs. N1 groups. C, basal diet; N1, basal diet supplemented with

0.08% N-Carbamylglutamate.
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FIGURE 3

Advanced bubble chart shows significantly enriched pathways based on di�erentially expressed genes (DEGs) by Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway analysis (P < 0.05). The x-axis represents rich factor (rich factor = number of DEGs enriched in the pathway/number of all

genes in the background gene set). The y-axis represents the enriched pathway. Color represents enrichment significance, and the size of the bubble

represents the number of DEGs enriched in the pathway.

upregulated and 127 genes were significantly downregulated

(Figure 1).

The GO enrichment analysis was used to annotate DEGs and

study their distribution to further clarify the function of DEGs.

The GO functions were divided into three categories, including

biological process, cell component, and molecular function. Among

the differential genes, nine differential genes were enriched in

biological process, eight differential genes were enriched in cell

component, and three differential genes were enriched in molecular

function (P < 0.05) (Figure 2).

To further identify the major biochemical, metabolic, and

signal transduction pathways of the DEGs, we performed a KEGG

pathway enrichment analysis. Results indicated that a total of

222 DEGs were enriched in 126 KEGG pathways, of which 11

pathways were significant enriched (P < 0.05), mainly involved in

glutathione metabolism, cholesterol metabolism, drug metabolism-

other enzymes, glycerolipid metabolism, longevity regulating

pathway-worm, peroxisome proliferator-activated receptor signaling

pathway, breast cancer, drug metabolism-cytochrome P450,

arrhythmogenic right ventricular cardiomyopathy, adrenergic

signaling in cardiomyocytes, metabolism of xenobiotics by

cytochrome P450 (Figure 3).

We further investigated the value of FPKM for each sample,

we found that genes of RBP1, RYR2, CACNB2, METTL21C were

significantly upregulated, and genes of ALB, RAMP3, CEMIP, and

STAC were significantly downregulated, in group N1 in comparison

to those in group C (P < 0.05) (Figure 4).

Discussion

Egg production rate is an important economic parameter for

poultry husbandry. In this study, a significant improvement effect on

egg production rate was observed when supplementing 0.08% NCG

to the diet. The egg production rate of layers is related to the number

of preovulatory follicles (16). As reported, Ma et al. (17) noted that

NCG supplementation enhanced ovarian angiogenesis and improved

follicular development in layers. Additionally, vitamin A is necessary

for reproduction. VitaminA is considered to play a key role in ovarian

steroidogenesis, oocyte maturation, and reproductive tract mucous

membrane epithelium development (18). Long-term deficiency of

vitamin A led to pathological changes in the oviduct mucosa for

layers (19). Extra supplementation of vitamin A was beneficial to

ameliorate the reduction of laying performance induced by heat stress

(4). Vitamin A is transported systemically and intercellularly by RBP.

Subsequent transcriptome analysis in this study showed that NCG

supplementation at a dose of 0.08% upregulated the expression of

RBP1 in uterus. As the action of vitamin A is mediated by RBP. We

considered that the dose of NCG at 0.08% seems to be the appropriate

level to improve egg production rate, which was partially attributed
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FIGURE 4

Comparison of transcripts per million values of the RBP1, RYR2, CACNB2, METTL21C, ALB, RAMP3, CEMIP, and STAC genes between C and N1 groups. C,

basal diet; N1, basal diet supplemented with 0.08% N-Carbamylglutamate. a,bMeans in the same figure with di�erent superscript di�er significantly

(P < 0.05).

Frontiers in Veterinary Science 06 frontiersin.org
313

https://doi.org/10.3389/fvets.2023.1110801
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Ma et al. 10.3389/fvets.2023.1110801

to the upregulation of RBP1 expression in uterus. However, as the

egg production rate of layers is closely related to the number of

primordial follicles, further experiments are needed to explore the

effects of NCG supplementation on the number of primordial follicles

for providing more powerful evidence.

However, we observed that egg weight was negatively affected

by treatment. Any dose of NCG used in this study led to a

decrease in egg weight. Egg weight is closely related to the

quantity of nutrients deposited in eggs (20). ALB gene encodes

carrier proteins for a wide range of endogenous molecules

(https://www.genecards.org/cgi-bin/carddisp.pl?gene=ALB).

Therefore, its expression level in uterus may indicate the situation of

nutritional deposition in eggs. In the present study, we observed that

NCG supplementation at a dose of 0.08% had downregulation effect

on the expression of ALB in uterus. Therefore, a downregulated

ALB expression in uterus may be the reason for egg weight loss. The

reduction of egg weight has a negative effect on the economic traits

of eggs. A low weight of eggs may decrease the acceptability of eggs

for consumers.

The Haugh unit is a measure of egg protein quality based on

the height of its egg white (albumen) (21, 22). Its measurement

determines the protein content and freshness of the egg. Therefore,

the results observed in this study indicated that layers fed with

0.16% NCG-containing diet may cause consumers to feel stale.

These results also indicated that NCG supplementation may

regulate the deposition of protein in eggs. Indeed, as reported,

Frank et al. (23) found that oral intake of NCG increased the

synthesis of muscle protein in nursing piglets. Zhang et al. (24)

reported that NCG supplementation increased nitrogen retention

and utilization in Holstein bulls. It is worth noting that the value

of albumen height and Haugh unit in group N1 were relatively

higher than that in group C, although no statistical difference was

observed. The result of transcriptomics analysis indicated that

the gene of METTL21C was significantly upregulated by NCG

supplementation. METTL21C has been identified as a potential

pleiotropic gene for sarcopenia (25). Therefore, the increase of

NETTL21C expression in uterus may indicate a high protein

synthesis (https://www.informatics.jax.org/marker/MGI:3611450).

We considered that the difference between groups C and N1 were

masked by the existence of group N3, as the lowest value of albumen

height and Haugh unit were presented in group N3. We speculated

that the protein synthesis induced by NCG supplementation may

have dose-dependent manner. That is, high concentration of NCG

has negative effects on protein synthesis, which need to be evaluated

in future. In brief, we concluded that feeding layers with 0.16%

NCG containing diet had negative effects on albumen height and

Haugh unit.

Moreover, we observed that the eggshell thickness was affected

by treatment. The supplementation of NCG improved the eggshell

thickness. Eggshell is mainly composed of calcium, which is formed

in the uterus. The transepithelial transportation of calcium from

the blood into the uterus is the predominant route for eggshell

calcification (26). Disturbed regulation of calcium transporters

expression in uterus contributed to the deterioration of eggshell

ultrastructure (27). Wang et al. (28) found that feeding layers

with probiotic containing diet increased the expression of calcium

transport-related genes, thus improved eggshell quality. In this study,

we observed that dietary supplementation of 0.08%NCG upregulated

the expression of RYR2 and CACNB2 genes, while downregulated the

expression of RAMP3, CEMIP, and STAC genes in uterine tissue. RYR

is an intracellular calcium ion release channel in the sarcoplasmic

reticulum or the endoplasmic reticulum (29). CACNB2 encodes a

subunit of a voltage-dependent calcium ion channel protein that

is a member of the voltage-gated calcium channel superfamily

(https://www.genecards.org/cgi-bin/carddisp.pl?gene=CACNB2).

RAMPS is a type I transmembrane protein with an

extracellular N-terminus and a cytoplasmic C-terminus.

Its expression leads to the inhibition of bone resorption

and enhancement of renal calcium ion excretion

(https://www.genecards.org/cgi-bin/carddisp.pl?gene=RAMP3).

STAC has been identified as a new regulatory family that plays

a role in voltage-gated calcium ion channel transportation (30).

Its downregulation induces sperm inactivation by enhancing the

concentration of calcium in the semen (31). However, CEMIP

involves calcium ion release from the endoplasmic reticulum (32).

A downregulated CEMIP expression may indicate the inhibition of

calcium release for eggshell formation. But we did not know why

NCG supplementation downregulated the expression of CEMIP, an

eggshell quality promotion-related gene, which need to be explored

in future. However, we can still conclude that the upregulation

of RYR2 and CACNB2 was beneficial to increase the calcium ion

concentration in uterus, while the downregulation of RAMP3

and STAC was beneficial to release calcium from intracellular

storage into uterine environment. Therefore, we considered that the

improvement of eggshell thickness caused by supplementing NCG to

the diet was related to the upregulation of RYR2 and CACNB2 and

the downregulation of RAMP3 and STAC.

In conclusion, we found that feeding layers with 0.08% NCG-

containing diet improved egg production rate and egg quality by

regulating uterine function. However, the supplementation of NCG

had negative effects on egg weight. Additionally, the egg quality

was impaired when layers fed with 0.16% NCG-containing diet,

which indicated that high-dose of NCG used in layers’ diet should

be careful. Additionally, we did observe that some genes related to

vitamin Ametabolism and calcium transport were regulated by NCG

supplementation. However, the interesting thing is one of the calcium

transport promoting gene downregulated by NCG supplementation.

Further study should clarify the role of CEMIP in egg formation.
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Heba A. El-Sanafawy1, Ahmed M. Hussein1 and

Abdelfattah Z. M. Salem3*
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Veterinary Medicine, University of Bari A. Moro, Valenzano, Italy, 3Facultad de Medicina Veterinaria y

Zootecnia, Universidad Autónoma del Estado de México, Toluca, Mexico

Introduction: This study investigated the e�ects of using sun-dried Azolla

(Azolla pinnata) meal (SDAM) protein to replace sunflower meal protein in the

diets of Zaraibi goats dams on nutrient digestibility, milk yield, composition,

and economics.

Method: A total of 15 Zaraibi goats (32.23 ± 0.2 kg) were randomly divided

into three equal groups, R1, R2, and R3 which were fed based on average milk

production. The basal ration was a concentrated feed mixture containing 0, 10,

and 20% SDAM which replaced 0, 25, and 50% of sunflower meal protein in the

respective groups.

Results: Nutrient digestibility and feeding values were improved with R3 goats,

which had the highest level of azolla (20%) R3 versus R2 and R1 goats. The

total volatile fatty acid (TVFA) concentration in the in-rumen liquor was elevated

by increasing the level of azolla up to 20% in R3 goats. The results revealed

significantly higher (P< 0.05)meanmilk yield in the SDAMgroups in comparison to

R1 (1184, 1131 and 1034 respectively). The beneficial e�ects of the tested groups

were observed in milk composition, milk fat, milk protein, and non- fats solids.

Whereas the milk fat yield was higher in the SDAM group in comparison with

the control group (40.84, 37.20, and 33.92). Ration inclusion of SDAM improved

economic feed e�ciency (relative feed cost and relative daily profit) and had a

significant e�ect on the yield of milk constituents. In general, using up to a level of

20% SDAM in place of sunflower meal for feeding lactating Zaraibi goats improved

milk production, milk fat yield, and cost-benefit ratio.

Discussion: This study recommended that, inclusion of sun-dried azolla meal up

to 20%, as an unconventional feed for Zaraibi dairy goats and o�spring, improved

milk production and economically feed e�ciency.

KEYWORDS

sun-dried azolla meal, lactating goats, digestibility, milk performance, milk composition

Introduction

In many developing countries goats are important livestock used for meat and milk

production. Compared with cow milk, goat milk from goats has a longer shelf life and is

more easily digested. People who have complaints which prevent them from cow milk may

reduce these issues through goat milk consumption (1, 2). As with other dairy products,
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animal nutritional changes can be reflected in the composition

of goat milk and production economics (3). In Egypt, there

is a lack of sufficient feed, particularly protein sources. To

bridge this gap, unconventional feed resources must be used

without compromising the quality of the nutrient supply. Azolla

(Azolla pinnata) is a small floating aquatic fern with a symbiotic

relationship with the cyanobacteria AnabaenaAzolla, which can fix

atmospheric N2 (4). Azolla has attracted the attention of scientists

as the best alternative feed resource for livestock. The proximate

composition of sun-dried azolla meal revealed that it is rich in

crude protein, essential amino acids, ß-carotene, vitamins A and

B12, minerals, and growth promoter intermediates. Moreover, it

is easily digested by livestock due to its low lignin content and

its high fiber content (5, 6). Therefore, azolla could be used as

an unconventional protein source in livestock feed (7) and can

be a potential feed ingredient for growing lambs. Additionally,

it can partially replace concentrates used in livestock feed both

fresh and dried and can be given mixed with concentrates or

directly to goats without any adverse effects (8). Azolla improves

the production of milk and meat in dairy cattle and is one of the

most economical and efficient livestock feed substitutes (9). It also

includes several valuable phytochemicals, amino acids, and fatty

acids. These bioactive components contribute to a broad variety of

useful and therapeutic properties, such as being antioxidant, anti-

inflammatory anti-diabetic, and gastro-protective (10). Azolla meal

can be included in the diet of growing lambs at a 10% content

level replacing 25% from sunflower meal protein without any effect

on the performance of the animals (11). The present study aimed

to evaluate the effect of replacing sunflower meal protein with

different inclusion levels of sun-dried azolla meal in concentrated

feedmixtures on nutrient digestibility, milk yield, composition, and

economic feed efficiency in lactating Zaraibi goats.

Materials and methods

The present study was carried out at the Sakha Experimental

Research Station of the Animal Production Research Institute

(APRI), Agricultural Research Center, Kafer El-Sheik Governorate,

Ministry of Agriculture, Egypt.

Collection and preparation of azolla

Azolla was produced in 12.5 × 1.0 × 0.40m. water troughs.

Azolla was harvested Within 15 days. The period was from August

to October in the year 2020. It was complete sun dried immediately

after harvesting, then ground andmixed homogeneously with other

feed ingredients to form concentrated feed mixtures.

Experimental animals and feeding

The feeding trial lasted for 120 days (from 30 days at prepartum

to 90 days postpartum). A total of 15 Zaraibi dairy goats (normal

mating) were involved, with live body weights of 32.23 ± 0.2 kg

and at third and fourth parity. Goats were randomly divided into

three homogenous equal groups (five females each) according to

TABLE 1 Ingredient composition (%) of di�erent concentrate feed

mixtures (CFM).

Ingredients CFM1 CFM2 CFM3

SDAM – 10 20

Yellow corn grains 40 31 29

Soybean meal – – 2

Undecorticated sunflower meal (SFM) 20 15 10

Wheat bran 31 35 30

Molasses 5 5 5

Calcium carbonate 3 3 3

Salt 1 1 1

SDAM, sun dried azolla meal; CFM1, control; CFM2, 10% SDAM; CFM3, 20% SDAM.

their body weight, parity and milk production during the previous

lactation season using a randomized complete block design. Goats

were fed using a grouping systemwith berseem, fresh forage offered

ad libitum and a basal ration where 8 kg/group from concentrate

feed mixture (CFM) as described in NRC requirements (12).

Animals tested the following feed rations: the control group (R1)

received CFM1 containing 0% sun-dried azolla meal, while R2 and

R3 received CFM2 and CFM3.containing 10 and 20% sun-dried

azolla meal, respectively. All the rations were isonitrogenous and

isocaloric. Animals were provided with rations divided into two

feedings, morning and evening. Freshwater was freely available, and

minerals and vitamin sources were offered in the cages to be licked

by animals as needed throughout the experimental period. The

ingredient composition of different CFMs is presented in Table 1.

The nutritive values of CFM were 65% total digestible nutrients

(TDN) and 14% crude protein (CP) approximately.

Digestibility trial and rumen liquor parameters
Three digestibility trials (three doses per group) were

conducted simultaneously with the animals involved during the last

week of the feeding trial. The digestibility coefficients and feeding

values of the tested ratios were determined according to the acid

insoluble Ash (AIA) method as described previously (13). Faces

sampled from the rectum twice daily within 12 h intervals for 5

consecutive days (10 samples per animal/group) were maintained

at −20◦C until analyzed. All samples of CFM, azolla, feces, and

berseem were dried at 60◦C for 72 h and analyzed according to (14)

for dry matter (DM), crude fiber (CF), crude protein (CP), ether

extract (EE), and ash content. Rumen liquor samples were collected

using a stomach tube at zero time (before feeding) and 3 and

6 h post-feeding from three animals that fed on the experimental

diets. pH level was immediately determined after rumen liquor was

collected using a digital (Orian 680). Rumen liquor samples were

filtered through four layers of cheesecloth. Ammoniacal nitrogen

(NH3-N) concentration was measured according to (15). Total

volatile fatty acid (TVFA) concentrations were measured according

to (16). Calculated feed conversion included the amount of DM,

total digestible nutrients (TDN) %TDN = %DCP + %DCF +

%DNFE + (2.25∗%DEE), digestible crude protein (DCP) units/kg

of milk (DCP = Digestion coefficient CP∗ CP). The economical

evaluation was calculated for ratios according to the prevailing
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prices of ingredients and milk during 2020 the time of the

experimental period. Price of kg raw milk: 5 LE/kg, CFM1:4035,

CFM2:3615, CFM3:3310, and berseem (dry) 2,500 L.E./ton.

Milk yield and feed utilization

Milk yield was recorded every 15 days. Moreover, the total milk

yield was calculated by differences between weight of kids before

and after suckling. Summation of milk yield along suckling period.

Fifteenmilk samples were collected at themiddle of suckling period

(at 45th day) were analyzed for fat, protein (%), and total solids

parameters according to (17). Lactose (%) was determined by the

calorimetric method according to (18). Ash content was estimated

as described by (14). Solids-not-fat (SNF) values were calculated.

The value of fat- corrected milk 4% (FCM) was calculated as FCM

= 0.4×milk yield (kg)+ 15× fat yield (kg) according to (19).

Blood parameters

Blood samples were aseptically obtained via jugular vein

puncture at the end of the collection period of the digestibility

trial, Disposable needles (23G) with a negative pressure system

were used for plasma (9mL tubes with 15 USP U/mL of heparin)

(Vacutainer
R©
, Becton, Dickinson Canada Inc., Oakville, Canada)

as described by (20). The blood samples were quickly centrifuged

at 3,000 rpm for 20min. The plasma fraction was frozen and

stored at−20◦Cuntil analyzed. Different chemical parameters were

assayed using commercial diagnostic kits. Plasma total proteins

were determined according to (21). Albumin was determined

according to (22), and globulin was calculated from the differences.

Urea was estimated according to (23) while AST and ALT were also

determined (24, 25).

Statistical analysis

All data records were subjected to statistical analysis using SAS

(26), with the general linear model denoted as:

Yij = µ + Ti + eij

Where Yij is the observed value of the dependent variable

determined from a sample taken from each animal; µ is the

overall mean, Ti is the treatment effect (i = 1–3), and eij is the

residual random error. Percentage data were subjected to arc-

sin transformation to approximate the normal distribution before

using the analyzed data. Significance was set as at P < 0.05

according to (27).

Results

Chemical composition

Results revealed that the chemical composition of SDAM

contained 85.08, 18.58, 32.17, 3.35, 18.75, and 27.14% for DM, CP,

TABLE 2 Chemical compositiona of feed ingredients of tested diets (% per

DM basis).

Item DM OM CP CF EE NFE Ash

Feedstu�s

SDAMb 85.08 72.86 18.58 32.17 3.35 18.76 27.14

SFM 86.94 95.54 37.68 19.89 1.52 36.45 4.46

Berseem 15.45 88.41 16.31 25.03 1.36 45.71 11.59

Concentrate feed mixtures (CFM)

CFM1 88.35 92.89 15.56 7.95 2.89 66.49 7.11

CFM2 85.01 92.26 15.77 11.72 2.86 61.91 7.74

CFM3 88.05 83.58 15.64 14.21 3.11 50.63 16.42

Experimental rationsc

R1 30.68 90.49 13.62 17.45 2.6 56.88 9.51

R2 30.62 90.08 14.11 19.59 2.6 53.78 9.92

R3 31.75 89.9 14.75 20.69 2.76 51.7 10.1

aDM, dry matter; OM, organic matter; CP, crude protein; CF, crude fiber; EE, ether extract;

NFE, nitrogen free extract.
bSDAM, sun-dried azolla meal; CFM1, control; CFM2, 10% SDAM; CFM3, 20% SDAM; SFM,

sunflower meal.
cCalculated, R1, Berseem+ CFM1; R2, Berseem+ CFM2; R3, Berseem+ CFM3.

CF, EE, NFE, and ash, respectively. The R3 group had the lowest

values of (OM and NFE), although it had the highest values of

DM, CP, CF, EE, NFE, and ash percentage, which were increased by

increasing replacing undecorated sunflower meal with increasing

levels of SDAM in the CFM groups (Table 2).

Nutrient digestibility coefficients and feeding values of tested

feedstuff and rations.

The SDAM integrated with evaluated rations showed increasing

digestibility coefficients for OM, DM, CP, and NFE. The nutritive

values of TDN and DCP with R2 and R3 rations recorded the

highest values (64.66 and 63.06% TDN, respectively) vs. 11.14

and 10.16% DCP for the respective rations, while R1 recorded

60.61% TDN and 9.53% DCP. The R1 differed (P < 0.05) from

the other tested groups in digestion coefficients of DM, CF, EE,

CP, and DCP. In contrast, the digestion coefficients of OM, NFE,

and TDN showed no significant differences between the R1, R2,

andR3 groups. The digestion coefficients of CF and EE for R2

were highest than those for the other groups. The R2 differed

(P < 0.05) with R1 in the digestion coefficients of DM, EE, and

DCP (Table 3).

Rumen fermentation

Goats fed R2 and R3had values in the normal ranges for

healthy animals. At various sampling times, all measured ruminal

parameters were in the normal ranges. All values of ruminal pH

always showed no significant differences among the experimental

groups and the lowest values were seen at 3 h. The TVFA

values increased until 3 h and declined at 6 h according to the

normal distribution curve. The highest values of ruminal TVFA

concentration (P < 0.05) was observed with the R2 and R3 groups

compared with R1. The inclusion of SDAM led to an increase in
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TABLE 3 E�ects of including azolla on digestibility coe�cients and

feeding values of experimental rations.

R1 R2 R3

Digestibility coe�cient, %

Dry matter 61.73b ± 1.46 67.57a ± 1.46 64.96ab ± 1.46

Organic matter 64.41± 1.38 69.01± 1.38 67.31± 1.38

Crude protein 69.96b ± 1.97 78.94a ± 1.97 68.87b ± 1.97

Crude fiber 54.31b ± 1.87 66.34a ± 1.87 61.40a ± 1.87

Ether extract 67.83b ± 1.28 76.76a ± 1.28 72.74a ± 1.28

Nitrogen free extract 66.16± 1.54 67.01± 1.54 69.02± 1.54

Feeding values, %

TDN 60.61± 1.26 64.66± 1.26 63.06± 1.26

DCP 9.53b ± 0.28 11.14a ± 0.28 10.16b ± 0.28

Mean in the same row with different superscripts (a, b) are significantly different (P < 0.05).

TDN, total digestible nutrients; DCP, digestible crude protein.

DMD%= [1–AIA% of feed DM/AIA% of feces DM]∗100.

Y = 100–{N/M(100-DMD)}. Where: DMD, dry matter digestibility; Y, nutrient digestibility;

M, nutrient in feed, %DM; N, nutrient in feces, %DM.

TABLE 4 The e�ect of the inclusion of azolla on feed in rumen liquor

parameters of Zaraibi dairy goats.

R1 R2 R3

pH values

0 h 6.69± 0.07 6.56± 0.07 6.60± 0.07

3 h 5.53± 0.14 5.47± 0.14 5.42± 0.14

6 h 6.19± 0.14 6.38± 0.14 6.65± 0.14

NH3-N, mg/dL

0 h 12.25± 1.42 14.63± 1.42 16.27± 1.42

3 h 31.15± 3.15 35.23± 3.15 36.21± 3.15

6 h 17.87± 3.29 21.93± 3.29 25.20± 3.29

TVFA, meq/dL

0 h 09.01b ± 0.41 11.43a ± 0.41 10.30ab ± 0.41

3 h 15.54± 1.77 17.76± 1.77 17.71± 1.77

6 h 13.58± 0.88 15.75± 0.88 13.48± 0.88

Mean in the same row with different superscripts (a, b) are significantly different (P < 0.05).

NH3-N values at 3 h post-feeding. Although the values of NH3-

N were non- significant among the tested groups at sampling

times, the increasing SDAM levels increased the numerical values

of NH3-N concentrations (Table 4).

Blood parameters

The goats fed R3 diet had higher (P < 0.05) levels of plasma

total protein, albumin, and ALT compared with R1 and R2. Goats

of R3 had the highest value of creatinine (1.61 mg/dl P < 0.05)

which differed (P < 0.05) from other groups. A significant effect

with the lower concentrations was recorded in R1 and R2 groups

(1.30 and 1.39 mg/dl, respectively) compared to the R3 group. The

AST and ALT levels in plasma indicated that goats fed the test diets

TABLE 5 Blood biochemical constituents a�ected by feeding sun-dried

azolla meal in rations of Zaraibi dairy goats.

Parameters R1 R2 R3

Total protein, g/dl 06.76b ± 0.12 06.89b ± 0.12 07.40a ± 0.12

Albumin, g/dl 03.84b ± 0.07 03.85b ± 0.07 04.23a ± 0.07

Globulin, g/dl 03.00± 0.13 03.04± 0.13 03.17± 0.13

ALT, IU/l 14.82b ± 0.33 15.72b ± 0.33 16.89a ± 0.33

AST, IU/l 25.49± 0.47 28.53a ± 0.47 29.80a ± 0.47

Urea, mg/dl 07.29± 0.10 07.46± 0.10 07.27± 0.10

Creatinine, g/dl 01.30b ± 0.05 01.39b ± 0.05 01.61a ± 0.05

Means in the same row with different superscripts (a, b) are significantly different (P < 0.05).

had sufficient nutrients for their maintenance and sustained milk

production (Table 5).

Milk yield, milk chemical composition

Actual milk and 4% FCM yields were higher (P < 0.05) in R3

vs. R1 goats. Meanwhile, the highest value for actual milk yield

was found in R3 (1,184 g/h/d), with no difference between R2

and R3 goats. No significant effects on milk composition were

seen among goat’s whose diet included SDAM. Additionally, milk

constituent yields had no significant effect from the tested rations.

Fat percentages in milk had an insignificant effect with 3.28, 3.29,

and (3.45 ± 0.20) for R1, R2, and R3 respectively. There was no

significant difference between the R1, R2, and R3 goats shown in

the average percentage of milk composition (Table 6).

Dams and their o�spring performance

Data presented in Table 7, show the effect of experimental

rations on dams and their offspring performance. There were

insignificant differences between R1, R2, and R3 in most dams’

parameters. Generally, neither before nor after lambing were

significant changes in body weight seen in the dams among the

tested groups. Gradual increases in dams body weight of 29.18,

28.2, and 30.4 kg after kidding, to 30.6, 30.2, and 30.6 kg at weaning

for R1, R2, and R3, respectively, were observed. Kids in group R2

showed an average daily gain of 133.33 g, and the highest weaning

weight of 14.50 kg. Data for offspring performance measurements,

particularly for kid birth weight revealed a few differences among

the treatments. Data concerning of litter weight at weaning per

dam showed that no significant differences between experimental

groups with higher values in R3.

Feed e�ciency of milk production and
economic e�ciency

The inclusion of SDAM in diets did not affect DM intake, while

TDN and DCP intake (g/h/d) were elevated vs. the R1 group due

to increasing SDAM in the R2 and R3 groups. These results may

be due to higher TDN and DCP contents in rations containing
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TABLE 6 E�ects of the inclusion of azolla (SDAM) unconventional feed on

milk yields and milk composition of Zaraibi dairy goats.

R1 R2 R3

Actual daily milk

yield, g/ h/d

1034b ± 26.68 1131a ± 26.68 1184a ± 26.68

4%FCM yield, g/ h/d 0922b ± 39.09 1017ab ± 39.09 1090a ± 39.09

Milk composition, %

Fat, % 03.28± 00.20 03.29± 00.20 03.45± 00.20

Protein, % 02.55± 00.26 02.38± 00.26 03.54± 00.26

Lactose, % 03.81± 00.15 03.88± 00.15 03.88± 00.15

Total solids, % 10.59± 00.48 10.47± 00.48 11.87± 00.48

SNF, % 07.30± 00.33 07.18± 00.33 08.42± 00.33

Ash 00.85± 00.04 00.92± 00.04 01.00± 00.04

Milk constituent yield, g/h/d

Fat 33.92± 02.37 37.20± 02.37 40.84± 2.37

Protein 26.37± 04.26 26.92± 04.26 41.91± 4.26

Lactose 39.40± 02.64 43.88± 02.64 45.94± 2.64

Total solid yield 109.50± 08.11 118.42± 08.11 140.54± 8.11

Solids not fat yield 75.48± 06.77 81.21± 06.77 99.69± 6.77

Means in the same row with different superscripts (a, b) are significantly different (P < 0.05).

more SDAM than in R1 goats. Improved feed conversion was

observed in goats fed SDAM as higher kg DM intake/kg milk and

kg DCP intake/ kgmilk when compared with those of R1. However,

improvement in kg TDN intake/kg milk was observed only with

R2, and this may be due to increased milk production. Goats of R3

showed the best improvement in the relative feed cost of rations

containing SDAM. As a result, feeding ratios containing SDAM,

daily profit, economic efficiency, and relative economic efficiency

were all improved. Data economics of feed efficiency showed that

the feeding cost per kg of milk was decreased with increased azolla

levels in the diet. The lowest cost of feeding per kg of milk was

observed in the R3 goats (Table 8).

Discussion

The DM content and OM of SDAM showed the same trends

as observed previously (28, 29), while the CF, ash, EE, and DM

levels showed the same trend as seen by Bhatt et al. (30). The

high protein content could be due to the high nitrogen content

fixed by the bacterium azolla. The nutrient composition of azolla

varies according to environmental conditions during cultivation

(5). Furthermore, the ash percentages of SDAM,OM, andNFEwere

associated as reported by Shukla et al. (31), who also found that an

increased azolla rations, decreased OM content but increased CF

this may be due to the higher total ash and CF content of azolla.

In contrast, the percentage of CF of SDAM observed disagree with

observations by Ara et al. (32).

Significantly higher DM digestibility was seen in the azolla-

based diet than in the control group. Similarly, the highest DM

digestibility was observed previously in rations containing 6%

TABLE 7 Performance e�ects of feeding dams and their o�spring sun

dried azolla meal rations.

R1 R2 R3 ± SE

Dams’ performance

Number of dams kidded 5 5 5

Initial weight, Late-pregnancy kg 31.95 32.40 32.35 2.67

Body weight at parturition, kg 29.18 28.20 30.40 2.13

Body weight at 1st month after

parturition, kg

23.20 24.80 25.80 1.48

Body weight at 2nd month after

parturition, kg

26.90 27.40 27.80 1.56

Body weight at 3rd month after

parturition, kg

30.60 30.20 30.60 1.45

O�spring performance

Total number of kids 8 8 9

Litter size /dam at birth (LSB) 1.60 1.60 1.80 0.24

Birth weight, kg 2.49 2.50 2.39 0.05

Weight after 45 days, kg 10.00a 7.40b 7.94b 0.28

Weaning weight, kg 13.63 14.50 14.11 0.51

Total weight gain, kg 11.14 12.00 11.72

Average daily gain, g/day 123.78 133.33 130.22 5.46

Relative improvement (%) 100.00 107.72 105.20

Dam production

Litter weight at birth, kg 3.98 4.00 3.86 0.56

Litter weight at weaning, kg 21.80 23.20 25.40 3.75

Total litter weight gain, kg 17.82 19.20 21.54

Average daily gain, g/day 198.0 213.33 239.33

Relative improvement, % 100 108 120

Mean in the same row with different superscripts (a, b) are significantly different (P < 0.05).

azolla meal (33, 34). In contrast, it was reported that increasing the

integration of azolla meal in rations of Osmanabadi kids decreased

the digestibility of DM, CP, CF, EE, and NFE (35, 36). However,

when 20% of CFM was replaced by azolla on an equivalent weight

basis, NFE digestibility was lowered in Black Bengal goats (8). As

reported, azolla enhances FCR, energy efficiency, and performance

with no adverse effects on livestock (36), these results may be due

to the azolla meal had higher content of curd fiber and ash.

High fermentation of carbohydrates has been shown to

decreased pH values due to increases in TVFA production and

higher digestibility of organic matter (37, 38) that was agree with

our results for data of ruminal fermentation parameters.

Plasma total protein and its fractions are considered as a

biological index reflecting productive performance and health

of the animal. The present study results agree with previous

findings (39, 40) and indicate normal ranges for the samples goats.

Additionally, increases in the urea content in blood and milk have

been reported to result from increasing intake of digestible crude

protein or digestible crude protein/MJ (41). The value seen here

was within the normal range and is also comparable with previous

findings (42). In general, including up to 20% SDAM concentrate
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TABLE 8 E�ects of inclusion of azolla on daily feed intake, feed

conversion, and economic e�ciency.

Item R1 R2 R3

Average feed intake, g/h/d (as fed)

CFM 707 680 704

Berseem 575 563 523

Total DM intake, g/h/d 1,282 1,243 1,227

TDN intake, g/h/d 774 802 780

DCP intake 122 138 124

Feed conversion

DM intake, kg/kg (4%FCM) milk 1.39 1.22 1.13

TDN intake, kg/kg (4%FCM) 0.839 0.789 0.716

DCP intake, g/kg (4%FCM) 132 136 113

Economic evaluationa

Price of average daily milk, LE/dam/day 5.17 5.66 5.92

Average daily feed cost, LE/ dam/day

CFM 2.85 2.45 2.33

Berseem 1.44 1.41 1.31

Total feed cost, LE/dam/day 4.29 3.86 3.64

Relative feed costb , % 100 89.97 84.85

Feed cost/kg milk, L.E. 4.14 3.41 3.07

Daily profit, LE/goat/day 0.88 1.80 2.28

Relative daily profit, % 100 205 259

aPrices of CFM1: 4,035 LE/ton; CFM2: 3,615 LE/ ton; CFM3: 3,310 LE/ ton; and berseem (dry)

2,500 L.E./ton. These price are according to the market in 2019 price of kg raw milk: 5 LE/kg.
bRelative cost%= the cost tested ration/the cost of control ration.

Relative cost % = (the cost tested ration/the cost of control ration) ∗ 100, Feed cost /kg milk

L.E.= feed cost/milk yield kg. Daily profit L.E/goat/day= (milk yield kg ∗ price of 1 kg milk)

– feed cost.

Relative daily profit % = (the daily profit LE/goat/day for tested ration/the daily profit of

control ration) ∗ 100.

mixture in Zaraibi dairy goat feed resulted in no harmful effects to

hematological and biochemical parameters.

Daily milk yield and its composition showed similar results as

seen in lactating Barberi goats fed azolla, and their milk production

increased 19.87% compared to goats fed a control diet (43).

However, increased 10–15% in cattle and 19.32% in buffaloes fed

fresh azolla (44, 45), which were 9.38 and 14.50% for 10 and

20% SDAM, respectively. The observed milk fat percentage results

concur with several previous studies (45–49), and however, animals

fed commercial feed combined with azolla increased both quantity

(10–15%) and quality of milk (higher fat content) and showed

improved animal health (46). Supplementing SDAM enhanced

milk yield but had little effect on fat percentage and caused an

increase in FCM yield. The differences in the chemical composition

and production of milk may be due to the higher content of

minerals and different bioactive substances in SDAM diets. These

in turn may enhance digestibility and nourishment which thenmay

stimulate milk production (5).

The higher post-partum weight indicates a higher birth weight

for kids (47, 48), and furthermore, the growth rate is also affected by

litter size. Bhatt et al. (49) found that the average daily live-weight

gain among Sahiwal female calves was higher for groups with

15% followed by 30% feed content of A. pinnata on a DM basis.

Similarly, it was noted that the growth rate was improved when

replacing the concentrate with 5%A. pinnata (50). Additionally, the

inclusion of sun-dried azolla up to 20%of the CFM of goat kids had

no harmful effects on the performance, digestibility of nutrients,

or carcass characteristics, and increased meat weight by 8–10%

(51–54). Feed conversion efficiency was reduced with the inclusion

of azolla meal (52), however, the present results were similar and

correspond with observations by Sihag et al. (53) for DM intake,

which showed higher ADG when the CFM was replaced with 10%

azolla. Azolla, due to its high protein content, can play an important

role in accelerating the growth of animals; thus, it can be used as a

growth enhance.

DM intake per kid was observed to be greater with 15% azolla

content (35), and lower FCR may be due to decreased DM intake

(54). Feeding of 2 kg azolla instead of concentrate in crossbred

calves was seen to reduce the milk production cost and feed labor

costs by 18.5 and 16.6%, respectively (55), but in the present

study, addition of SDAM at 10 and 20% in CFM reduce total feed

cost/kg milk (LE) by 17.63 and 25.84%, respectively. A study of

Osmanabadi kids concluded that the use of azolla meal is relatively

beneficial when the total concentrate includes up to 15% azollameal

(35). Other studies have found that greater quantity of azolla used

in feeding goat kids reduces feeding costs (56), and that the greatest

output and the lowest feed costs occur when goats are fed a diet

containing 15% fresh azolla (57). Additionally, a positive impact on

the economic feed efficiency of growing crossbred lambs was found

when up to 10% azolla meal was incorporated into diets in place

of sunflower meal (11). However, the present study showed that

the best percentage of SDAM at 20% in CFM was improved total

economic feed efficiency parameters.

Conclusion

Inclusion of sun-dried azolla meal up to 20% as an

unconventional feed for Zaraibi dairy goats and offspring

improvement milk production and economically feed efficiency.
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Animal welfare concerns in laying-hen production facilities have necessitated

research on alternative strategies for improving egg production and hen health.

At present, most laying-hen facilities in China use the fasting method, but with

international emphasis on animal welfare, scholars have begun to find ways

to improve production e�ciency while ensuring animal welfare standards are

adhered to. Therefore, this study investigated the e�ects of non-fastingmolting on

production performance, oxidative stress, intestinal morphology, and liver health

of laying hens. A total of 180 healthy 90-week-old Dawu Jinfeng laying hens with

similar body weights and laying rates (76 ± 2%) were randomly divided into three

groups, with five replicates per group and 12 hens per replicate. The hens in the

experimental group (NF) were molted using the non-fasting method, the negative

control group (C)was not treatedwith centralizedmolting, and the positive control

group (F) was molted using the fasting method. The results showed that: (1)

During the molting period, the laying rate in the NF group (10.58%) decreased and

was significantly lower than that in the other two groups (P < 0.05). During the

secondary laying peak period, the laying rate in the NF groupwas highest (89.71%);

significantly higher than that in the C group (P < 0.05). (2) During the molting

period, compared to the C group, the NF group showed a significant decrease

and increase in the total antioxidant capacity (T-AOC) and superoxide dismutase

(T-SOD) activity, respectively (P < 0.05). During the secondary laying peak period,

the T-SOD activity of the NF group was significantly lower than that of the C group

(P < 0.05). (3) During the molting period, the villus height (VH) and the ratios of VH

to crypt depth (V/C) of the duodenum, jejunum, and ileum in the NF group were

significantly lower than those in the C group (P < 0.05). At the secondary laying

peak period, the jejunum V/C was significantly higher than that in the C group

(P < 0.05), whereas in the duodenum and ileum it increased but not significantly

(P > 0.05). (4) During the molting period, serum glutathione transaminase (AST)

and glutathione alanine transaminase (ALT) activities were significantly higher (P

< 0.05), and very low-density lipoprotein (VLDL) content and liver weight were

significantly lower (P < 0.05) in the non-fasted and fasted groups. However, there

was a low degree of liver injury (cell boundary still visible) in the NF group. At the

secondary laying peak period, there was no significant di�erence (P > 0.05) in the

indices among the three groups and the liver returned to normal. In summary,

non-fasting molting can improve the production performance of laying hens in
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the later stages, ensure the welfare and health of animals, and provide a theoretical

basis for the e�cient production of laying hens.

KEYWORDS

non-fastingmethod, fastingmethod, production performance, oxidative stress, intestinal

morphology, serum biochemical indicators, liver tissue morphology

1. Introduction

Poultry molting is a natural physiological phenomenon.

However, owing to the inconsistency of molting time and speed,

the peak period in secondary egg production, which affects the

production efficiency of laying hens, is challenging to identify. In

order to shorten the molting time, extend the service life, and

therefore maximize the benefits of laying hens to industry, artificial

forced-molting techniques have received widespread attention.

Artificial forced-molting techniques are used by humans to induce

tissue metabolism disorder, prompting the synchronous weight loss

and cessation of egg laying, and then restoring the process of egg

laying (1). At present, most laying-hen facilities in China use the

fasting method, but with international emphasis on animal welfare,

scholars have begun to find ways to improve production efficiency

while ensuring animal welfare standards are adhered to. Zhang et al.

(2) showed that artificial forced-molting techniques could delay

the aging of laying hens and redevelop their brain, reproductive

system, and other tissues and organs. Studies have shown that the

production performance of laying hens, such as the egg production

rate and feed conversion rate, improves aftermolting (3, 4). Bozkurt

et al. (5) showed that eggshell thickness, eggshell strength, and the

Haugh unit significantly improved after molting. Furthermore, a

large number of studies have shown that artificial forced-molting

techniques can prolong the laying period of hens and effectively

improve laying performance and egg quality (6–9). However, there

are few studies on the functional changes in various tissues of

laying hens during molting. Therefore, in this experiment, the

non-fasting method was used to molt laying hens and these were

compared with a negative control group (no centralized molting

treatment) and a positive control group (fasting molting treatment)

to observe and analyze its effects on production performance,

oxidative stress, intestinal morphology, and liver health, in order

to provide a theoretical basis for the application of the non-fasting

molting technique.

2. Materials and methods

2.1. Experimental animals

A total of 180 90-week-old Dawu Jinfeng laying hens

with a good mental state, similar body weights, and a similar

laying rate (76 ± 2%) were randomly divided into three

groups with five replicates per group and 12 laying hens per

replicate. The experiment was conducted in a two-level cage

in an environmentally controlled chamber at Hebei Agricultural

University. The experimental group (NF) was treated with the non-

fasting method, the negative control group (C) was not treated

with centralized molting, and the positive control group (F) was

treated with the fasting method. The experiment lasted for 90 days:

7 pre-experimental and 83 experimental days.

2.2. Test scheme

The laying hens in the NF group were fed a replacement diet

(50 g/hen per day) throughout the molting period and the water

supply was normal. The weight loss rate of laying hens was observed

and recorded. When the weight loss rate reached ∼25%, the basal

diet was resumed (gradually increasing the feed amount to 120

g/hen per day and then changing to free feeding). The chamber was

maintained under constant light conditions of 8 h/d (8:00–16:00)

during the molting period, and the light was gradually increased to

16 h/d (8:00–22:00) after the basal diet was restored.

The laying hens in the F group were fasted throughout the

molting period, water was stopped on day 8 and 9, and free

drinking water was allowed at other times. When the body

weight decreased to ∼25%, the basal diet was resumed (gradually

increasing the feeding amount to 120 g/hen per day and then

changing to free feeding). During the molting period, the henhouse

was maintained under light conditions of 8 h/d (08:00–16:00),

which was gradually increased to 16 h/d (08:00–22:00) after the

basal diet was reintroduced.

The C group was fed a basal diet without any treatment, with

normal drinking water and light maintenance for 16 h/d (8:00–

22:00). The composition and nutritional levels of the basal and

feather replacement diet are shown in Table 1.

2.3. Sample collection

In order to observe the physiological changes of laying hens

during the whole molting process, the whole experiment period

was divided into three stages: stage I, the laying rate during molting

was 0% and the weight loss rate was ∼25%; stage II, the laying rate

was ∼50% after reintroducing the basal diet; and stage III, the egg

production rate was stable at more than 85% after reintroducing the

basal diet; that is, the secondary laying peak was reached.

Two laying hens were randomly selected from each replicate

at each of the three stages (I–III). Blood was collected from the

wing vein, centrifuged at 3,000 r/min, and the supernatant was

collected and stored at −20◦C. At the same time, one laying hens

was randomly selected for slaughter test.

2.3.1. Production performance
Under the same management, the number of eggs laid during

the molting period (from the beginning of the experiment to the

time when the egg production rate dropped to 0% and the weight

Frontiers in Veterinary Science 02 frontiersin.org325

https://doi.org/10.3389/fvets.2023.1100152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Lei et al. 10.3389/fvets.2023.1100152

TABLE 1 Ingredients and chemical composition of basal diet.

Items Content

Basal diet Diet of molting period

Ingredients

Corn 62.50 54.00

Soybean meal 25.20

Corn gluten meal 0.50

Rice bran 16.00

Wheat bran 24.00

Limestone 9.30 4.10

CaHPO4 0.90 0.70

DL-Met 0.10

Premixa 1.00 1.00

NaCl 0.50 0.20

Total 100.00 100.00

Nutrient levelsb

ME/(MJ/kg) 10.91 10.75

CP 15.98 10.51

CF 2.10 3.78

Ca 3.63 1.77

P 0.27 0.87

Lys 0.80 0.36

Met 0.45 0.17

aThe premix provided the following per kg of the diet: VA 11 000 IU, VD33 000 IU, VE 12

IU, VK 3mg, VB12mg, VB26mg, VB63mg, VB120.012mg, biotin 0.04mg, folic acid 0.6mg,

niacin 20mg, pantothenic acid 10mg, ethoxyquin 0.4mg, Cu 10mg, I 0.35mg, Fe 65mg, Mn

120mg, Se 0.25mg, and Zn 65 mg.
bNutrient levels were all calculated values.

loss rate was∼25%) and the secondary laying peak period (2 weeks

after the egg production rate reached 85%) was recorded in units

of repetition. The egg production rate was calculated, and the days

required for the egg production rate to drop to 0% were observed.

During the molting period, the body weights and number of

days in the molting period (laying rate = 0%, weight loss rate

∼25%) of the laying hens in the NF and F groups were recorded.

2.3.2. Serum antioxidant indices
The levels of corticosterone (CROT), total antioxidant capacity

(T-AOC), malondialdehyde (MDA), and superoxide dismutase

(T-SOD) in the serum were measured using kits. The CROT,

T-AOC, and MDA kits were purchased from Shanghai Jianglai

Biotechnology Co. Ltd. The T-SOD kit was purchased fromNanjing

Jiancheng Bioengineering Institute.

2.3.3. Intestinal morphology
One laying hen was randomly selected from each replicate at

each of the three stages (I–III). The intestinal segments of ∼3 cm

were cut from the middle of the duodenum, jejunum, and ileum,

and stored in 4% paraformaldehyde solution to prepare intestinal

tissue sections and hematoxylin and eosin (HE) staining. Villus

height (VH) and crypt depth (CD) of the intestinal mucosa were

measured, and the ratio of VH to CD (V/C) was calculated.

2.3.4. Serum biochemical indices
The levels of aspartate aminotransferase (AST), alanine

aminotransferase (ALT), and very low-density lipoprotein (VLDL)

in the serum were measured using specific kits purchased from

Nanjing Jiancheng Bioengineering Institute.

2.3.5. Liver tissue morphology
One laying hen was randomly selected from each replicate

at each of the three stages (I–III) and was slaughtered after

bloodletting. The liver was separated non-destructively, the

gallbladder was removed, weighed, and ∼1 cm2 of the left liver

was cut and immersed in a pre-prepared 4% paraformaldehyde

solution. Liver tissue sections were prepared and HE stained to

observe the degree of liver damage.

2.3.6. Serum immune index
Serum levels of immunoglobulin A (IgA), immunoglobulin

M (IgM), and immunoglobulin G (IgG) were measured using

an ELISA kit purchased from Shanghai Jianglai Biotechnology

Co., Ltd.

2.4. Statistical analysis

The experimental data were initially sorted using Excel 2010,

and then one-way analysis of variance (ANOVA) was performed

using SPSS software (version 19.0). Duncan’s method was used for

multiple comparisons between the groups. P < 0.05 indicated that

the difference was significant.

3. Results

3.1. E�ects of non-fasting molting on
production performance

As shown in Table 2, the egg production rate of the NF group

was the lowest during the molting period, which was significantly

lower than that of the F and C groups (P < 0.05). During the

secondary laying peak period, the egg production rate of the NF

and F groups increased, and was significantly higher than that of

the C group (P < 0.05). The NF group had the longest molting

period of 40 days, whereas the F group molted faster and molting

was completed within 10 days.

3.2. E�ect of non-fasting molting on
oxidative stress

As shown in Table 3, in stage I, compared with the C group, the

T-SOD activity of the NF and F groups was significantly increased

(P < 0.05), and the T-AOC was significantly decreased (P < 0.05).
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TABLE 2 E�ects of non-fasting molting on the performance of laying hens.

Indices Groups P-value

C F NF

Egg production rate during molting period 75.00± 1.64a 14.74± 0.91b 10.58± 1.17c <0.001

Egg production rate during secondary laying peak period 70.85± 1.98b 89.31± 1.45a 89.71± 1.64a <0.001

Molting period days - 10 40 -

C, not treated with centralized molting; F, fasting molting; NF, non-fasting molting.
a−cP < 0.05. Means within a column followed by different superscript letters differ significantly.

TABLE 3 E�ects of non-fasting molting on oxidative stress in laying hens.

Testing stages Indices Groups P-value

C F NF

Stage I CORT (ng/mL) 75.38± 18.62 87.21± 11.13 85.71± 17.32 0.469

T-AOC (U/mL) 19.36± 1.28a 16.94± 1.81b 16.53± 1.59b 0.031

MDA (nmol/mL) 8.22± 1.12 9.76± 2.25 9.12± 1.77 0.412

T-SOD (U/mL) 213.81± 21.74b 332.06± 15.61a 308.26± 37.35a <0.001

Stage II CORT (ng/mL) 79.55± 5.03 82.03± 18.67 79.40± 16.65 0.955

T-AOC (U/mL) 18.51± 0.76b 18.39± 2.19b 22.59± 3.22a 0.021

MDA (nmol/mL) 8.95± 0.67 9.04± 0.78 8.09± 1.08 0.166

T-SOD (U/mL) 236.44± 15.75b 309.46± 6.03a 295.86± 31.82a 0.010

Stage III CORT (ng/mL) 77.33± 14.90 80.52± 19.19 77.39± 21.65 0.951

T-AOC (U/mL) 18.30± 2.09 19.64± 1.77 19.82± 1.57 0.295

MDA (nmol/mL) 8.48± 1.30 7.97± 0.75 8.04± 1.74 0.804

T-SOD (U/mL) 218.94± 38.33a 176.88± 2.27b 162.39± 24.59b 0.012

C, not treated with centralized molting; F, fasting molting; NF, non-fasting molting.
a,bP < 0.05. Means within a column followed by different superscript letters differ significantly.

CORT, corticosterone; T-AOC, total antioxidant capacity; MDA, malondialdehyde; SOD, superoxide dismutase.

In stage II, with the reintroduction of the basal diet, the T-SOD

activity of the NF and F groups decreased but was still higher than

that of the C group (P < 0.05). The T-AOC index was significantly

higher in the NF group than in the other two groups (P < 0.05).

In stage III, the T-SOD activity in the NF and F groups was

significantly lower than that in the C group (P < 0.05), however

there was no significant difference in the other oxidative stress

indicators among the three groups (P > 0.05).

3.3. E�ect of non-fasting molting on
intestinal morphology

As shown in Table 4, in stage I, the VH and V/C of the

duodenum, jejunum, and ileum in the NF and F groups were

significantly decreased in both groups (P < 0.05). In stage II, the

VH and V/C of the duodenum in the NF and F groups were

significantly lower than those in the C group (P < 0.05). The VH

and V/C of the jejunum in the NF group were significantly lower

than those in the F group (P < 0.05). The V/C of the ileum in the

NF group was significantly higher than that in the F and C groups

(P < 0.05). In stage III, the VH of the duodenum in the NF and F

groups was significantly lower than that in the C group (P < 0.05),

and the V/C ratio in the F group was significantly lower than that in

the other two groups (P < 0.05). The VH and V/C of the jejunum

in the NF and F groups were significantly higher than those in the

C group (P < 0.05). The V/C of the ileum in the NF group was

significantly lower than that in the F group (P < 0.05).

3.4. E�ect of non-fasting molting on serum
biochemical indices

Table 5 shows that in stage I, the VLDL content of the NF and F

groups was significantly lower than that in the C group (P < 0.05).

The AST and ALT levels were significantly higher in the F group

than in the NF and C groups (P < 0.05). In stage II, the activity

of AST in the NF group was significantly lower than that in the F

and C groups (P < 0.05). In stage III, the liver function of laying

hens gradually recovered, and there were no significant differences

in AST, ALT, and VLDL levels among the three groups (P > 0.05).

3.5. E�ect of non-fasting molting on liver
tissue morphology

As shown in Table 6, in stage I, the liver weights of hens

in the NF and F groups were significantly lower than that in
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TABLE 4 E�ects of non-fasting molting on intestinal morphology of laying hens.

Testing stages Indices Groups P-value

C F NF

Stage I Duodenum

VH/µm 1,610.40± 286.12a 1,260.98± 267.97b 1,074.87± 125.06c <0.001

CD/µm 237.82± 37.88c 310.96± 34.66a 287.51± 30.58b <0.001

V/C 6.90± 1.59a 4.08± 0.86b 3.77± 0.54b <0.001

Jejunum

VH/µm 930.34± 206.32a 648.57± 166.03b 697.10± 176.09b <0.001

CD/µm 176.33± 44.30b 224.55± 40.67a 186.75± 32.06b <0.001

V/C 5.47± 1.35a 2.93± 0.73c 3.78± 0.86b <0.001

Ileum

VH/µm 857.07± 154.14a 543.87± 108.96b 431.58± 122.30c <0.001

CD/µm 157.96± 24.77b 197.36± 21.59a 168.50± 32.74b <0.001

V/C 5.53± 1.34a 2.77± 0.55b 2.62± 0.77b <0.001

Stage II Duodenum

VH/µm 1,596.67± 258.30a 1,401.04± 378.62b 1,044.07± 181.30c <0.001

CD/µm 222.46± 25.59b 317.38± 59.19a 221.63± 29.01b <0.001

V/C 7.27± 1.46a 4.47± 1.19b 4.78± 0.99b <0.001

Jejunum

VH/µm 918.60± 255.50b 1,340.56± 253.71a 790.85± 198.12b <0.001

CD/µm 167.85± 28.21 157.32± 41.29 156.07± 64.37 0.605

V/C 5.54± 1.54b 9.09± 2.74a 5.45± 1.35b <0.001

Ileum

VH/µm 852.98± 132.91 871.09± 171.47 772.04± 241.58 0.124

CD/µm 145.77± 24.88a 150.46± 28.74a 94.25± 13.20b <0.001

V/C 5.97± 1.11b 5.88± 1.05b 8.15± 2.12a <0.001

Stage III Duodenum

VH/µm 1,574.49± 290.33a 1,334.80± 194.79b 1,389.72± 191.92b 0.001

CD/µm 248.18± 29.60a 264.20± 28.24a 219.93± 39.63b <0.001

V/C 6.34± 0.89a 5.11± 0.96b 6.40± 0.77a <0.001

Jejunum

VH/µm 964.51± 125.22b 1,084.58± 111.90a 1,123.99± 250.26a 0.004

CD/µm 193.28± 48.03a 129.87± 21.46b 127.43± 38.00b <0.001

V/C 5.24± 1.26b 8.60± 1.83a 9.86± 4.04a <0.001

Ileum

VH/µm 897.38± 193.99a 835.04± 70.90a 731.52± 87.70b <0.001

CD/µm 156.42± 38.59a 114.17± 22.36b 115.24± 20.69b <0.001

V/C 6.04± 1.90b 7.54± 1.42a 6.57± 1.55b 0.005

C, not treated with centralized molting; F, fasting molting; NF, non-fasting molting.
a−cP < 0.05. Means within a column followed by different superscript letters differ significantly.

VH, Villus height; CD, Crypt depth; V/C, villus height/crypt depth ratio.

the C group (P < 0.05). After resuming the basal diet, the liver

weights of the laying hens in the NF and F groups gradually

increased, and there was no longer a significant difference in

the liver weights of the three groups from stage II to stage III

(P > 0.05).

Figures 1–3 show that in stage I, the livers of all hens were

damaged to some extent, among which the damage in the F

group was more serious, with obvious swelling of hepatocytes,

unclear intercellular boundaries, inflammatory cell infiltration,

dilated and congested liver sinusoids, and slight cytoplasmic
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TABLE 5 E�ects of non-fasting molting on serum biochemical indexes of laying hens.

Testing stages Indices Groups P-value

C F NF

Stage I AST (U/L) 27.32± 1.18c 44.34± 2.39a 41.16± 1.59b <0.001

ALT (U/L) 0.74± 0.16b 1.01± 0.10a 0.86± 0.04b 0.002

VLDL (mmol/L) 11.02± 1.24a 7.93± 1.21b 7.91± 1.47b 0.004

Stage II AST (U/L) 27.49± 2.92a 25.99± 3.73a 21.49± 1.23b 0.026

ALT (U/L) 0.70± 0.13 0.64± 0.11 0.75± 0.03 0.100

VLDL (mmol/L) 10.21± 0.48 10.74± 1.35 11.68± 1.71 0.285

Stage III AST (U/L) 27.04± 1.17 22.71± 2.72 24.42± 3.59 0.108

ALT (U/L) 0.71± 0.03 0.63± 0.10 0.68± 0.12 0.424

VLDL (mmol/L) 10.44± 2.03 12.08± 1.98 12.06± 1.09 0.143

C, not treated with centralized molting; F, fasting molting; NF, non-fasting molting.
a−cP < 0.05. Means within a column followed by different superscript letters differ significantly.

AST, Glutamic-oxalacetic transaminase; ALT, Glutamic pyruvic transaminase; VLDL, Very low density lipoprotein.

TABLE 6 E�ects of non-fasting molting on liver weight of laying hens.

Testing
stages

Groups P-value

C F NF

Stage I 42.54± 4.57a 21.88± 3.90b 16.76± 2.52b <0.001

Stage II 39.83± 2.87 35.94± 4.45 46.45± 9.67 0.104

Stage III 36.82± 3.09 41.28± 5.12 36.46± 2.38 0.115

C, not treated with centralized molting; F, fasting molting; NF, non-fasting molting.
a,bP < 0.05. Means within a column followed by different superscript letters

differ significantly.

infection. The hepatocytes in the NF group increased in size,

but there were still intercellular boundaries, and the cytoplasm

began to show signs of infection. The liver gradually recovered

as the level of nutrition increased. In stage II, the hepatocytes in

the NF and F groups of laying hens were still slightly swollen,

and in stage III, the liver in the NF and F groups had almost

completely recovered.

3.6. E�ect of non-fasting molting on
immune performance

As shown in Table 7, in stage I, the IgG content of laying hens

in the NF and F groups decreased significantly (P < 0.05), whereas

in stage II, IgG gradually increased, and there were no significant

differences in IgG, IgA, and IgM among NF group, F group, and C

group up to stage III (P > 0.05).

4. Discussion

Studies have shown that a weight loss rate of 25–35% is

appropriate for hens during the molting period (10), and either

too much or too little weight loss will affect later production

performance. Berry and Brake (11) showed that a weight loss

rate of 25–30% during the molting period can result in better

egg production performance after molting. In this experiment,

the 25% weight loss rate and egg production cessation were

used as markers of the molting period to obtain better post-

molting production performance. Tiwary et al. (7) showed that the

egg production rate of hens significantly increased after molting

and this was supported in a study by Onbaşilar et al. (12).

Gongruttananun et al. (13) found that by comparing the effect of

different molting methods on the egg production rate of late-laying

hens, compared with the control group, different molting methods

can improve the laying performance of hens in later periods. In

this study, the results showed that the laying rate of hens in the

NF group decreased significantly during the molting period and

then gradually recovered as the basal diet was reintroduced. During

the secondary laying peak period, the laying rate of hens in the

NF group was significantly higher than that in the C group. Brake

and Thaxton (14) showed that the improvement in egg production

performance after molting was associated with a reduction in fat

and an increase in tissue efficiency after the redevelopment of

reproductive organs. Additionally, in the present study, we found

that the period of non-fasting molting lasted 40 days, which was

longer than the period of fasting molting, and this finding was

attributed to the high energy of the diet provided during the

molting period or the high feeding amount. However, this aspect

will require further investigation.

Prolonged starvation disrupts the homeostasis of oxygen free

radicals in organisms, leading to oxidative stress (15). MAD is an

end product of oxidative reactions and has toxic effects on cells,

whereas high levels of CORT are considered to be an indicator

of stress in chickens. Studies have shown that the levels of CORT

and MAD are significantly increased in laying hens stimulated

by starvation during the molting period (9, 16). Furthermore,

Andreatti Filho et al. (17) found that plasma CORT levels were

increased in the group fed wheat bran during the molting period

but these did not reach significant levels. The results of this

experiment showed that CORT and MAD levels were elevated

in the NF group during stage I but did not reach significant

levels compared to the C group, presumably because of the high

nutritional level of the diet during the molting period, and the
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FIGURE 1

The e�ect of non-fasting molting on liver tissue morphology (stage I). (A, a) Not treated with centralized molting; (B, b) fasting molting; (C, c)

non-fasting molting. Upper-case letters are ×100, lower-case letters are ×400. Green arrows represent hepatocellular edema and blue arrows

indicate the occurrence of steatosis.

FIGURE 2

The e�ect of non-fasting molting on the morphology of liver tissue (stage II). (A, a) Not treated with centralized molting; (B, b) fasting molting; (C, c)

non-fasting molting. Upper-case letters are ×100, lower-case letters are ×400. Green arrows represent hepatocellular edema and blue arrows

indicate the occurrence of steatosis.

low stress on the hens that had adapted to the experimental

environment. At the same time, the content of CORT and MAD

in the NF group was lower than that in the F group, indicating that

the stress on the laying hens in the NF group was less during the

replacement period. Morales et al. (18) showed that T-SOD activity

increased significantly under starvation and gradually returned to

normal levels after refeeding. The present study showed that in

stage I, the T-AOC and T-SOD activity were significantly lower

in the NF group, which was the result of eliminating excess free

radicals generated in the body due to the stress of restricted

feeding. In stage III, the T-AOC and T-SOD activity returned to

normal levels.

Small intestine tissues are the main site of digestion and

absorption in poultry. Under normal conditions, longer VH,
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FIGURE 3

The e�ect of non-fasting molting on liver tissue morphology (stage III). (A, a) Not treated with centralized molting; (B, b) fasting molting; (C, c)

non-fasting molting. Upper-case letters are ×100, lower-case letters are ×400. Green arrows represent hepatocellular edema and blue arrows

indicate the occurrence of steatosis.

TABLE 7 E�ects of non-fasting molting on immune performance of laying hens.

Testing stages Indices Groups P-value

C F NF

Stage I IgA (µg/mL) 206.47± 33.72 165.68± 21.64 173.95± 32.24 0.113

IgM (µg/mL) 485.99± 50.74 449.26± 15.84 455.16± 14.88 0.190

IgG (µg/mL) 1,415.25± 245.31a 989.76± 119.78b 1,005.53± 130.98b 0.003

Stage II IgA (µg/mL) 197.40± 7.25 213.20± 3.68 226.60± 20.92 0.246

IgM (µg/mL) 453.13± 23.14 475.59± 74.38 490.43± 38.84 0.520

IgG (µg/mL) 1,200.66± 115.12 1,320.23± 205.76 1,361.13± 158.83 0.373

Stage III IgA (µg/mL) 215.25± 31.24 225.18± 29.63 229.20± 26.38 0.644

IgM (µg/mL) 467.19± 36.40 469.26± 56.92 477.96± 34.91 0.860

IgG (µg/mL) 1,321.78± 238.07 1,477.93± 238.07 1,497.47± 246.91 0.394

C, not treated with centralized molting; F, fasting molting; NF, non-fasting molting.
a,bP < 0.05. Means within a column followed by different superscript letters differ significantly.

IgA, immunoglobulin A; IgM, immunoglobulin M; IgG, immunoglobulin G.

shallower CD, and a larger V/C indicate better digestion

and absorption of nutrients in the small intestine (19). The

gastrointestinal tract of chickens is very responsive to stressors

(fasting, temperature changes, etc.), and once stressed, the intestinal

epithelial integrity andmicrobiota are immediately altered (20–22).

Numerous studies have found that fasting leads to a significant

reduction in duodenal VH (23, 24). Yamauchi et al. (25) also found

that during fasting, the reduction in VH in laying hens was very

rapid in the first 24 h, followed by a gradual and slow reduction,

and a significant increase in VH after resumption of feeding. In

the present study, it was shown that in stage I, both the VH and

V/C of the small intestine tissues were significantly reduced, but

were gradually restored with the resumption of basal feeding. In

stage III, the CD of small intestine was significantly decreased,

and V/C was increased, indicating that non-fasting molting could

improve the intestinal function to some extent. Furthermore, it

has been shown that dietary fiber can be fermented to some

extent by microorganisms in the gut, and this fermentation can

maintain normal digestion and absorption in the gastrointestinal

tract and act as a defense against diseases and pathogenic bacteria

(26, 27). Therefore, the use of low-energy, low-protein, high-fiber

diet for molting may be more beneficial to the intestinal health of

laying hens.

ALT and AST are common indicators of animal liver health,

and an increase in their activity in plasma usually indicates that

the liver has been damaged to varying degrees (28–30). The results
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of this study showed that in stage I, the ALT and AST activities

were significantly higher in the F group than in the NF and C

groups. The activities of both enzymes were significantly higher in

the NF group than in the C group, and then gradually recovered

in stage III when there was no significant difference between

the three groups. Studies have shown that fasting or restricted

feeding leads to elevated plasma transaminase activity (31, 32);

therefore, during the molting period, ALT and AST activities may

be associated with fasting or restricted feeding, causing stress in

laying hens. At the same time, some studies have found thatmolting

may indirectly affect the activity of plasma transaminases by

affecting the target response of steroid hormones (33). Combined

with the previous studies of our research group, it can be seen

that during the molting period, sex steroid hormones such as

progesterone (Prog) and estrogen (E), are significantly reduced,

cortical steroids are increased, and plasma ALT and AST activities

are indirectly affected, therefore they are significantly increased.

VLDL and vitellogenin (Vg) are primarily synthesized by liver cells,

providing fatty acids and cholesterol to eggs (34). Studies have

shown that there may be a correlation between the egg production

rate and plasma VLDL levels. When the egg production rate is low,

the plasma VLDL content is correspondingly low; when the egg

production rate is high, the plasma VLDL content is also high (35).

Walzem et al. (36) also reached the same conclusion in a molting

experiment of laying hens. Feed restriction during the molting

period resulted in the cessation of egg-laying by laying hens;

therefore, the plasma VLDL content decreased accordingly. Our

experiment showed that in stage I, as the hens stopped laying eggs,

the plasma VLDL content in the NF and F groups also decreased

significantly, and then gradually returned to normal levels with an

increase in the laying rate.

Weight reduction is one of the necessary processes in all

molting procedures, and∼1/4 of the weight reduction comes from

the weight of the liver, ovaries, and oviducts (37–40). Grals et al.

(41) experimented on 9-month- old rats and found that when

feeding was controlled to 60%, the average body weight slowly

decreased by 30% and the weight of the liver was also reduced,

but after the recovery of free feeding, the increase in feed intake

also stimulated liver growth. Therefore, the average body weight

and liver weight returned to normal in ∼1 week. Landers et al.

(42) showed that during the molting period, liver weight was

significantly lower in both groups of molting hens than in the

control group, but there was no significant difference in liver weight

between the fasting and alfalfa-fed groups. The fat content in the

liver gradually accumulates with age, and excessive fat can be a

burden to the liver. Studies have shown that the fat content in

the liver is significantly reduced after molting, which can reduce

the burden on the liver and thus improve production performance

(39). The results of this experiment are consistent with the above-

mentioned studies, in which the liver weight of laying hens in the

NF and F groups significantly decreased in stage I, and significantly

increased with the resumption of the basal diet; in stage III, there

was no significant difference between NF group, F group and C

group. Furthermore, it has been shown that a shortened light

duration and ovarian degradation also decrease liver weight (11).

According to the pathological section of liver tissue, in stage I,

the livers of the two groups of concentrated molting hens in this

experiment were damaged to a certain extent; among them, the

hepatocytes in the F groupweremore severely swollen, with unclear

intercellular boundaries and slight cytoplasmic infection, whereas

the hepatocytes in the NF group had intercellular boundaries, but

cytoplasmic infection had started to appear. This result was also

supported by the above-mentioned serum biochemical indices of

AST and ALT activities, which indicated that the increase in both

enzyme activities in the F group was significantly higher than that

in the NF group during stage I. The liver recovered gradually with

the resumption of the basal diet, and in stage III, the livers of both

the NF and F groups had recovered completely, indicating that the

molting technique does not cause irreversible damage to the liver of

laying hens. Meng et al. (43) also concluded the same conclusion,

which indicated that forced molting would not cause irreversible

damage to the liver of laying hens. However, according to the serum

biochemical indexes and liver sections during the molting period,

the non-fasting method was used to molt the laying hens. The

degree of damage to the liver is smaller and more conducive to the

health of laying hens.

IgG is the most abundant immunoglobulin in the serum

of laying hens, and mainly plays antibacterial, antiviral, and

neutralizing roles against bacterial toxins, followed by IgA, which

plays an important role in resistance to microbial invasion, and

IgM, the least abundant initial immune antibody, which protects

against pathogens (44). Immunoglobulin levels in the serum of

laying hens decreased during the molting period and gradually

increased after the resumption of feeding (45). Alondan and

Mashaly (6) showed that the immune performance of laying hens

during the molting period was suppressed, presumably because

prolonged starvation caused stress in laying hens and produced

large amounts of CORT, leading to the degeneration of lymphoid

tissue, thereby suppressing cellular and humoral immunity (46).

Sandhu et al. (45) showed that molting increased immunoglobulin

content and improved the immune performance of late-laying

hens. The results of this experiment showed that, in stage I, the IgG

content of the NF and F groups decreased significantly. With the

recovery of the basal diet, IgG content gradually recovered. In stage

III, compared with the C group, the IgG content of the NF and F

groups increased to a certain extent, but did not reach a significant

level. The IgA and IgM contents first decreased and then increased

during the three periods.

5. Conclusion

In summary, non-fastingmolting is less stressful to hens, causes

less liver damage, can improve the production performance of hens

in the second egg laying cycle, and can improve the intestinal

digestion and absorption capacity of laying hens. Therefore, non-

fasting molting can improve production efficiency by ensuring

animal welfare, which is of great significance in laying hen

production facilities.
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Vitamin A, a fat-soluble vitamin, is the basic substance required to maintain

healthy vision and the main physiological functions of cattle. The results from

previous studies regarding the e�ect of vitamin A on intramuscular fat varied.

This meta-analysis aimed to generate a more comprehensive understanding of

the relationship between vitamin A and intramuscular fat content and to provide

potential clues for future research and commercial practice. Electronic databases

such as MEDLINE andOvid were systematically searched, and studies investigating

the relationship between vitamin A and intramuscular fat content were included.

Standardized mean di�erences (SMDs) in intramuscular fat percentage and

intramuscular fat score, with their respective 95% confidence intervals (CIs), were

calculated. The heterogeneity and publication bias were evaluated. A total of

152 articles were identified through searches of databases. Seven articles were

confirmed for inclusion in this meta-analysis. The SMD of IMF percentage derived

from the analysis was−0.78 (-2.68, 1.12) (Q = 246.84, p < 0.01). The SMD of the

IMF score was 1.25 (-2.75, 5.25) (Q= 87.20, p < 0.01). Our meta-analysis indicates

that the addition of vitamin A could decrease intramuscular fat in cattle steers.

KEYWORDS

vitamin A, intramuscular fat, beef cattle, steers, meta-analysis

Introduction

With improvement in their living standards, people expect good quality beef replete

with taste-enhancing features, such as a lean meat rate, nice meat flavor, and sensory

satisfaction. Marbling, also known as intramuscular fat, is a collection of white stripes

and spots on the surface of a beef muscle (1). The content of beef intermuscular

fat has a direct impact on the quality of beef, as it affects its juiciness, tenderness,

and flavor (2, 3). When a certain amount of fat is deposited between muscle bundles

and muscle fibers, the section of beef is said to have been marbled. The higher the

marbling grade, the better the quality of the meat. Vitamin A, a fat-soluble vitamin,

is the basic substance required to maintain healthy vision and the main physiological

functions of cattle (4). Ruminants can absorb vitamin A from plant sources (such as
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carotenoids or provitamin A) and feed additives (such as retinol

or retinyl ester or preformed vitamin A) (5). Many physiological

functions of vitamin A are realized through the retina and retinoic

acid (4). Vitamin A is involved in the formation of nocturnal

rhodopsin (rhodopsin), which is necessary for the functioning

of normal epithelial cells. Vitamin A and carotenoids show

antioxidant activity by scavenging peroxy free radicals and singlet

oxygen (6, 7).

Vitamin A has been found to be negatively correlated with

the marbling score of Japanese black cattle carcass for the first

time (8). Similar studies were conducted in other types of cattle,

such as Angus steers, Simmental steers, and Korean native steers

(9–18). Some studies have shown that limiting vitamin A intake

increases marbling, but other studies have shown that limiting

vitamin A intake does not have a significant effect on marbling.

Moreover, the sample sizes of these studies were limited. This meta-

analysis aimed to generate a more comprehensive understanding

of the relationship between vitamin A and intramuscular fat

content and to provide potential clues for future research and

commercial practice.

FIGURE 1

A flowchart of the literature search.

Methods

The meta-analysis was conducted under the guidelines of

the Preferred Reporting Items for Systematic Reviews and Meta-

Analysis (PRISMA) rather than a self-designed protocol (19). This

Review was not registered in the Cochrane database.

Ethics statement

All included studies had already declared ethical approvals in

the original articles; therefore, no ethical approval was necessary

for this study.

Search strategy and selection criteria

We conducted a comprehensive search of the electronic

databases, MEDLINE and Ovid, from inception to 30 November

2021. Only articles in English language were considered.
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The following strategy was used for the database research:

MEDLINE: (((beef[Title/Abstract]) AND (Intramuscular

fat[Title/Abstract])) AND (vitamin[Title/Abstract])). Ovid:

(((beef[Title/Abstract]) AND (Intramuscular fat[Title/Abstract]))

AND (vitamin[Title/Abstract])). Furthermore, the references in the

articles were also screened for any potentially eligible studies. The

inclusion criteria for the present study were as follows: (1) studies

evaluating the effects of Vitamin A on intramuscular fat in cattle;

(2) intramuscular fat percentage (IMF%) and/or intramuscular

fat score were used for the measurement of intramuscular fat;

(3) results for the vitamin A group and the control group were

reported; and (4) the number of cattle in each group, in which

mean and standard deviation of indicators were extracted or

calculated. The exclusion criteria for the present study were as

follows: (1) the data to be analyzed could not be extracted or

calculated; (2) articles that were case reports, reviews, letters,

news, conference abstracts, and studies regarding other types of

animals; (3) the absence of a control group; and (4) duplication

or overlap in the research animals. If studies were conducted by

an identical research group, those studies with the largest sample

size or those studies with the most comprehensive and detailed

information were included. Cochrane collaboration’s tool for

assessing the risk of bias was used to judge the risk of bias for each

included study. Two independent researchers (Name) undertook

the literature search and study screening. Disagreements were

resolved through discussions.

Data extraction and quality assessments

Two investigators (WL and FW) independently performed

the title and abstract screening of articles on the basis of the

aforementioned inclusion criteria. Then, a full-text evaluation of

the studies was conducted for the final inclusion. Moreover, the

following information about each included study was extracted

from or calculated based on details such as: first author’s name, year

of publication, type of steer, study design, total number of steers,

weight of steers at the start, addition of vitamin A, and indicators

in each group.

Statistical analysis

We used R 4.0.2 software, Review Manager 5.3, and Microsoft

Office Excel 2016 software for data collection and statistical

analyses at the study level. A p-value of <0.05 was considered to

be statistically significant. We calculated pooled estimates of the

standardized mean difference (SMD), the difference between an

indicator of the experimental group (steers added with vitamin A)

and that of the control group, and the respective 95% confidence

intervals (CIs) of each indicator. The Cochran Q values and the

I2 statistics were introduced to qualitatively and quantitatively

explore the heterogeneity in the included studies. Insignificant,

low, moderate, and high heterogeneities were identified to have

I2 values of 0–25, 25–50, 50–75, and 75–100%, respectively (20).

We created funnel plots to assess potential publication bias. Deek’s

method was used to statistically check the asymmetry of the funnel

plot and detect publication bias. In addition, we conducted an

FIGURE 2

Summary of the risk of bias in the included studies.

influential analysis to evaluate the impacts of individual study on

the overall results.

Results

Study selection and characteristics

A total of 152 articles were identified from the databases

searched. Among them, 50 duplicates were removed and 91

studies were excluded through an initial screening. After a full-text

assessment of the eligibility of the remaining 11 articles, four studies

that might appear to have met the inclusion criteria were excluded

due to limited information, eventually leaving seven articles that

were identified for inclusion in this meta-analysis. No additional

studies were found through bibliography screening of the included

articles. Figure 1 shows a detailed flow of the database search and

literature selection processes. The risk of bias for each included

study was assessed as low (Figure 2; Supplementary Figure 1).
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FIGURE 3

Forest plots of IMF percentage in the vitamin A and control groups.

FIGURE 4

Forest plots of IMF score in the vitamin A and control groups.

E�ect of vitamin A on IMF

The SMD of IMF percentage derived from the analysis

was−0.78 (-2.68, 1.12) (p= 0.419) (see Figure 3). The SMD of IMF

score was 1.25 (-2.75, 5.25) (p= 0.539) (Figure 4).

Heterogeneity and publication bias

In the pooled analysis of IMF percentage, the test of

heterogeneity product showed a Q value of 246.84 (p < 0.01).

Heterogeneity was observed in the analysis of IMF percentage (I2

= 97.6%, p < 0.01). With regard to the analysis of IMF score, the

Q value and I2 were 87.20 and 97.7%, respectively. Deek’s tests for

publication bias yielded p-values of 0.535 and 0.281 for the analysis

of IMF percentage and IMF score, respectively.

Sensitivity analysis

The sensitivity analysis was performed to evaluate the impacts

of individual study on the overall results. No outlier was identified

in all sensitivity analyses.

Discussion

Owing to the advantages offered by high protein and low fat,

beef consumption has been growing rapidly in China. However,

because of limitations in variety and the production level, China’s

high-quality beef, especially high-grade beef, has a low output, a

high cost, and a long-term dependence on beef import. Therefore,

the marbling grade of beef is the main factor that determines

the beef price and affects the purchase decision of consumers.

The marbling grade of beef is highly positively correlated with

intramuscular fat content, but the traditional methods of increasing

intramuscular fat, such as prolonging the fattening period and

increasing the proportion of concentrates, are time consuming and

costly. Studies showed that vitamin A can inhibit intramuscular

fat synthesis in beef cattle, and the possible reasons attributed

to the inhibiting action of vitamin A are given as follows: first,

retinoic acid, a metabolite of VA, can regulate the differentiation

of adipocytes. It has been reported that retinoic acid can inhibit

the differentiation of a 3T3 cell line from preadipocytes to mature

adipocytes; therefore, VA and its derivatives can inhibit the

differentiation and maturation of intramuscular fat (21, 22). In

addition, retinoic acid can regulate the expression of a growth

hormone gene (23). Akazawa et al. (24) reported that the level
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of growth hormone in rats lacking VA was low. Akio et al. (25)

measured the content of growth hormone in Japanese black and

bovine serum. The results of their study showed that a low level of

VA significantly affected the normal content of growth hormone,

and some experiments showed that a low level of growth hormone

could reduce the content of meat. As regards the marbling grade

of cattle, retinoic acid may indirectly regulate the deposition of

intramuscular fat by increasing the expression of growth hormone

gene (25). However, the outcomes of similar investigations were

heterogeneous (12–18). This study aimed to primarily investigate

the effect of vitamin A on intramuscular fat in steers by conducting

a meta-analysis.

In this meta-analysis, we first endeavored to complete a detailed

and comprehensive literature search in the MEDLINE and Ovid

databases to retrieve as many related studies as we could. Two

independent reviewers screened the titles, abstracts, and full text

of the articles and undertook the process of data extraction.

In addition, heterogeneity in the studies included was assessed.

Nevertheless, the results displayed significant heterogeneity (p <

0.01) in the studies enrolled. We planned to perform a subgroup

analysis and meta-regression to explore the potential source of

heterogeneity in the studies enrolled. Unfortunately, we were not

able to complete these analyses due to the limited number of studies

eligible for the inclusion criteria. Deek’s funnel-plot asymmetry

tests for publication bias revealed that there was no potential

publication bias in the meta-analysis of IMF percentage and IMF

score. Sensitivity analysis indicated that the pooled outcomes were

robust after omitting one study after another in this meta-analysis.

The present study showed that the addition of vitamin A reduced

the percentage of intramuscular fat and increased intramuscular

fat score in steers. Nevertheless, both the outcomes did not reach

a statistical significance. The possible reasons for not achieving

statistical significance may be attributed to the different numbers

of studies included in each pooled analysis or other confounders,

including the type of study design and steers’ characteristics.

This needs further investigation. Furthermore, significant statistical

heterogeneity, which cannot be ignored in the interpretation of the

present findings, was detected in this study.

Despite the limitations of the current study, we conclude that

the addition of vitamin A could decrease intramuscular fat in cattle

steers. More well-designed trials are needed in the future.
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Scientific and Technological Innovation of Ruminant Precision Nutrition and Smart and Ecological

Farming, Jilin, China, 6AgResearch Limited, Grasslands Research Centre, Palmerston North, New Zealand

Introduction: Chromium (Cr) is an essential mineral that has been demonstrated

to enhance milk production in dairy cows. This study aims to evaluate the e�ects

of dietary Cr supplementation on dry matter intake (DMI), milk production and

composition using a meta-analysis based on existing literature.

Methods: A random e�ects meta-analysis was performed to investigate the

e�ects of dietary Cr supplementation on DMI, milk production and composition.

The heterogeneity was assessed using the I2 statistic and Q test, while Egger’s test

was used to evaluate publication bias.

Results: The meta-analysis discovered that Cr-supplemented cows had a

significantly higher DMI compared to those not supplemented, with an increase

of 0.72 kg/day [95% confidence interval (CI), 0.46–0.97]. The regression model

indicated that DMI significantly increased by 0.9 g/kg of body weight (BW) and

by 80.5 g for an increase of 1mg of Cr supplement. The supplementation phase

was associated with an increase in DMI, with an increase of 0.4582 kg/day for BFP

(before parturition) and 0.853 kg/day for AFP (after parturition). The methionine

and yeast forms of Cr increased DMI by 0.714 and 1.137 kg/day, respectively. The

DMI was increased by 2.137 and 0.620 kg/day for multiparous (MP)+ primiparous

(PP) cows and MP cows, respectively. Milk production was also increased by

Cr supplementation, with an increase of 1.20 kg/day (95% CI, 0.65–1.76). The

regression model indicated that milk production increased by 2.3 g/day for an

increase of 1 kg of BWand by 122.4 g/day for an increase of 1mgof Cr supplement.

Milk production also increased with the duration of the experiment and days

in milk. The amino acid and methionine forms of Cr complexes increased milk

production by 1.645 and 1.448 kg/day, respectively. Milk production increased by

1.087 and 1.920 kg/day for MP and PP cows, respectively. Milk composition was

not significantly a�ected by Cr supplementation. Egger’s test for publication biases

was not significant for all responses of interest.

Discussion: The meta-analysis showed that Cr supplementation improves DMI

and milk production in dairy cows. The results suggest that the supplementation

phase, form of Cr, and parity should be considered when supplementing dairy

cowswithCr. The results have important implications for the dairy industry and can

contribute to the development of more e�ective feeding strategies for dairy cows.

KEYWORDS

chromium supplementation, dairy cows, lactation, dry matter intake, milk production,

milk composition, meta-analysis
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1. Introduction

With the increase in global demand for dairy products,

ruminant nutritionists are looking for metabolic modifiers to

improve the production performance of dairy cattle. To attain high

performance in milking cows, ensuring an optimal balance of all

nutrients including microminerals is an important segment in the

feed additive industry.

Chromium (Cr) is a micromineral. Elemental Cr was

discovered in 1798 (1). Since then, Cr has been found with several

beneficial effects on the organism. It was identified as an essential

mineral in rats (2) and its essentiality was further established in

several animal studies (3–5). In the late 1990s, Cr also started to

be studied intensively as an essential mineral in livestock animals

(cattle, sheep, horses, pigs, and poultry) (6).

In dairy cows, dietary Cr supplementation is found to

improve dry matter intake (DMI), milk production, and milk

composition of dairy cows in the early, mid, or late stages of

lactation (7). This essential mineral can modify glucose and lipid

metabolisms (7) and improve antioxidant and immune functions

(8). Chromium requirements increase under physiological stress

(9–11). Feed ingredients commonly available for dairy cows have

a low concentration of Cr. To fulfill the requirements of Cr, Cr-

containing additives are often added to the diet of cows.

Although Cr is widely regarded as an essential mineral and

often supplemented in the diet, effects of Cr supplementation on

DMI, milk production, and milk composition are inconsistent in

dairy cows. Al-Saiady et al. (12) and Wu et al. (13) reported

that Cr improved milk yield. On the contrary, Leiva et al. (14)

reported no effects on milk production. The parity of the cows

influences the effect of Cr supplementation. Primiparous cows had

a positive response in terms of milk production, but multiparous

cows did not show any effects (12). The dose of Cr supplementation

also had varying results on DMI and milk production (7). Smith

et al. (15) reported that DMI and milk production of multiparous

dairy cows in early lactation increased when Cr was added to

the diet. Kafilzadeh and Targhibi (16) investigated the effect of

Cr supplementation on performance of multiparous dairy cows in

early lactation and reported that milk production was not affected.

Due to these inconsistencies in previously published literature,

meta-analysis was performed to evaluate the effects of dietary Cr

supplementation on DMI, milk production and milk composition

of dairy cows.

2. Materials and methods

2.1. Literature search and selection criteria

The comprehensive data search was carried out with PUBMED

(https://www.ncbi.nlm.nih.gov/pubmed/), Agricola (https://

agricola.nal.usda.gov/), CABI (https://www.cabi.org/publishing-

products/animal-science-database/).

Scopus (https://www.scopus.com) and Google Scholar

(https://scholar.google.com/) databases. The keywords used

to create datasets in each search engine included “chromium

and cattle”, “chromium and cow”, “chromium and cows”,

“chromium and dairy cow”, “chromium and dairy cattle”,

“chromium supplementation”, “chromium supplementation

and cattle”, “chromium supplementation and cow”, “chromium

supplementation and cows”, “chromium supplementation and

dairy cow”, “chromium supplementation and dairy cows”, and

“chromium supplementation and dairy cattle”. For Google scholar,

we searched each keyword for up to 10 pages. Additionally, we

searched the Journal of Dairy Science (https://www.journalof

dairyscience.org/action/doSearch?text1=chromium&field1=Abstra

ctTitleKeywordFilterField) with only a single keyword “chromium”

by applying filters to article title, abstract and keywords. The data

of each parameter [DMI, milk production, milk fat percent,

milk protein percent, milk lactose percent, and solids-not-fat

(SNF) percent] were extracted only if the response of interest was

evaluated during Cr supplementation. The data were excluded

if Cr was supplemented for less than a week. The data were

also excluded if the recording was done after supplementation

of Cr had stopped because in some studies milk production

and milk composition parameters were also evaluated after

cessation of Cr supplementation to evaluate the carryover effects of

treatments. Additionally, data on body weight (BW), experimental

duration/duration of Cr supplementation, parity of the cows,

days in milk (DIM), stage of parturition [before (BFP) or after

(AFP) parturition], Cr complexes (amino acids, yeast, picolinate,

or propionate) were extracted from studies. The studies without

variance (SE or SD), mean or data given in figures without means

provided were also rejected. The overview of the studies included

or excluded in the meta-analysis is provided in a flow chart

(Figure 1). There are totally 26 studies (8, 12–36) included for

the meta-analysis.

2.2. Statistical analysis

The statistical analysis was conducted using themean difference

(MD) as the outcome of the measure. A random-effect model was

fitted to the data. A random-effect model allowed the true effect

to vary from study to study and include between-study variability

(true heterogeneity) as well as sampling error (37). The outcome

variables were DMI, milk production, milk fat content, milk protein

content, milk lactose content, and SNF content. The forest plots

were developed to visualize the summary effects of the random

effects meta-analytical model for each outcome variables using

the R package dmetar (version 0.0.9000) (38). The amount of

heterogeneity (τ 2) was estimated using the restricted maximum-

likelihood estimator. Tau-squared is a measure of heterogeneity in

meta-analysis. It is the variance of the true effects across studies

and represents the amount of variability in the results that is not

explained by random error. A larger tau-squared value indicates

greater heterogeneity among the studies, suggesting that the results

are more dispersed and may not be generalizable to a larger

population. In meta-analysis, tau-squared is often used in random-

effects models to weigh the contribution of each study to the overall

estimate of effect size (39).

In addition to the estimate of τ
2, the Q-test for heterogeneity

(40) and the I2 statistic (41) were reported. The I2 value was

defined as I2 = (Q – df/Q) × 100, where Q is the χ
2 statistic

and its degree of freedom. Values of I2 at 0 to 40% were
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FIGURE 1

The flow diagram of search strategies, data screening, exclusion, and inclusion of the studies in meta-analysis.

considered possibly not important, 30 to 60% were considered

moderate, 50 to 90% were considered substantial, and 75 to

100% were considered considerable heterogenic (42). If evidence

of heterogeneity was found, meta-regression was carried out to

explore the sources of heterogeneity. The moderators affecting the

outcome variable DMI were the BW of the experimental cows, daily

dose rate of Cr, duration of Cr supplementation or the experiment,

type of Cr complex used (such as amino acids, propionate, or

methionine), and the supplementation phase (BFP or AFP). The

moderators affecting the outcome variables of milk production and

composition (fat, protein, lactose, and SNF) were DIM, cow BW,

Cr dose rate, duration of the experiment or Cr supplementation

period, and the type of Cr complex.

Additionally, a multilevel meta-analysis was also carried out

to evaluate the heterogeneity (43) at various levels. The variance

distribution being as follows: level 1 = sampling variance, level

2 = effect sizes extracted from the same study, and level 3 =

variance between studies. The multilevel meta-analysis was carried

out using the metafor R package (version 3.0.2) (44). The variance

distribution was evaluated by the R package dmetar (version

0.0.9000) (38).

The τ
2 values of the models were compared with or without

a moderator to evaluate the decrease in heterogeneity. Influence

analysis for heterogeneity identification was carried out for

the response of interest (DMI, milk production, fat, protein,

lactose, and SNF) using the Baujat diagnostics. The Baujat

et al. (45) diagnostics identified the respective contribution of

each study.

2.3. Publication bias

A contour-enhanced funnel plot for each outcome was created

to assess the risk of bias in the studies included in the meta-analysis.

The standard error of the observed outcomes as predictor was used

to check for funnel plot asymmetry. The symmetrical distribution

of studies around the calculated MD indicated no risk of bias, while

an asymmetrical distribution around MD was an indication of the

potential risk of bias. The presence of bias was identified by Egger’s

test (46), and P < 0.05 indicated the presence of bias in the funnel

plot. The analysis was carried out using R package metafor (version

3.0.2) (44).
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FIGURE 2

The forest plot of the random-e�ect meta-analysis for dry matter intake. The e�ect size was calculated as the mean di�erence (MD), and the solid

vertical line represents the line of no e�ect or zero line. The dotted vertical line represents the average e�ect size for dry matter intake in cows

supplemented with chromium. The negative value under the MD heading indicates a decrease in dry matter intake and vice versa. The black

horizontal line represents the confidence interval for each study and the gray square represents weight or e�ect size of the corresponding study. The

blue diamond represents the average e�ect size of the meta-analysis.

3. Results

3.1. Dry matter intake

A total of 17 studies with 49 effect sizes and 769 observations

for Cr supplementation and 739 observations for the control

were included in the DMI meta-analysis (Supplementary Table 1).

A forest plot (Figure 2) shows the observed outcomes and the

estimate based on the random-effects model. The DMI was

increased (P < 0.05) by 0.72 kg [95% confidence interval (CI),

0.46–0.97] in cows supplemented with Cr compared to those not

supplemented. The heterogeneity for DMI was moderate (I2 =
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TABLE 1 A summary of statistical models and moderators for the dry matter intake meta-analysis.

Estimate Standard error z-value p-value CI-LB CI-UB tau2 Reduction in tau2 n

Model

Random effect model 0.720 0.130 5.496 <0.001 0.460 0.970 0.391 49

Multilevel random effect 0.771 0.183 4.201 <0.001 0.402 1.140 0.400 2.302 49

Moderator

BW 0.0009 0.000 3.908 <0.001 0.000 0.001 0.480 22.711 36

Dose 0.080 0.052 5.107 <0.001 0.050 0.113 0.454 16.061 49

Experimental duration 0.058 0.014 4.194 <0.001 0.031 0.085 0.533 36.266 49

Parturition stage

AFP 0.853 0.161 5.293 <0.001 0.537 1.169 0.390 −0.358 49

BFP 0.458 0.220 2.087 <0.001 0.028 0.889

Cr-complex

Amino acids 0.020 0.480 0.428 0.668 0.736 1.147 0.334 −14.58 49

Methionine 0.714 0.186 3.850 <0.001 0.350 1.077

Picolinate 0.430 0.319 1.346 0.178 0.196 1.057

Propionate 0.518 0.320 1.615 0.106 0.110 1.146

Yeast 1.137 0.308 3.690 0.002 0.533 1.742

Parity

MP 0.620 0.125 4.954 <0.001 0.375 0.866 0.275 −29.668 49

MP+PP 2.137 0.481 4.439 <0.001 1.193 3.081

PP 0.371 0.482 0.770 0.440 0.573 1.316

BW, body weight; AFP, after parturition; BFP, before parturition; PP, primiparous; MP, multiparous; CI-LB, confidence interval lower bound; CI-UB, confidence interval upper bound.

54%, τ
2 = 0.391, and Q statistic: χ

2 = 104.05). The regression

model indicates that DMI was significantly increased (P < 0.001)

of 0.0009 kg/kg of BW (Table 1) (95% CI = 0.0004–0.001). The

DMI also significantly increased (P > 0.05) by 0.0805 kg for an

increase in each mg of Cr/cow/day (95% CI = 0.049–0.111).

When the duration of Cr supplementation increases by 1 week,

DMI significantly (P < 0.001) increased by 0.057 kg/day (95%

CI = 0.030 – 0.084). The supplementation phase (BFP or AFP)

is (P < 0.001) associated with an increase in DMI by 0.4582

and 0.853 kg/day respectively. The methionine and yeast forms

of Cr increased DMI by 0.714 and 1.137 kg/day respectively.

The DMI for MP and MP+PP cows increased (P < 0.001) by

0.620 and 2.137 kg/day respectively. The DMI was not influenced

by Cr supplementation in PP cows (P > 0.05). The summary

of the random effect model, multilevel random-effects model,

and moderators is presented in Table 1. The funnel plot of the

mean difference in DMI is plotted against the standard error

of the experiment (Supplementary Figure 1). The symmetrical

distribution of the weighted mean difference of all experiments

around standard error indicates the absence of biasness in

experiments selected for meta-analysis. The Egger’s test was also

nonsignificant (P = 0.135) with 95% CI= 0.0478–0.870.

The multilevel meta-analytical model indicates that DMI was

significantly higher (P< 0.001,MD= 0.771 kg/day (95%CI, 0.402–

1.140) in cows supplemented with Cr. The multilevel variance

(Supplementary Figure 2) indicates that the sampling variance

(level 1) of the effect size was 36.9%. The variance between effect

sizes extracted from the same study (level 2) was only 6.4%.

However, the major portion of the variances (56.7%) was associated

between studies (level 3). The influence analysis for the DMI

meta-analysis is presented in Supplementary Figure 3.

3.2. Milk production

For milk production, we selected 25 studies and 48 effect

sizes with 802 cows for Cr supplementation and 806 cows for the

control group (Supplementary Table 2). The observed outcomes

and the estimate based on the random-effects model are shown in

Figure 3. Milk production increased (P < 0.001) by 1.20 kg/day

(95% CI, 0.65-1.76) with Cr supplementation. The heterogeneity

for milk production was moderate (I2 = 57%, τ 2 = 1.732, and Q

statistic: χ2 = 100.03). The regression model indicates that milk

productionwas significantly (P< 0.001) increased by 0.0023 kg/day

(95% CI, 0.0015–0.0031) with each kg increase of BW. The milk

production also increased (P = 0.004) by 0.1224 kg/day (95% CI,

0.0548–0.1900) with each mg/day increase in Cr supplementation.

An increase in one week of the experiment/Cr supplementation

duration resulted in a significant increase (P = 0.004) in milk

production by 0.0676 kg/day (95% CI: 0.0129–0.1133). Similarly,

the milk production increased (P = 0.045) by 0.0168 kg/day (95%
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FIGURE 3

The forest plot of the random-e�ect meta-analysis for milk production. The e�ect size was calculated as the mean di�erence (MD) and the solid

vertical line represents the line of no e�ect or zero line. The dotted vertical line represents the average e�ect size for milk production in cows

supplemented with chromium and the negative value under the MD heading indicates a decrease in milk production and vice versa. The black

horizontal line represents the confidence interval for each study and the gray square represents weight or e�ect size of the corresponding study. The

blue diamond represents the average e�ect size of the meta-analysis.

CI, 0.0004–0.0332) with an increase in one DIM. The amino acid

and methionine forms of Cr complexes increased milk production

by 1.645 and 1.448 kg/day respectively. Similarly, parity had a

significant (P = 0.004) effect on milk production. Milk production

increased by 1.087 and 1.920 kg/day for multiparous (MP) and

primiparous (PP) cows respectively. The summary of the random

effect model, multilevel random-effects model, and moderators

are presented in Table 2. The funnel plot of the mean difference

in milk production is plotted against the standard error of the

experiment in Supplementary Figure 4. Visual inspection implies

that the symmetrical distribution of the weighted mean difference

of all experiments around standard error indicates the absence of

biasness in experiments selected for meta-analysis. The Egger’s test

was also nonsignificant (P = 0.585) with 95% CI= 0.367–2.527.

The multilevel random effect meta-analytical model indicates

that milk production was significantly higher (P = 0.001,
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TABLE 2 A summary of statistical models and moderators for the milk production meta-analysis.

Estimate Standard error z-value p-value CI- LB CI-UB tau2 Reduction in tau2 n

Model

Random effect 1.210 0.283 4.251 <0.001 0.650 1.716 1.732 48

Multilevel random effect 1.186 0.413 2.872 0.006 0.355 2.017 1.675 −3.29 48

Moderator

BW 0.002 0.000 5.394 <0.001 0.001 0.003 0.937 −45.90 34

Dose 0.122 0.035 3.550 <0.001 0.054 0.190 2.139 23.50 48

Experimental duration 0.068 0.023 2.901 0.004 0.021 0.113 2.563 47.98 48

Days in milk 0.017 0.008 2.009 0.045 0.000 0.033 3.011 73.85 48

Cr-complex

Amino acids 1.645 0.830 1.982 0.047 0.018 3.271 2.172 25.40 48

Methionine 1.448 0.503 2.878 0.004 0.462 2.434

Picolinate 1.140 0.921 1.238 0.215 0.664 2.944

Propionate 0.760 0.745 1.019 0.307 0.700 2.221

Yeast 0.149 0.761 0.195 0.845 1.344 1.641

Parity

MP 1.087 0.333 3.223 0.001 0.426 1.748 1.879 8.49 48

MP+PP 1.199 0.773 1.549 0.121 0.317 2.716

PP 1.920 0.843 2.277 0.022 0.267 3.572

BW, body weight; AFP, after parturition; BFP, before parturition; PP, primiparous; MP, multiparous; CI-LB, confidence interval lower bound; CI-UB, confidence interval upper bound.

95% CI, 0.354–2.1017) with an effect size of 1.186 kg in

cows supplemented with Cr. The multilevel variance indicates

(Supplementary Figure 5) that the sampling variance (level 1) of the

effect size was 30.4%. The variance between effect sizes extracted

from the same study (level 2) was 0%. However, the major portion

of the variances (69.6%) was associated between studies (level 3).

The influence analysis for the DMI meta-analysis is presented in

Supplementary Figure 6.

3.3. Milk protein

A total of 24 studies with 48 effect sizes, with 756 cows for Cr

supplemented and 760 cows for the control were included in the

milk protein meta-analysis (Supplementary Table 3). The observed

mean difference was−0.03% (P > 0.05) in milk protein content for

the cows supplemented with Cr (Figure 4). The heterogeneity for

milk protein content was moderate (I2 = 65%, τ 2 = 0.0062, and Q

statistic: χ2 = 133.60). The regression model indicates that BW, the

dose of Cr (mg/day/cows), experiment duration/supplementation

of Cr, DIM, and parity have no influence on effects size for

milk protein content in cows supplemented with Cr. While the

regression model indicates that milk protein decreased (P = 0.006)

by−0.0868% with Cr complexes in propionate form.

The summary of the random effect model, multilevel random-

effects model, and moderators are presented in Table 3. A funnel

plot of themean difference inmilk protein content is plotted against

the standard error of the experiment in Supplementary Figure 7.

Visual inspection of the funnel plot indicates that symmetrical

distribution of the weighted mean difference of all experiments

around standard error indicates an absence of biasness in

experiments selected for meta-analysis. The Egger’s test was also

nonsignificant (P = 0.682) with 95% CI= 0.1094–0.0214.

The multilevel random effects meta-analytical model results

revealed that milk protein was non-significant (P = 0.109, 95%

CI, 0.0741–0.0077) in cows supplemented with Cr. The multilevel

variance (Supplementary Figure 8) indicates that the sampling

variance (level 1) of the effect size was 34.6%, the variance between

effect sizes extracted from the same study (level 2) was 27.1%. The

variance between studies (level 3) was 38.3%.

3.4. Milk fat

A total of 24 studies with 48 effect sizes were included in

the meta-analysis for milk fat content. The total number of

cows for Cr and the control were 756 and 760 respectively

(Supplementary Table 4). A forest plot (Figure 5) shows the

observed outcomes and the estimate based on the random-effects

model. The observed mean difference was a non-significant (P >

0.05) decrease in milk fat content in cows supplemented with Cr.

The heterogeneity for milk fat content was substantial (I2 = 73%,

τ
2 = 0.390, and Q statistic: χ2 = 176.30).

The results of the regression model showed that factors

including BW, Cr dose (mg/day/cow), experiment or

supplementation duration, DIM, and parity had no significant

impact (P > 0.05) on the fat content of milk produced by cows

supplemented with Cr. Cr propionate complex supplementation
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FIGURE 4

The forest plot of the random-e�ect meta-analysis for milk protein content. The e�ect size was calculated as the mean di�erence (MD), and the

solid vertical line represents the line of no e�ect or zero line. The dotted vertical line represents the average e�ect size for milk protein content in

cows supplemented with chromium. The negative value under the MD heading indicates a decrease in milk protein content and vice versa. The black

horizontal line represents the confidence interval for each study and the gray square represents weight or e�ect size of the corresponding study. The

blue diamond represents the average e�ect size of the meta-analysis.

had a negative influence on milk fat content with a 0.216% decrease

(P = 0.003).

The summary of the random effect model, multilevel random-

effects model, and moderators are presented in Table 4. A funnel

plot of the mean difference in milk fat content is plotted against

the standard error of the experiment in Supplementary Figure 9.

Visual inspection of the symmetrical distribution of the weighted

mean difference of all experiments around standard error shows

the absence of biasness in experiments selected for meta-analysis.

The Egger’s test was also not significant (P = 0.216) with 95% CI

= 0.2553–0.0500.

The multilevel meta-analytical model indicates that milk fat

content was not influenced (P = 0.782) by Cr supplementation

and the estimate for milk fat content was −0.0146 with 95% CI =
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TABLE 3 A summary of statistical models and moderators for the milk protein meta-analysis.

Estimate Standard error z-value p-value CI-LB CI-UB tau2 Reduction in tau2 n

Model

Random effect model −0.032 0.017 1.894 0.058 0.065 0.001 0.006 48

Multilevel random effect −0.033 0.020 1.633 0.109 0.074 0.007 0.006 6.45

Moderator

BW 0 0 1.096 0.272 0.001 0 0.002 −67.74 33

Dose −0.003 0.009 1.944 0.052 0.007 0 0.006 −3.23 48

Experimental duration −0.002 0.001 1.516 0.129 0.004 0.0006 0.006 1.61 48

Days in milk 0.0006 0.0005 1.216 0.223 0.0004 0.001 0.006 8.06 48

Cr-complex

Amino acids −0.032 0.047 0.690 0.490 0.125 0.060 0.005 −17.74

Methionine −0.018 0.028 0.653 0.513 0.074 0.037

Picolinate −0.016 0.048 0.346 0.728 0.234 0.134

Propionate −0.086 0.032 2.712 0.006 0.149 0.024

Yeast 0.081 0.048 1.695 0.091 0.012 0.176

Parity

MP −0.038 0.019 1.950 0.051 0.076 0.0002 0.005 −6.45 48

MP+PP 0.023 0.043 0.528 0.528 0.062 0.108

PP −0.066 0.048 1.364 0.172 0.161 0.028

BW, body weight; AFP, after parturition; BFP, before parturition; PP, primiparous; MP, multiparous; CI-LB, confidence interval lower bound; CI-UB, confidence interval upper bound.

0.1203–0.0912. The multilevel variance (Supplementary Figure 10)

indicates that the sampling variance (level 1) of the effect size was

15.7%, the variance between effects sizes extracted from the same

study (level 2) was 0%. However, the major portion of the variances

(84.3%) was associated among studies (level 3).

3.5. Milk lactose

For milk lactose content, a total of 21 studies with 45 effect sizes

were included in the meta-analysis, there were 613 cows for Cr

supplemented and 606 cows for control (Supplementary Table 5).

A forest plot (Figure 6) shows the observed outcomes and the

estimate based on the random-effects model. The observed mean

difference indicates that Cr supplementation had no effects (P >

0.05) on milk lactose content in cows. The heterogeneity for milk

lactose content was substantial (I2 = 85%, τ
2 = 0.0056, and Q

statistic: χ2 = 302.87). The regression model indicates that effect

size was not influenced by moderators including BW, the dose of

Cr, experimental duration/supplementation of Cr, and Cr complex

forms. While milk lactose content was increased (P = 0.042) by

0.0010% with increase in each day of DIM. The summary of

the random effect model, multilevel random-effects model, and

moderators are presented in Table 5. A funnel plot of the mean

difference in milk lactose content plotted against the standard error

of the experiment is shown in Supplementary Figure 11. By the

visual inspection of the funnel plot, the symmetrical distribution of

the weighted mean difference of all experiments around standard

error indicates the absence of biasness in experiments selected for

meta-analysis. The Egger’s test was also nonsignificant (P = 0.407)

with 95% CI= 0.0531–0.0381.

The multilevel random effects of the meta-analytical model

revealed that milk lactose content was not significant (P =

0.633) in cows supplemented with Cr and the observed MD

was 0.0096 with 95% CI, 0.0308–0.0501). The multilevel variance

(Supplementary Figure 12) indicates that the sampling variance

(level 1) of the effect size was 18.0%. The variance between effect

sizes extracted from the same study (level 2) was 36.0%. However,

the variance among studies (level 3) was 46.0%.

3.6. Solids-not-fat

For SNF, only 8 studies with 18 effect sizes met the inclusion

criteria. The total number of cows for Cr supplementation was

224 and 217 for the control. The raw data are provided in

Supplementary Table 6. A forest plot (Figure 7) shows the observed

outcomes and the estimate based on the random-effects model. The

observedmean difference was not significantly different (P= 0.523)

between Cr supplementation and the control. The heterogeneity

for SNF was moderate (I2 = 41%, τ
2 = 0.010, and Q statistic:

χ2 = 28.87). The regression model indicates that SNF was not

influenced (P > 0.05) by moderators including BW, the dose of Cr

supplementation, the duration of Cr supplementation/the duration

of the experiment, Cr complex forms, and parity. The summary

of the random effect model, multilevel random-effects model, and

moderators are presented in Table 6. A funnel plot of the mean

difference in SNF content was plotted against the standard error
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FIGURE 5

The forest plot of the random-e�ect meta-analysis for milk fat content. The e�ect size was calculated as the mean di�erence (MD), and the solid

vertical line represents the line of no e�ect or zero line. The dotted vertical line represents the average e�ect size for milk fat content in cows

supplemented with chromium. The negative value under the MD heading indicates a decrease in milk fat content and vice versa. The black horizontal

line represents the confidence interval for each study and the gray square represents weight or e�ect size of the corresponding study. The blue

diamond represents the average e�ect size of the meta-analysis.

of the experiment and is shown in Supplementary Figure 13. Visual

inspection of the symmetrical of the weighted mean difference of

all experiments around standard error indicates the absence of

biasness in experiments selected for meta-analysis. The Egger’s test

was also non-significant (P = 0.962) with 95% CI= 0.1615–0.107.

The multilevel meta-analytical model indicates that SNF was

not significantly different (P = 0.543) between cows supplemented

with Cr supplementation and the control and the estimate for

SNF was−0.025%, with 95% CI, 0.110 – 0.060. The multilevel

variance (Supplementary Figure 14) indicates that the sampling

variance (level 1) of the effect size was 47.5%. The variance

between effect sizes extracted from the same study (level

2) was only 45.7% and variances associated among studies

(level 3) was 6.8%.
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TABLE 4 A summary of statistical models and moderators for the milk fat meta-analysis.

Estimate Standard error z-value p-value CI–LB CI–UB tau2 Reduction in tau2 n

Model

Random effect model −0.02 0.0392 0.488 0.625 0.096 0.0577 0.039 48

Multilevel random effect −0.0146 0.052 0.277 0.782 0.1203 0.0921 0.043 10.51

Moderator

BW 33

Dose −0.0043 0.0042 1.012 0.311 0.0125 0.004 0.038 −3.59 48

Experimental duration −0.0013 0.0032 0.417 0.676 0.0076 0.005 0.039 0.00 48

Days in milk −0.0002 0.0011 0.148 0.882 0.0023 0.0019 0.04 2.31 48

Cr-complex

Amino acids 0.0591 0.094 0.624 0.532 0.1267 0.2444 0.028 −29.23

Methionine −0.0228 0.067 0.34 0.733 0.5141 0.1085

Picolinate −0.0367 0.104 0.351 0.724 0.2409 0.1676

Propionate −0.2169 0.073 2.954 0.003 0.3608 0.0730

Yeast 0.1156 0.826 1.411 0.158 0.0453 0.2784

Parity

MP −0.0346 0.046 0.75 0.452 0.1248 0.0557 0.04 3.08 48

MP+ PP −0.005 0.121 0.041 0.967 0.2435 0.2334

PP 0.0464 0.1 0.463 0.643 0.1499 0.2427

BW, body weight; AFP, after parturition; BFP, before parturition; PP, primiparous; MP, multiparous; CI-LB, confidence interval lower bound; CI-UB, confidence interval upper bound.

4. Discussion

The present work suggests that supplementation of Cr

improves DMI and effect size and heterogeneity for the multilevel

random-effects model (0.77 kg, τ
2 = 0.40) and random-effects

model (0.72 kg, τ 2 = 0.39) were similar. The tau τ
2 in the random-

effects model without moderators was 0.39 (SE= 0.130), including

the significant moderators in our model. We observed that BW,

dose, and experiment duration did not decrease in τ
2. Additionally,

these moderators had minimal effects on effect size (BW = 0.0009,

dose = 0.080, and experiment duration = 0.058). The increase in

τ
2value for BW is due to a lesser number of studies (n = 36)

as compared to the random-effects model without any moderator

(n = 49). There were some studies that have not provided the

initial BW of the cows in the experiment. Due to these missing

covariates, we analyzed our data as individual moderators. In

the multiple meta-regression model, the R package metafor (44)

automatically drops missing variables completely from the analysis.

Intuitively, we would expect that the estimate of τ
2 in the meta-

regression model must be lower (or at least, no larger) than the

estimate of τ
2 from the random-effects model. However, we also

observed an increase in τ
2 for the dose of Cr and experimental

duration/supplementation duration. In classical regression, adding

a predictor can only decrease the residual variance. But in a

multilevel model, adding an individual predictor can sometimes

make the group-level variance go up. This can happen when

the individual-level predictor is negatively correlated with the

group coefficient (47). The τ
2 value for the parturition stage (AFP

and BFP), Cr complexes, and parity was decreased by −0.4%,

−14.6%, and −29.7% respectively. The increase in DMI with Cr

supplementation was greater for AFP (0.853 kg) than for BFP

(0.458). These differences in DMI of dairy cows could be attributed

to different physiological stages of the cows (7). The DMI was

not influenced by Cr supplementation in PP cows, which might

be associated with greater stress in PP cows as compared to

MP (48). The increase in DMI during BFP and AFP could be

associated with a decrease in non-esterified fatty acids (NEFA)

by Cr supplementation (26). As a consequence, an increase in

DMI via reversing the lipostatic mechanism as high circulating

NEFA concentrations depress feed intake (32). The DMI tended

to increase during the prepartum period (35). Similarly, several

studies have shown that supplementing with Cr increases DMI

during the postpartum period (15, 29). It is unknown whether the

effects of Cr supplementation on DMI are directly or indirectly

mediated through other mechanisms in metabolism, or simply a

result of generally increased milk yield with Cr supplementation

(22). Therefore, it is difficult to determine whether the positive

effects of Cr administration on performance responses were merely

due to alleviation of a deficiency or some other factors related to the

physiological mode of action of Cr.

Chromium supplementation increased milk production by

1.21 kg, and the effects size for the multilevel random-effects model

(1.186 kg) and random-effects model (1.210 kg) were similar. This

result enhances our confidence in the application of Cr supplement

for the promotion of milk production. The τ
2 in the random-effects

model without moderator was 1.732 (SE = 0.283). For multilevel

random-effects model τ
2 = 3.3% decreases as compared to

random-effects model. The DMI is an important factor that affects
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FIGURE 6

The forest plot of the random-e�ect meta-analysis for milk lactose content. The e�ect size was calculated as the mean di�erence (MD), and the

solid vertical line represents the line of no e�ect or zero line. The dotted vertical line represents the average e�ect size for milk lactose content in

cows supplemented with chromium. The negative value under the MD heading indicates a decrease in milk lactose content and vice versa. The black

horizontal line represents the confidence interval for each study and the gray square represents weight or e�ect size of the corresponding study. The

blue diamond represents the average e�ect size of the meta-analysis.

milk production, as the cow needs to consume sufficient nutrients

to support milk synthesis. The increased milk yield can probably

be explained by higher DMI and efficiency of energy utilization

(49). After incorporating the significant moderating variables into

our model, we found that a decrease in BW reduced the overall

heterogeneity by 45.9. There was a slight impact on the effect size,

with a 0.002 kg increase in milk production for per kg increase in

BW of Cr-supplemented cows. Additionally, an increase of 1mg

in Cr dosage led to a 0.122 kg increase in milk production. The

effect of experiment duration (estimate= 0.068) andDIM (estimate

= 0.017) on milk production was minimal. Among Cr complexes

only amino acid and methionine have significant effects on milk

production and the MD were 1.645 and 1.448 kg respectively. The

increase in milk production could be associated with an increase
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TABLE 5 A summary of statistical models and moderators for milk lactose meta-analysis.

Estimate Standard error z-value p-value CI–LB CI–UB tau2 Reduction in tau2 n

Model

Random effect model 0.0100 0.0162 0.3921 0.695 −0.0255 0.0380 0.0056 45

Multilevel random effect 0.0096 0.0210 0.4797 0.634 0.0308 0.0501 0.0064 14.29

Moderator

BW 0.0000 0.0000 0.4780 0.633 0.0001 0.0000 0.0032 −42.86 30

Dose 0.0006 0.0019 0.3020 0.763 0.0032 0.0040 0.0056 0.00

Experimental duration 0.0004 0.0015 0.2380 0.812 0.0026 0.0030 0.0056 0.00

Days in milk 0.0054 0.0001 2.0290 0.042 0.0000 0.0020 0.0054 −3.57 45

Cr-complex

Amino acids −0.0173 0.0523 0.3310 0.740 0.1197 0.0851 0.0051 −8.93 45

Methionine 0.0264 0.0272 0.9710 0.332 0.0269 0.0798

Picolinate 0.0000 0.0445 0.0000 0.858 0.0873 0.0873

Propionate 0.0311 0.0333 0.9350 1.000 0.0341 0.0963

Yeast −0.0031 0.0394 0.0780 0.350 0.0804 0.7420

Parity

MP 0.0034 0.0183 0.1878 0.851 0.0324 0.0393 0.0059 5.36 45

MP+ PP 0.0436 0.0540 0.8063 0.420 0.0624 0.1495

PP −0.0031 0.0551 0.0566 0.955 0.1112 0.1049

BW, body weight; AFP, after parturition; BFP, before parturition; PP, primiparous; MP, multiparous; CI-LB, confidence interval lower bound; CI-UB, confidence interval upper bound.

FIGURE 7

The forest plot of the random-e�ect meta-analysis for solid-not-fat content. The e�ect size was calculated as the mean di�erence (MD), and the

solid vertical line represents the line of no e�ect or zero line. The dotted vertical line represents the average e�ect size for solid-not-fat content in

cows supplemented with chromium. The negative value under the MD heading indicates a decrease in solid-not-fat content and vice versa. The

black horizontal line represents the confidence interval for each study and the gray square represents weight or e�ect size of the corresponding

study. The blue diamond represents the average e�ect size of the meta-analysis.
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TABLE 6 A summary of statistical models and moderators for solids-not-fat meta-analysis.

Estimate Standard error z-value p-value CI–LB CI–UB tau2 Reduction in tau2 n

Model

Random effect model −0.0247 0.038 0.638 0.523 0.1004 0.0511 0.0100 18

Multilevel random effect −0.0250 0.040 0.619 0.543 0.1100 0.0601 0.0103 3.00 18

Moderator

BW −0.0001 0.000 1.582 0.113 0.0002 0.0000 0.0092 −8.00 14

Dose −0.0055 0.005 1.060 0.289 0.0156 0.0046 0.0088 −12.00 18

Experimental duration −0.0025 0.003 0.879 0.379 0.0082 0.0031 0.0089 −11.00 18

Days in milk 0.0011 0.001 1.398 0.162 0.0005 0.0027 0.0088 −12.00 18

Cr-complex

Amino acids −0.1032 0.080 1.291 0.196 0.2590 0.2590 0.0084 −16.00 18

Methionine −0.0647 0.058 1.118 0.263 0.1780 0.1780

Picolinate −0.0133 0.126 0.106 0.915 0.2602 0.2602

Yeast 0.0807 0.068 1.187 0.234 0.0525 0.0525

Parity

MP −0.0327 0.041 0.808 0.419 0.1120 0.0466 0.0104 4.00 18

PP 0.0903 0.151 0.599 0.549 0.2053 0.3859

BW, body weight; AFP, after parturition; BFP, before parturition; PP, primiparous; MP, multiparous; CI-LB, confidence interval lower bound; CI-UB, confidence interval upper bound.

in lactose content of the milk, the major regulator of milk volume

(50). It is known that the mammary gland consumes circulating

glucose to synthesize milk lactose in mammary epithelial cells

(51). Supplementation of Cr might increase glucose uptake by

the cells (7). However, the underlying mechanism of the increase

in milk lactose content needs further investigation as our meta-

analytical results suggest that no differences were observed for

lactose content of milk in Cr-supplemented cows. Additionally,

the lactose yield was also calculated and compared using analysis

of variance. The control group produced 1549 g lactose/day/cow,

while the Cr-supplemented group produced 1635 g/day/cow (P =

0.2704). Despite the higher lactose yield in the Cr-supplemented

group, it was linked to the increased milk production. The raw

data show that control cows produced 32.63 kg of milk per day

per cow, while the Cr-supplemented cows produced 34.25 kg. This

translates to a 4.96% increase in milk and similarly higher lactose

yield (5.55%) in the Cr-supplemented group.

Milk protein content was not influenced by Cr, and the

effects size and heterogeneity for the multilevel random-effects

model (MD = −0.0332%, τ
2 = 0.0066) and random effect

model (−0.0324, τ
2 = 0.0062) were similar. With moderators

included in our model, we observed that BW decreases τ
2

= −67.7% of total heterogeneity, additionally, picolinate (Cr

complexes) and parity decreased−17.7% and−6.5% heterogeneity

respectively. Milk fat content, milk lactose, and SNF are not

influenced by Cr supplementation. Regarding heterogeneity, we

observed our I2 was > 50% in all meta-analytical data sets.

Several studies have reported that the supplementation of Cr

had no effects on fat, protein, and lactose percentage of dairy

cow milk (15, 33, 36). These results suggest that it is almost

impossible to improve milk quality by supplementing Cr to cows

in dairying practice.

5. Conclusion

Chromium supplementation increases DMI and the response

to supplementation is less before parturition (estimate = 0.458 kg)

than after parturition (estimate = 0.853 kg). In terms of parity,

DMI was 0.620 kg higher with Cr supplementation for multiparous

cows compared to the unsupplemented control. For the milk

production meta-analysis, the observed mean difference indicates

that milk production increases by 1.20 kg with Cr supplementation.

For multiparous and primiparous cows, milk production increased

by 1.087 kg and 1.92 kg, respectively. The milk protein content,

milk fat content, milk lactose content, and solids-not-fat are not

influenced by Cr supplementation. Further research is warranted

to evaluate the effects of Cr propionate on milk fat content

and milk protein. The heterogeneity data indicate both milk

fat and protein contents decrease with the supplementation of

Cr propionate.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding authors.

Frontiers in Veterinary Science 14 frontiersin.org354

https://doi.org/10.3389/fvets.2023.1076777
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Malik et al. 10.3389/fvets.2023.1076777

Author contributions

MM conceived and planned the study and collected all

data. MM, DR, and XS analyzed, interpreted data, prepared

the tables, prepared the figures, and wrote the manuscript.

XS and XZ acquired funding and revised the manuscript.

All authors contributed to the article and approved the

submitted version.

Funding

This study was funded by the Development of

Science and Technology of Jilin Province, China (Grant

number 20220202052NC).

Acknowledgments

We thank senior statistician Dr. Dongwen Luo for comments

on the statistical analysis of the study.

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.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.

1076777/full#supplementary-material

SUPPLEMENTARY FIGURE 1

A contour-enhanced funnel plot. The symmetrical distribution of studies

around the mean di�erence (MD; x-axis) indicates that there were no

publication biases in the studies included in the meta-analysis. The Egger’s

test was also not significant (P > 0.05). The vertical dotted line indicates the

weighed MD e�ect size for dry matter intake in chromium-supplemented

cows.

SUPPLEMENTARY FIGURE 2

The variance components identified by multilevel random e�ects in the dry

matter intake meta-analysis. Level 1 = sampling variance of the extracted

e�ect size, level 2 = variance between e�ects sizes extracted from the same

study, level 3 = variance among the studies selected for meta-analysis.

SUPPLEMENTARY FIGURE 3

Graphical presentation of the influence analysis of the dry matter intake

meta-analysis.

SUPPLEMENTARY FIGURE 4

A contour-enhanced funnel plot. The symmetrical distribution of studies

around the mean di�erence (MD; x-axis) indicates that there were no

publication biases in the studies included in the meta-analysis. The Egger’s

test was also not significant (P > 0.05). The vertical dotted line indicates the

weighed MD e�ect size for milk production in chromium-supplemented

cows.

SUPPLEMENTARY FIGURE 5

The variance components identified by multilevel random e�ects in the milk

production meta-analysis. Level 1 = sampling variance of the extracted

e�ect size, level 2 = variance between e�ects sizes extracted from the same

study, level 3 = variance among the studies selected for meta-analysis.

SUPPLEMENTARY FIGURE 6

Graphical presentation of the influence analysis of the milk production

meta-analysis.

SUPPLEMENTARY FIGURE 7

A contour-enhanced funnel plot. The symmetrical distribution of studies

around the mean di�erence (MD; x-axis) indicates that there were no

publication biases in the studies included in the meta-analysis for milk

protein content. The Egger’s test was also not significant (P > 0.05). The

vertical dotted line indicates the weighed MD e�ect size for milk protein

content in chromium-supplemented cows.

SUPPLEMENTARY FIGURE 8

The variance components identified by multilevel random e�ects in the milk

protein content meta-analysis. Level 1 = sampling variance of the extracted

e�ect size, level 2 = variance between e�ect sizes extracted from the same

study, level 3 = variance among the studies selected for meta-analysis.

SUPPLEMENTARY FIGURE 9

A contour-enhanced funnel plot. The symmetrical distribution of studies

around the mean di�erence (MD; x-axis) indicates that there were no

publication biases in the studies included in the meta-analysis for milk fat

content. The Egger’s test was also not significant (P > 0.05). The vertical

dotted line indicates the weighed MD e�ect size for milk fat content in

chromium-supplemented cows.

SUPPLEMENTARY FIGURE 10

The variance components identified by multilevel random e�ects in the milk

fat content meta-analysis. Level 1 = sampling variance of the extracted

e�ect size, level 2 = variance between e�ects sizes extracted from the same

study, level 3 = variance among the studies selected for meta-analysis.

SUPPLEMENTARY FIGURE 11

A contour-enhanced funnel plot. The symmetrical distribution of studies

around the mean di�erence (MD; x-axis) indicates that there were no

publication biases in the studies included in the meta-analysis for milk

lactose content. The Egger’s test was also not significant (P > 0.05). The

vertical dotted line indicates the weighed MD e�ect size for milk lactose

content in chromium-supplemented cows.

SUPPLEMENTARY FIGURE 12

The variance components identified by multilevel random e�ects in the milk

lactose content meta-analysis. Level 1 = sampling variance of the extracted

e�ect size, level 2 = variance between e�ects sizes extracted from the same

study, level 3 = variance among the studies selected for meta-analysis.

SUPPLEMENTARY FIGURE 13

A contour-enhanced funnel plot. The symmetrical distribution of studies

around the mean di�erence (MD; x-axis) indicates that there were no

publication biases in the studies included in the meta-analysis for

solid-not-fat content. The Egger’s test was also not significant (P > 0.05).

The vertical dotted line indicates the weighed MD e�ect size for

solid-not-fat content in chromium-supplemented cows.

SUPPLEMENTARY FIGURE 14

The variance components identified by multilevel random e�ects in the

solid-not-fat content meta-analysis. Level 1 = sampling variance of the

extracted e�ect size, level 2 = variance between e�ects sizes extracted

from the same study, level 3 = variance among the studies selected for

meta-analysis.
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Animal Science and Technology, China Agricultural University, Beijing, China, 3Hebei Layer Industry

Technology Research Institute, Handan, China

Eggshell membranes (ESM) contain 90% protein, 3% lipids, 2% sugars, and small

amounts of minerals such as calcium and magnesium. Of the 90% of proteins

present, 472 proteins species have been identified. ESM provide the initial

mineralization platform for eggshell formation, and can be used for to produce

adsorbents, cosmetics, and medical products because of their special physical

structure and chemical composition. The special physical structure of the eggshell

membrane, with disulfide bonds between and within the protein molecules and

the cross-linking of lysine-derived and heterochain chains between the eggshell

membrane, makes the membrane very di�cult to dissolve, with a maximum

solubility rate of only 62%. Also, the insolubility of ESM limits its development

and use also any related research. Based on the physical structure and chemical

composition of the eggshell membrane, this paper reviews the latest research on

eggshell membrane separation and membrane protein solubilization to provide a

reference for promoting the separation, dissolution, and rational development and

use of the avian eggshell membrane.

KEYWORDS

chicken, eggshell membrane, protein, disulfide bond, dissolution

1. Introduction

The world poultry egg production in 2020 was 92.967million tons, of which chicken eggs

accounted for 93.2% (1), dominating in poultry egg products. The proportion of eggshell and

eggshell membrane in the egg structure is 10–12% and 1.02%, respectively (2), suggesting

that 9.531 million tons of eggshell and 883,800 tons of eggshell membrane by-products are

produced yearly in the world. Eggshell (mineralized layer) contains 95% minerals (93.5%

CaCO3) and 3.4% organic matter (3, 4), exploitation of which is less and rarely reported.

The eggshell membrane acts as a semi-permeable membrane (5) wrapping the egg white and

preventing its exudation and external pathogens from entering the egg and safeguarding

egg quality (6, 7). In addition, the eggshell membrane provides the initial mineralization

platform for to form the eggshell (8) and improves the mechanical properties of the egg.

By physical structure, eggshell membranes consist of a stack of membrane fibers, which

have certain adsorption properties because of their porosity (9), and can be used for the

adsorption and recovery of heavy metal ions in waste liquids. Due to their biocompatibility,

ESM can be used as dressings for burned tissues in the medical field (10). For chemical

composition, 472 proteins have been identified in ESM (11), with water-soluble collagen

being the most plentiful (10%) and can be used in to produce moisturizing cosmetics; the

high keratin content of ectodermal cells can be used in to produce wound healing agents and

skin creams (12). The current separation methods for ESM mainly involve washing, drying,

and crushing the collected eggshells, and then treating them with physical, chemical, or
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biological enzymatic methods, respectively, to detach the ESM from

the true shells, and then sorting and recovering them, so as to

achieve the purpose of shell-membrane separation.

The effect of shell membrane separation is better, and the

highest recovery rate of eggshell membrane is reported to be up

to 98.9% (13). However, the solubility of the eggshell membrane

protein is low, practically insoluble in water and difficult to

dissolve in many solvents. The highest solubility of the eggshell

membrane was reported to be 62% (14). This may be due to the

binding between soluble and insoluble proteins and the highly

cross-linked structure formed by the intertwining of the eggshell

membrane fibers.

Although shell membrane separation methods and shell

membrane proteolysis methods are classified in the same way,

the content of the categories and purpose of the methods

used are not the same. The purpose of shell membrane

separation is only to separate the eggshell from the eggshell

membrane without destroying the internal structure of either.

Shell membrane lysis methods increase eggshell membrane lysis

in various ways so that the various proteins, fats, sugars,

and other parts that make up the eggshell membrane are

freed and the internal structure of the eggshell membrane is

significantly changed. In this paper, we review the separation

and protein solubilization of ESM with the aim of advancing

eggshell membrane solubilization, providing references for further

investigation of eggshell membrane composition and structure,

exploring to form eggshells, and promoting to exploit ESM.

2. Physical structure and chemical
composition of eggshell membranes

The eggshell membrane is a fibrousmembrane wrapped around

the egg white and embedded in the eggshell papillae, structurally

FIGURE 1

Artistic rendition of cross-sectional view of eggshell. Image reproduced from Hincke et al. (18).

divided from the inside into the limiting membrane (LM), the

inner eggshell membrane (ISM), and the outer eggshell membrane

(OSM), with a total thickness of about 70µm (15). Next to the

outer eggshell membrane is the mineralized eggshell layer, which

contains the papillae, fenestra, and vertical crystal layers (16). The

inner and outer ESM consist of layers of membrane fibers about

25µm in length (17). The artistic rendition of the eggshell is shown

in Figure 1, where the internal and external ESM can be seen in the

lower part (18).With the diameter of themembrane fibers gradually

increasing from the inner to the outer regions (19). The summary

information of the physical structure of the eggshell membrane is

shown in Table 1. Chemically, the fibrils of the eggshell membrane

consist mainly of proteins, of which about 10% are collagen (types

I, V and X) and 70–75% are other proteins and glycoproteins

containing lysine-derived crosslinks (20). In addition, the inner

eggshell membrane and the outer eggshell membrane differ slightly

not only in morphology but also in chemical composition. The core

proteins of the inner eggshell membrane contain mainly type I and

V collagen, while the outer eggshell membrane contains mainly

type I ESM (21). Type X collagen was found in both membranes

(22). There are 472 proteins that have been reported in ESM,

including some typical proteins containing specific structures,

such as lysozyme (Lysozyme), ovotransferrin, ovalbumin, and

OC-17 (Ovocledidin-17). Another fraction of proteins include

osteopontin and keratin, which are common protein (23). Through

molecular simulation techniques, OC-17 protein has now been

found to play an important role in helping the transition of

CaCO3 from shapeless particles to calcareous crystals (24). In

contrast, enzymatic digestion of ovotransferrin may provide

specific benefits to human health through to prepare a large number

of active peptides. For example, inhibition of bacterial and viral

growth, prevention of chronic diseases, lowering of blood pressure,

inhibition of tumor cell proliferation, and improvement of human

immunity (25). Due to the insolubility of ESM, more membrane
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TABLE 1 Summary of eggshell membrane structure characteristics.

Structure Location Features Thickness Fiber thickness

Outer eggshell membrane Under the eggshell Fibers of the outer shell

membrane extend into the

mammillary knobs of the

eggshell

50–70µm 1–7 µm

Inner eggshell membrane Inner shell membrane and outer

shell membrane separated by air

chamber

Fibers of the inner ESM layer

are interspersed with the outer

membrane

15–26µm 0.1–3 µm

Limiting membrane A membrane surrounding the

protein

The innermost thin structure Particles filled between proteins,

tiny

Granules that fill the space

between inner eggshell

membrane fibers

protein species and relative contents may need further study.

Although it is difficult to measure membrane protein components

due to the insolubility of ESM and protein instability, amino acids—

the basic structural units of eggshell membrane proteins—can be

accurately measured due to their stability in strong acids and bases.

Among the 18 reported eggshell membrane protein amino acids,

proline and glutamic acid are high in content, accounting for

approximately 11.5–11.8% (26) and 9.15–10.28% (27), respectively.

In addition, the results of the study showed that ESM are richer in

cystine and cysteine (28), which may be related to the highly cross-

linked structure of ESM. However, the exact relationship needs to

be further verified. Scanning electron micrographs of the eggshell

and eggshell membrane morphology are shown in Figure 2 (29).

3. Progress in research on eggshell
membrane separation technology

Since the outer ESM is embedded in the eggshell papillae, it

is necessary to separate the ESM from the eggshell mineralized

layer before dissolving the ESM (30). Typical eggshell membrane

separation technologies are shown in Table 2. The main methods

of eggshell membrane separation include physical, chemical and

enzymatic methods.

3.1. Physical method

The physical separation method of the eggshell membrane

is mainly based on the difference of mechanical strength and

specific gravity of the eggshell and eggshell membrane. The shell

and membrane are mechanically crushed as a whole, and then

poured into water and left to stratify, so that shell and membrane

separation can be achieved. In 2020, Yuji Hasebe (31) used the

difference in specific gravity between eggshell membranes and

eggshells to recover batches of eggshell membranes by crushing,

ultrasonic irradiation treatment and separation using a sieve,

getting a recovery rate of 85–95%. They also designed a cyclone

type airflow cleaning device, and the membrane recovery rate

was higher than 94% and the membrane cleaning rate was higher

than 96% under the optimal operating parameters (33). Another

method is through dissolved air flotation (DAF) invented by using

the different solubilities of water under different pressures, and

about 96% of the eggshell membrane can be recovered by the

FIGURE 2

Scanning electron micrographs illustrating the morphology of the

eggshell and eggshell membranes. (A) Eggshell cross-fractured to

reveal the eggshell membranes (ESM) and calcified eggshell (ES); (B)

higher magnification of the ESM and mammillary cone interface; (C)

hand-peeled ESM, showing an eggshell membrane fiber (ESMF); (D)

processed ESM, showing fragmented eggshell membrane fibers.

Scale bars: (A)–50µm; (B)–20µm; (C, D)–2µm.

DAF separation device (41). The above mechanical methods of

separating shell membranes all use water as the medium. Using this

method can reduce costs, save resources, and achieve a lower rate

of calcium loss, but resulting acid or alkali treatment is needed to

improve membrane recovery.

3.2. Chemical method

The chemical separation of the eggshell membrane acts on

the fiber connection between the outer eggshell membrane and

the eggshell mineralized papillae. Shell membrane separation was

achieved by breaking the fibers between them through chemical

reagents. Zhen (42) used a roller mill and then passed a 2.5mm steel
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TABLE 2 Typical shell membrane separation technology statistics.

Type Separate characteristics Membrane recovery rate References

Physical method By with crushing, ultrasonic irradiation treatment and sieve separation, the

difference in specific gravity between eggshell membrane and eggshell is used for

recovery.

85–95% (31)

Using pressurization and heating, the conditions are above 100◦C and 1.2 Mpa, High separation efficiency and high egg

film purity

(32)

Cyclone airflow sorting devices 94.00% (33)

Method and apparatus for separating egg shell and eggshell membrane High separation efficiency and high egg

film purity

(34)

Chemical method Hydrochloric acid volume 20mL, reaction time 19min, hydrochloric acid

concentration 0.5 mol/L

89.21% (35)

Separation time was 36.25min, separation temperature of 48.96◦C, hydrochloric

acid concentration of 3.68 mol/L

96.52% (36)

3 times excess CH3COOH solution 93.00% (37)

Enzymatic method Alkaline protease and Papainp 98.90% (38)

50µg/mL Proteinase K treatment for 48 h Unclean removal of the outer egg shell

membrane

(39)

0.20 g/100mL alkaline protease treatment for 2 h Optimizing egg film properties (40)

sieve to obtain 79.0% shell membrane separation in combination

with the acid treatment method. Wang (36) used hydrochloric acid

solution for shell membrane separation and introduced response

surface analysis to optimize the separation process. By establishing

a regression model analysis, it was concluded that the highest

recovery of eggshell membrane was 97.81% at a hydrochloric

acid concentration of 3.68 mol/L. However, this recovery was the

predicted value of the recovery of eggshell membrane under ideal

process conditions, and the recovery obtained from the actual test

was 96.52%. The relative error between the actual value and the

predicted value reached 1.29%, which proved that there was room

for further optimization of the test. When using acid or alkali for

eggshell membrane separation, the membrane recovery is high, but

the eggshell will be dissolved and the membrane bioactivity is not

easily guaranteed. Adding chemical reagents will not only increase

the separation cost but also cause environmental pollution.

3.3. Enzymatic method

Enzymatic methods have the highest recovery rate of ESM after

shell membrane separation, mainly using various enzymes to break

the peptide bonds between the fibrous connections of ESM and

the connections between the outer eggshell membrane and the

mineralized layer of eggshell. Li (14) used alkaline protease and

papain to separate and recover ESM, and conducted a comparative

analysis with physical and chemical methods. The results showed

that the highest amount of ESM was recovered through the

enzymatic method, reaching 98.9% when using different enzymatic

solutions for shell membrane separation. At the same time,

configuring the enzymatic solution and the conditions of use

become more and more important.

In summary, the physical method of shell membrane

separation has the lowest recovery of ESM, but the cost is

cheaper. The chemical method has medium efficiency but

is faced with problems of membrane protein denaturation

and waste liquid disposal. The enzymatic method has

the highest efficiency of eggshell membrane recovery

and can reduce membrane protein denaturation, but at a

higher cost.

4. Advances in eggshell membrane
proteolysis technology

Li (43) found in the eggshell membrane dissolution test that

the eggshell membrane morphology did not swell in response

to the lysis solution, suggesting the structure of the eggshell

membrane was highly cross-linked. During the gradual dissolution

and thinning of the eggshell membrane, the cystine content of

the eggshell membrane decreased significantly while the content

of other amino acids did not change significantly, suggesting the

dissolution process of the eggshell membrane was accompanied by

degrading cystine. It also indicated that the cleavage of disulfide

bonds likely occurred during eggshell membrane dissolution.

Further, the high insolubility of eggshell membrane proteins may

be caused by inter- and intra-molecular disulfide bonds of the

proteins (44) as well as the intercross-linking of ESM with lysine-

derived latchins and iso-latchins (43). Therefore, reducing the

extreme insolubility of ESM by cleaving the disulfide bonds is

an important research direction to improve the solubility of

ESM. Disulfide bonds are present in many kinds of proteins

and peptides and are important covalent bonds to maintain

protein stability. Studies have shown that disulfide bonds are

formed by the oxidation of two sulfhydryl groups, so the

protein insolubility caused by disulfide bonds can be reduced

by converting disulfide bonds to sulfhydryl groups through

redox reactions.

Methods for solubilization of eggshell membrane proteins can

also be divided into mechanical type, combined chemistry type
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TABLE 3 Statistics of typical eggshell membrane dissolution techniques.

Type Dissolution characteristics Membrane dissolution rate References

Mechanical method Molecular changes caused by to act ultrasound energy No change about the product (45)

Changes in the structure of proteins caused by to act ultrasound

energy

Facilitates to extract lipids and proteins (46)

Combined chemistry method Alkaline condition treatment at 140◦C a large molecular weight protein (47)

Centrifugation of eggshell membrane powder mixed with 1% SDS

solution

45% (48)

BCA Suitable for protein identification (49)

3-Mercaptopropionic acid 62% (3)

DDT Mixed extraction with high efficiency (15)

Adjuvant method Percarboxylic acid (10% hydrogen peroxide and 90% formic acid) and

pepsin

39.30% (44)

5% papain, 100mM sodium metabisulfite, PH is 6.2, dissolution time

12 h.

Obtain soluble eggshell membrane solution (50)

and adjuvant type, and a combination of these methods may yield

better results. A typical eggshell membrane dissolution technique is

shown in Table 3.

4.1. Mechanical method

The main physical extraction methods of proteins include

heating, pressurization and extrusion (2). The heating method

generally refers to using a temperature between 100 and 200◦C

and the pressurization method generally uses pressures between

0.294 and 0.298 MPa. The increase in temperature increases the

efficiency of the molecular thermal movement of the solution

acting on the eggshell membrane and the increase in volume of

solution facilitates the increase in contact area, which increases the

eggshell membrane protein recovery (51). The extrusion method

involves the crushing of solid raw materials in water and reducing

additives to form a liquid phase, which is heated and melted

in an extrusion device at a high temperature and pressure. All

of these methods can degrade the disulfide bond due to β-

elimination. It has been shown that the pressurization method

can degrade the disulfide bonds of keratin up to 50–60%, and

that heating destroys the spatial structure of the protein (52).

Therefore, it is hypothesized that the disulfide bonds and spatial

structure within the eggshell membrane proteins can also be

disrupted by heating and pressurization, making the membrane

proteins into easily soluble polypeptide compounds. This method

may be significant for the extraction of specific eggs such as

keratin but needs to be further explored for the extraction of

other membrane proteins. In addition, Marcet (46) showed that

changes in molecules and changes in the structure of proteins

can be induced by the action of ultrasound energy, facilitating the

extraction of lipids and proteins and improving the extraction of

ESMproteins without changing the final product. Physical methods

are rarely used for the extraction of eggshell membrane proteins at

present due to their single action and low efficiency of membrane

protein extraction.

4.2. Combined chemistry method

The main chemical methods for solubilizing eggshell

membrane proteins are oxidation, reduction, and

acid–alkali combination.

4.2.1. Oxidation method
The oxidation method increases eggshell membrane solubility

primarily by oxidizing the disulfide bonds between the fibers to

sulfonic acid groups, thereby exposing more soluble fibrin to

the solvent (53). The more effective oxidizing agent currently

available is sodium dodecyl sulfate (SDS). Kritsda (47) centrifuged

a mixture of eggshell membrane powder and 1% SDS solution and

precipitated the supernatant membrane protein with acetone. The

protein concentration was determined by the BCA (a sodium salt

that binds highly specific to Cu+ to produce a purple complex)

method (48) using bovine serum albumin (BSA) as a standard,

and finally 45% protein extraction. The concentration of the SDS

solution chosen for the extraction that wasmore suitable for protein

identification did not result in the highest solubility rate for eggshell

membrane proteins, suggesting that there may be room for further

enhancement of the SDS solution solubility method.

4.2.2. Reduction method
Reduction is a method to reduce the insolubility of ESM by

breaking the disulfide bonds in the membrane through reducing

reagents. The commonly used reducing reagents are mainly

sulfhydryl compounds, which can open the disulfide bonds by

exchange reactions with the disulfide bonds without breaking the

peptide chains of proteins. Feng (3) treated eggshell membrane

powder with 1.25 mol/L 3-mercaptopropionic acid and 10% acetic

acid at 80◦C for 20.5 h. The final membrane protein solubility

reached 62% (eggshell membrane solubility is the ratio of the

dry weight of the solid obtained from the dissolved protein

solution after freeze concentration to the dry weight of the eggshell

membrane before dissolution). In addition, Hincke (3) used a
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mixture of tris (2-carboxyethyl) phosphine hydrochloride buffer

(TCEP-HCl), tris-hydroxymethyl aminomethane hydrochloride

(Tris-HCl), and dithiothreitol (DTT) to solubilize proteins from

ESM, resulting in a final eggshell membrane solubilization rate of

53% and 472 proteins. This method uses anothers the reducing

properties of TCEP-HCl, which has a trialkylphosphine group that

smoothly and quantitatively reduces organic disulfides to thiols in

water, thereby breaking the disulfide bond. 3-mercaptopropionic

acid and TCEP-HCl both reduce the disulfide bond, but their

reducing properties differ, with TCEP-HCl having a higher

theoretical reduction than 3-mercaptopropionic acid. However, in

the reported eggshell membrane solubilization results (54), suitable

ratios of 3-mercaptopropionic acid obtained better solubilization,

implying that there is room for further improvement of the TCEP-

HCl solubilization method.

4.2.3. Acid–alkali method
Acid–alkali methods can be divided into acid, base, and acid–

alkali combination methods. Acid (33) methods can use inorganic

acids such as hydrochloric acid and acetic acid because disulfide

bonds are more stable under acidic conditions and can be used

with reducing reagents such as mercaptopropionic acid to extract

eggshell membrane proteins. The alkali method usually uses a

strong alkali solution such as NaOH to break disulfide bonds or

even peptide bonds to obtain a lower molecular weight protein

solution. Wang (55) used an acid method (hydrochloric acid) and

an alkali method (sodium hydroxide) to extract keratin from pig

hair and compared their results. It was found that the hydrolysis

of pig hair by alkali and acid methods was weakened in order.

The acid–alkali method is a combination of HCl and NaOH. HCl

is a strong acid and treating the eggshell membrane can swell

some of the proteins and hydrolyze them at a certain temperature,

however, this also breaks the disulfide and peptide bonds within the

eggshell membrane. Operationally, ESM are usually treated with

HCl first to increase the solubility of membrane proteins, followed

by adjusting the pH of the solution with NaOH to precipitate

proteins with different isoelectric points. However, due to the

strong acid property of HCl, the disulfide bonds in the membrane

were broken by this method, while other parts of the proteins were

denatured, which affected the identification of eggshell membrane

proteins. For example, Chaitanya (56) have extracted keratin by the

acid–alkali combination method.

4.3. Adjuvant method

The use of enzymes to solubilize ESM does not result in

violent reactions, and the process is easily regulated by temperature

control, but there is also the problem of incomplete reactions.

This method is commonly used to solubilize specific proteins.

For example, in 1996 Takahashi (44) used percarboxylic acid

(10% hydrogen peroxide and 90% formic acid) to treat ESM at

25◦C for 24 h, followed by vacuum filtration of distilled water

for washing, and finally solubilization in pepsin and 0.5 mol/L

acetic acid (25◦C) for 24 h. The recovery of SEP obtained was

approximately 39.3%. In addition Lee (57) presumed that the

soluble protein solubility of ESM could reach up to 91.4% by

orthogonal test using acetic acid and pepsin in acetic acid–enzyme

coupled with segmental extraction technique. The solubilization of

ESM by enzyme preparation method can retain the three-stranded

helix structure of proteins to the maximum extent and can also

select different proteases for solubilization according to different

experimental purposes. At the same time, it can also maximize

the recycling of useful materials and fully exploit the application

value of ESM. However, enzyme preparation requires high reaction

conditions, and the experimental application is difficult.

In summary, the physical method is simple, but the dissolution

rate of eggshell membrane proteins is low. The enzymatic method

is highly controllable, environmentally friendly, and mild, but the

protein dissolution rate is also relatively low, and the protein species

obtained is singular. The chemical method is vigorous and not

easy to control, but it can open the disulfide bond better and can

obtain higher membrane dissolution rates and eggshell membrane

abundance. Currently, the treatment of eggshell membrane with

reducing reagents or oxidizing reagents is more commonly used.

5. Conclusion

The shell membrane separation of eggshells and the sorting

and utilization of eggshells and ESM are conducive to exploiting

the potential utilization value of eggshells and turning them into

treasure, reducing the waste of resources, and greatly protecting

the environment. The physical, chemical, and enzymatic methods

described in the article have produced good results for eggshell

membrane separation. Each method has its own advantages

and disadvantages, thus it is necessary to further broaden our

knowledge of eggshell membrane separation, improve the effect of

shell membrane separation, and further utilize eggshell resources.

ESM provide a mineralized platform for eggshell formation

and have great potential for application due to their specific

physical structure and chemical composition, but their insolubility

has been a constraint to their research and exploitation. The

presence of disulfide bonds within the eggshell membrane and the

complex membrane fiber structure are the most important factors

limiting the solubility of ESM according to existing studies. In the

reported studies, the solubilization methods of ESM focused on the

disulfide bond disruption in the internal structure, and the best

solubilization effect was achieved by using sulfhydryl compounds

with 62% solubilization rate. To improve the solubilization rate of

ESM, it is recommended to optimize the experimental procedure

of eggshell membrane solubilization based on existing studies,

or to find chemical reagents and experimental methods that are

more efficient in the conversion cleavage of disulfide bonds in

ESM and less destructive to eggshell membrane proteins. Further

analysis of the eggshell membranemicrostructure may provide new

perspectives for finding the cause of high protein insolubility and

improving the eggshell membrane solubility rate.
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Research Service, Beltsville, MD, United States

The poultry industry has improved genetics, nutrition, and management practices,

resulting in fast-growing chickens; however, disturbances during embryonic

development may a�ect the entire production cycle and cause irreversible losses

to broiler chicken producers. The most crucial time in the chicks’ development

appears to be the perinatal period, which encompasses the last few days of

pre-hatch and the first few days of post-hatch. During this critical period,

intestinal development occurs rapidly, and the chicks undergo a metabolic and

physiological shift from the utilization of egg nutrients to exogenous feed.

However, the nutrient reserve of the egg yolkmay not be enough to sustain the late

stage of embryonic development and provide energy for the hatching process. In

addition, modern hatchery practices cause a delay in access to feed immediately

post-hatch, and this can potentially a�ect the intestinal microbiome, health,

development, and growth of the chickens. Development of the in ovo technology

allowing for the delivery of bioactive substances into chicken embryos during their

development represents a way to accommodate the perinatal period, late embryo

development, and post-hatch growth. Many bioactive substances have been

delivered through the in ovo technology, including carbohydrates, amino acids,

hormones, prebiotics, probiotics and synbiotics, antibodies, immunostimulants,

minerals, andmicroorganisms with a variety of physiological e�ects. In this review,

we focused on the physiological e�ects of the in ovo delivery of these substances,

including their e�ects on embryo development, gastrointestinal tract function

and health, nutrient digestion, immune system development and function, bone

development, overall growth performance,muscle development andmeat quality,

gastrointestinal tract microbiota development, heat stress response, pathogens

exclusion, and birds metabolism, as well as transcriptome and proteome. We

believe that this method is widely underestimated and underused by the

poultry industry.

KEYWORDS

in ovo, nutrition, growth, microbiota, gastrointestinal tract, chicken

Introduction

Over the years, the poultry industry has improved genetics, nutrition, and management

practices, resulting in fast-growing chickens that reach market weight faster than broilers

raised decades ago (1). However, disturbances during embryonic development may affect the

entire production cycle and cause irreversible losses to broiler chicken producers. Embryonic

development accounts for more than 33% of the entire life of commercial broilers (2).

Moreover, the most crucial time in the chicks’ development appears to be the perinatal

period, which encompasses the last few days of pre-hatch and the first few days of post-hatch

(3). During this critical period, intestinal development occurs rapidly (4), and the chicks
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undergo metabolic and physiological shifts from the utilization of

egg nutrients to exogenous feed (4, 5). The nutrients in the egg

yolk may not be enough to sustain the late stage of embryonic

development and provide energy for the hatching process. In

addition, modern hatchery practices cause a delay in access to feed

immediately post-hatch, and this can potentially affect the intestinal

microbiome, health, development, and growth of the chickens (6–

15). One of the technological advances that could help remedy the

issue is in ovo delivery of bioactive substances. The biggest benefit

of in ovo administration of bioactive substances during embryonic

development is their long-term effects on avian physiology (16).

The in ovo methodology was developed in the early 1980s

as a means of delivering Marek’s disease vaccine (17). The

development of this technology allows for the expansion of

research beyond vaccine delivery. However, many issues have

been indicated with the methodology, such as the lack of

standardization/optimization of the method for delivery of various

bioactive substances, including the age of the embryo, volume of

the injection, site of the injection, or concentration of the bioactive

substances (3). Automated delivery of bioactive substances has

been developed over the years after the initial introduction of

the method. The patent of Uni and Ferket (18) is the most

widely used method for delivering in ovo injections. There are

five locations for in ovo delivery in chickens, namely, the air

cell, embryo, yolk sac, allantoic membrane, and amniotic fluid

(3). The in ovo technology was adapted over time for in ovo

feeding of probiotics or prebiotics on embryonic day (e)18 or

synbiotics delivery on e12 (18–20). In general, in ovo delivery

on e12 is referred to as in ovo stimulation, whereas delivery

on e17–18 is known as in ovo feeding (21). According to the

patent of Uni and Ferket (18), the optimal time and site for

in ovo delivery for feeding purposes is late-term embryo and

the amniotic fluid, respectively (20). When the embryo consumes

the amniotic fluid, intestinal tissues are exposed to the injected

substances (18). The in ovo procedure on e12 involves delivery of

bioactive compounds into the egg’s air cell. Prebiotics delivered

to the air cell are transferred through the vascular system in the

chorioallantoic membrane into the intestine, while probiotics in

the air cell are available for the chicken embryo at the time of

hatch (19). There is no consensus about the volume of injections.

The volume used previously ranges from 50 µl (Marek’s disease

vaccine), 200µl (prebiotics and synbiotics), 700µl (carbohydrates),

to 2,000 µl (electrolytes) (22–25). Many bioactive compounds

have been studied for in ovo delivery, including vitamins,

amino acids, carbohydrates, prebiotics, probiotics, synbiotics,

hormones, minerals, CpG oligodeoxynucleotides, proteins, and

immunostimulants (3, 21) (Figure 1).

In this review, we focused on the physiological effects of

the in ovo delivery of these substances, including their effects

on embryo development, gastrointestinal tract (GIT) function

and health, nutrient digestion, immune system development

and function, bone development, overall growth performance,

muscle development and meat quality, heat stress response,

GIT microbiota development, pathogens exclusion, and birds

metabolism, as well as transcriptome and proteome (Figure 2).

The aim of this study was to characterize the physiological

changes caused by the in ovo delivery of bioactive substances

and pinpoint directions where this technology could be used

more efficiently to improve the overall growth and health

of chickens.

Embryo development and hatching

Chicken embryonic development is divided into early, middle,

and late phases. Organs and systems form during the early and

middle phases, and they grow and mature during the late phase.

The staging of embryonic development and hatching behavior

have been reviewed (26). A successful embryonic development

depends on the nutrient reserves of the egg and external factors

that create the optimal environmental conditions for the embryo.

The metabolism of fast-growing strains of chickens has created the

need to supply the developing embryo with nutrients (27), and this

has been done throughout the three embryonic phases depending

on the objectives but most frequently at the late embryonic phase

to increase nutrient reserves before hatch to support the hatching

process and early growth post-hatch.

The in ovo supplementation targeting the early phase has

showed that nanoparticles were able to cross the inner membrane

and deliver glutamine into the developing embryo. In this study,

diamond nanoparticles in combination with 0.3ml of L-glutamine

(50 mg/L) were injected on e1 in the air chamber. The authors

showed that this technology may be able to influence energy

metabolism because oxygen consumption was increased on e10,

and the proliferation and differentiation of the pectoral muscle cells

were enhanced (28).

The supplementation of a mixture of essential and non-

essential amino acids solution in the yolk on e7 increased the

amino acid contents of the embryo, yolk, albumen, allantois, and

amniotic fluid (29). The supplementation during early embryonic

development directly impacts organ and system formation;

however, the supplementation during late embryonic development

increases the energy reserve that will support the hatching process.

The hatching process is a coordinated event in which the pipping

muscle plays an important role (30). Glucose and glycogen reserves,

as well as the weight of the pipping muscle, generally increase

during the last 2 days of incubation (31). Uni et al. (32) have

demonstrated that the supplementation of a solution containing

maltose, sucrose, dextrin, and β-hydroxy-β-methylbutyrate (HMB)

during e17.5 increased the energy reserve of the embryo that could

be used in the hatching process.

Embryo development can be hindered by the presence of

mycotoxins in fertile eggs. Mycotoxins contained in breeders’

feed may contaminate eggs (33); cause oxidative stress; and

damage organs, tissues, and skeletal muscle in the developing

embryo (34, 35). Studies have evaluated the effects of bioactive

substances against mycotoxicosis during embryonic development.

The supplementation of 0.01 g of Arctostaphylos uv-aurs extract

(containing phenols and flavonoids) in the amnion on e10 reduced

the negative effects of aflatoxin B1 on tibia length and weight

(36). Methionine supplementation at 5.90mg reduced hepatic cell

apoptosis caused by aflatoxin B1 toxicity in chicken embryos.

However, methionine may have enhanced the oxidative stress

caused by aflatoxin B1 as shown by increased superoxide dismutase

(SOD), glutathione, glutathione peroxidase (GSH-Px), and catalase

activities, despite the reduction in serum malondialdehyde (37).
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FIGURE 1

Summary of the bioactive compounds, time of delivery, dose, and sites of injection used for in ovo delivery in chickens.

Further research is needed to clarify the effects of methionine

and other bioactive substances on mycotoxicosis during incubation

in chickens.

Gastrointestinal tract development

The intestinal development during embryonic stages and early

post-hatch depends on the availability of nutrients in the egg.

The GIT appears early in embryonic development and follows

a sequential formation of its components, but it is completely

formed by e12 (38). Morphological and physiological changes

start by e15 and increase dramatically when the embryo starts

swallowing the amniotic fluid on e17 (39). As a result, the

proportion of intestinal to embryo weight increased from 1%

on e17 to 3.5% at hatch (39). Physiological functions also

appear early and continue to develop until the eggs hatch.

Enzyme amylase activity appears on e6 and increases in stages

until after e19 (40). Intestinal brush border membranes, or

microvilli, increase rapidly in the last 2 days of incubation, thereby

expanding the intestinal surface area and increasing the digestive

and absorptive capacities (41). Brush border enzymes (maltase

and aminopeptidase) and nutrients transporter sodium-glucose

cotransporter (SGLT)-1 as well as the basolateral Na+K+ATPase

activities increase progressively from e15 and reach their highest

levels at hatch (39). Therefore, the intestine of the developing

embryo has some but limited capacity to digest carbohydrates and

proteins (39).

Embryonic development requires nutrients that are supplied by

different substrates through metabolic pathways that are divided

into three phases. Gastrointestinal development and metabolic

pathways have been previously reviewed (2, 30, 42). Briefly, the

embryonic development goes through the germ establishment,

the embryonic completion, and the emergence phases. The

germ establishment is characterized by anaerobic glycolysis. The

embryonic completion is characterized by beta oxidation and

the use of fatty acids. During the emergence phase, the embryo

switches to glycogen reserves as an energy substrate. The glycogen

reserve will be used by the embryo for the hatching process,

maintenance, and tissue growth prior to hatch and during the post-

hatch period. However, the energy reserve may be depleted, and

this can hinder organ development post-hatch. As chicks transition

from yolk nutrients to exogenous feed, intestinal development

and maturation become crucial factors for survival and growth

post-hatch (2, 30, 42). Nutritional strategies during embryonic

development are used to improve energy reserves in the in

ovo technology.

The in ovo supplementation of bioactive substances can

be used to provide developing embryos with nutrients to

improve intestinal development and function during the peri-hatch

period. Substances including carbohydrates, amino acids, vitamins,

minerals, prebiotics, probiotics, synbiotics, and plant extracts have

been investigated and shown to have beneficial effects on intestinal

development and digestive function. The supplementation of

amino acids can improve intestinal morphology. A 3.5% threonine

(0.6ml) (43, 44) and 6 or 10mg arginine (45–47) supplemented

into the amniotic fluid on e17.5 increased villus height, villus height

to crypt depth ratio, and surface area. The supplementation of a

mixture of 10 amino acids, providing 16 g/L of total nitrogen in

the yolk sac on e14, increased villus height, muscle layer thickness,

and goblet density (48). Glutamine supplemented at 1% in the

amniotic fluid on e17 increased total villus cell counts during

the peri-hatch period (49). Glutamine serves as a fuel source for

enterocytes, and this result confirms that it plays an important role

in intestinal development.
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FIGURE 2

Overview of the biological e�ects of in ovo delivery of bioactive substances.

Carbohydrates such as 10% and 20% dextrose, 0.1% mannan-

oligosaccharide (MOS), 0.528mg transgalacto-oligosaccharide

(Bi2tos), and 4.5mg raffinose increased villus height on either e12

or e17 (48, 50, 51). The supplementation of 0.1% MOS, 10% and

20% dextrose, 5% and 10% stachyose, and 1.76mg inulin on either

e12 or e17 increased villus surface area (48, 51, 52). In addition,

0.1% MOS increased the intestinal thickness (50), and 4.5mg

raffinose increased the villus height to crypt depth ratio (51). The

supplementation of inulin reduced the crypt depth (53). Different

synbiotics of 0.528mg Bi2tos with 1,000 cfu of Lactobacillus lactis

subsp. lactis IBBSL1; 1.76mg inulin with 1,000 cfu Lactobacillus

lactis subsp. cremoris IBB SC1 (53); and 0.5% inulin with 106 cfu

Enterococcus feacium (54) increased the villus height.

Villus height, villus height to crypt depth ratio, goblet cell

number, and density are morphological markers of intestinal

health, and the supplementation of various bioactive substances

can increase these markers, suggesting that these substances can

improve intestinal development during the peri-hatch period. The

significance of these markers generally reported in the literature is

based on different sections of the intestine (duodenum, jejunum,

and ileum) and different periods of incubation or post-hatch, and

this makes the comparison between studies difficult to ascertain the

effects of these bioactive substances on the intestine as a whole.

Immune system development

The immune system development of chickens starts early in the

embryonic stage and progresses until hatching. The ontogeny of the

immune system in chickens has been extensively reviewed (55, 56).

The components of the gut-associated lymphoid tissue develop

progressively during embryonic development, as evidenced by the

presence of anlage of Peyer’s patches and cecal tonsils as well as

clusters of MHC class II+, IgM+, and Bu-1+ cells on e15 (57). Toll-

like receptors were highly expressed in the heart, brain, intestine,

and liver from e12 to e21 (58). Most of the development of the

immune system is complete by the late embryonic phase (59);

however, the maturation and response of the immune system to

antigens increase with age post-hatch (60, 61). Providing substrates

and antigens early in life can accelerate the development and

maturation of the immune system of chickens. A previous study

has shown that early feeding improves the immune system (62);

however, due to delayed access to feed, supplying substances prior

to hatch is more attractive.

The immunomodulatory effects of prebiotics and synbiotics

supplemented in ovo have been reported. Prebiotic Bi2tos

supplemented on e12 in the air sac increased cytokine levels (IL-

1β, IL-10, and IL-12p40) in the jejunum, ileum, and cecum as

well as avian beta defensin-1 and cathelicidin 2 in the cecum

(63). Similarly, a synbiotic (1.9mg raffinose with 3 × 108 cfu

Lactobacillus lactis subsp. lactis IBB SL1) increased IL-4, IL-6, IFN-

β, and IL-18 in the spleen of chickens (64). Not all immune-related

genes are upregulated by the in ovo supplementation of bioactive

substances. Prebiotic (1.76mg inulin) and synbiotic (1.76mg inulin

with 1,000 cfu of Lactobacillus lactis subsp. lactis 2955) decreased

IFN-β, IFN-γ, IL18, IL-4, IL-6, IL-12p40, IL-8, and CD80 during

the post-hatch period, with greater magnitude toward day 35 post-

hatch (65). For the authors of this study, the fast-growing strains

may have prioritized energy for growth as they reached market

weight. However, further studies including some disease challenges

after in ovo supplementation may help shed light on the effects of

these substances on the immune system.

Cell-mediated immunity can also be stimulated by the in ovo

supplementation of bioactive substances. In a study where prebiotic

(3.5mg Bi2tos), probiotic (1 × 105 cfu Lactococcus lactis subsp.
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cremoris IBB477), and synbiotic (3.5mg Bi2tos with 1 × 105 cfu

Lactococcus lactis subsp. cremoris IBB477) were supplemented,

the probiotic increased the number of CD4+ lymphocytes in the

cecal tonsils on day 7 post-hatch while the prebiotic increased the

number of CD4+ and CD8+ cells in the cecal tonsils and CD8+

cells in the spleen on day 21 post-hatch (66). Other synbiotics (103

cfu Lactococcus lactis subsp. cremoris IBBSL1 with 1.76mg inulin

or 0.528mg Bi2tos) also increased TCRγδ+ lymphocytes in the

spleen at days 21 and 35 post-hatch (67). The supplementation of

minerals has been shown to enhance the cellular immune response.

Minerals (500 µg Zn, 17.5 µg I, or 1.5 µg Se) supplemented on e14

in the yolk or amnion showed that IL-2 and IL-12 genes expression

were increased by Zn, while that of inducible nitric oxide synthase

(iNOS) was increased by Zn, Se, and I at day 14 post-hatch (68).

Other immune system parameters such as white blood cell

counts, heterophil and lymphocyte ratios, and leucocyte phagocytic

ability were mostly increased at day 21 post-hatch by the

supplementation of inulin, Bi2tos, or synbiotics (inulin with

Lactococcus lactis subsp. lactis or Bi2tos with Lactococcus lactis

subsp. cremoris) (69). Other substances such as arginine increased

total nitric oxide and iNOS at day 7 post-hatch (45), while

vitamin D3 and vitamin K3 increased antibody production (70).

The supplementation of soybean selenium proteinate and sodium

selenium at e18 in the amniotic fluid increased the IL-6, IL-

8, and iNOS genes expression in chickens that were co-infected

with E. maxima (day 14 post-hatch) and C. perfringers (day 18

post-hatch) (71, 72). These results suggest that some prebiotics,

probiotics, amino acids, minerals, and vitamins may improve the

immune response.

Muscle development and meat quality

The skeletal muscle formation during embryonic development

may influence muscle development and meat quality post-hatch.

In general, skeletal muscle fibers are formed through the fusion

of myoblasts, and this process is mostly completed by hatch. The

fusion of myoblasts is performed by a membrane activator called

myomaker, which is required for the formation of multinucleate

fibers (73). In chickens, the myomaker gene is highly expressed

from e12 to e15 and decreased to nearly zero at hatch, confirming

that muscle fiber types are determined during the embryonic

development and do not change during the post-hatch period

(74). The fiber number and density contribute to muscle growth

and weight during post-hatch (75). In addition, intramuscular fat

accumulation during embryonic development increases from e17

to day 1 post-hatch and plays an important role in meat quality.

Thus, the in ovo programming of muscle development and meat

quality post-hatch may be possible.

The supplementation of Bi2tos with Lactobacillus salivarius

(SYN1) or raffinose with Lactobacillus plantarum (SYN2)

supplemented on e12 in the air chamber showed that SYN1

increased the number and diameter of capillaries and decreased

fiber necrosis in the breast meat at day 45 post-hatch. Normal

breast meat should have enough blood supply, which is increased

by the number of capillaries surrounding muscle fibers. Fewer

capillaries reduce blood supply to the fiber and can cause necrosis

and affect meat quality (76).

Creatine pyruvate (12mg) supplementation on e17.5 in the

amniotic fluid increased pectoral muscle weight on e19 and days 3,

7, and 19 post-hatch. In addition, muscle glycogen was increased

at day 7 post-hatch. Body weight was increased at day 21 post-

hatch (77). The increase in glycogen reserve upon entering the

hatching process may help improve body weight during the post-

hatch period. However, not all bioactive substances have shown

positive effects on muscle development or meat quality. In a study

where raffinose (1.9mg) was supplemented in the air chamber on

e12, meat quality was negatively affected. In addition, raffinose

increased peroxidation in the breast meat after slaughter, and this

could negatively affect the quality and shelf life of the meat (78).

The supplementation of Lactococcus lactis subsp. cremoris

(105 cfu/egg), Bi2tos (3.5 mg/egg), or Bi2tos (3.5 mg/egg) with

Lactococcus lactis (105 cfu/egg) injected into the air chamber on

e12 showed no effects on muscle microstructure (fiber diameter,

normal fiber, fiber atrophy, giant fiber, change in fiber shape,

necrotic fiber, and fiber splitting) (79). The supplementation of

arginine at different concentrations (6.25, 25, and 100 mg/kg) on

e16 stimulated myoblast differentiation but reduced the number

of myofibers and the subsequent muscle growth during the

post-hatch period (80). It appears that the supplementation of

arginine has negative effects on muscle development and may

not be of interest. However, the supplementation of diamond

nanoparticles in combination with 0.3ml of L-glutamine (50

mg/L) on e1 in the air chamber enhanced the proliferation and

differentiation of pectoral muscle cells (28). Unfortunately, the

authors did not go beyond the embryonic development stage;

therefore, the impact of nanoparticles and L-glutamine on muscle

development and growth are only limited to incubation time. The

in ovo programming of muscle development may depend on the

substances and the timing of bioactive substance supplementation

during embryonic development.

Bones

The structural soundness is crucial for fast-growing strains

of chickens that have been genetically selected for maximum

muscle development because of potential negative effects on bone

development during embryo development and the early post-

hatch period. The bone development in chicken embryos has

been reviewed elsewhere (81, 82). In brief, bone formation begins

early in embryonic development (83). The skeleton has different

structural elements, whose formation is not completed at the same

time. The vertebral body formation begins early in embryonic

development and continues with differentiation andmineralization

until e19 (84). Wing and leg bones are partially mineralized by

e12, but the mineralization is mostly completed by e16. For ribs

and pelvic bones, mineralization is initiated at e12 (85). Tibia

bone elongation and mineralization increase between e14 and

e17, while those of the femur occur between e19 and e21 (86).

Regardless of the sequence of bone formation and mineralization,

minerals are exported from the egg yolk and eggshell at different

periods. While the yolk supplies most minerals during early phase

of embryo development, eggshell supplies a greater amount of

minerals between e12 and e16 (85). Chicken bone formation

and mineralization slow down during the late embryonic phase,
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and this coincides with the depletion of the egg mineral (Cu,

Fe, Zn, P, and Mn) reserves (86, 87). In addition, the muscle

development of fast-growing strains puts more pressure and load

on their skeleton, resulting in all forms of bone deformities and leg

problems (88). Therefore, the supplementation of minerals during

the late embryonic phase could increase the mineral uptake by

the developing embryo and increase mineral reserves to support

the rapid bone development and mineralization during the post-

hatch period. In addition, vitamin D and vitamin K are two

principal actors that regulate the mobilization of minerals from the

yolk and eggshell, and their supplementation in combination with

minerals during embryonic development may increase mineral

absorption, at least Ca and P, and improve bone development

(70, 89).

The supplementation of organic trace minerals (P, Zn, Cu,

and Mn), phosphate, and vitamin D; inorganic trace minerals

(P, Zn, Cu, and Mn) and phosphate (90); and maltodextrin

containing Fe, Zn, Mn, Ca, Cu, and P (87) on e17 in the

amniotic fluid increased the Zn, Cu, and Mn contents of the

yolk on e19 and at hatch. Unfortunately, these studies (87,

90) did not determine mineral content beyond hatch. Contrary

to these results, Oliveira et al. (91) reported no effects of in

ovo supplementation of Mn, Zn, and Cu on mineral (Ca, P,

and Zn) content at days 1, 7, and 21 during the post-hatch

period. There were no effects of in ovo supplementation with

25-hydroxycholecalciferol (vitamin D3) on bone mineral contents

(92). These discrepancies in the literature regarding the effects of

minerals and vitamin supplementations on bone mineral contents

are likely due to the nature of the supplements, the organs

used (yolk as opposed to bone), and the periods of sampling.

Further research is needed to investigate the effects of the in ovo

supplementation of minerals and vitamins covering at least the

late embryonic phase and the life span of fast-growing strains of

broiler chickens.

The main objective for supplying the developing embryo with

minerals or vitamins is to reduce mineral deficiency during peri-

hatch period and improve bone development and characteristics.

The in ovo supplementation of minerals (Zn, Cu, Mn, and Ca)

and vitamin D3 improved tibia and femur length, stiffness and

thickness, load and work to fracture, breaking strength, and

bone weight during the post-hatch period (90). Similarly, the

supplementation of 0.6 µg of vitamin D3 and vitamin K3 in

the amniotic fluid on e18 improved tibia fracture force, bone

weight, and breaking strength of the bone while higher doses of

vitamin D3 >0.6 µg reduced bone strength (70). Contrary to

the studies (87, 90, 91) mentioned in the previous paragraph,

others have reported no effects of in ovo supplementation of

minerals and vitamins on bone characteristics. No treatment effects

of supplemental minerals (Zn, Mn, and Cu) on bone Ca, P,

Mg, Mn, and Zn concentrations despites increased % ash of the

bone (93). In addition, no effects of vitamin D supplementation

on breaking strength were reported by Bello et al. (92). It is

worth mentioning that the dosage, type, and combination of these

minerals with vitamins may explain the differences. Alternatively,

higher dosages of minerals and vitamins may incur some toxicity

or mineral imbalance that may have confounded the results of

these studies.

Microbiota development

Chicken GIT microbiota is composed of bacteria, fungi,

viruses, and protists and is characterized by commensal, symbiotic,

and pathogenic relationships with its host (94). Bacterial species

identified in the broiler chicken’s GIT (95) play important roles

in host nutrition, including feed digestion, nutrient absorption

and metabolism, pathogen exclusion, endocrine activity, immune

system development and functioning, and performance efficiency

(96). In broiler chickens, the symbiotic relationships between

the host and the microbiota have been characterized by nutrient

exchange, modulation of the immune system, GIT physiology,

and pathogen exclusion (6, 95, 97–99). Microbiota composition

and function can be affected by many factors, including age;

host genotype and sex; diet composition and form; dietary

ingredients such as probiotics, prebiotics, synbiotics, phytobiotics;

and bacteriophages, stress, antibiotics, and location in the GIT

(97, 99, 100). Colonization of the newly hatched GIT occurs

through a process known as ecological succession (101). The GIT

microbiota reaches the mature community state between weeks 2

and 3 post-hatch (102). Early colonization of beneficial bacteria

in the GIT can prevent not only intestinal disorders caused by

pathogenic bacteria but also promote the maturity and integrity

of the GIT (103). Any improvement in early GIT maturation and

digestive ability will positively impact the growth and production

performance of chickens (50). In ovo injection has the possibility to

change bacterial composition in GIT short-term and long-term and

influence its developmental process. Most of the studies published

and summarized below focus on the effects of probiotic delivery on

GIT colonization and microbiota balance.

Pedroso et al. (104) showed that in ovo administration on

e18 of a probiotic competitive exclusion product derived from

adult chicken microbiota influenced the development of broilers

microbiota in both fast-growing and heritage-breed chickens. They

showed that the early administration of microbiota increased

the diversity and taxonomic composition of recipient microbiota

(104). Additionally, in heritage birds, the abundance of undesirable

bacteria phylum such as Proteobacteria was reduced by in ovo

treatment (104). Injection of Bacillus subtilus, Entrococcus faecium,

or Pediococcus acidilactici (107 cfu) on e18 into the amnion

decreased the population of E. coli and increased the abundance

of lactic acid bacteria during the first week post-hatch (105).

Supplementation of lactic acid bacteria probiotic, Flora-Max B11

(104 cfu/egg into the amnion), on e18 influenced the microbiota

composition in the GIT by increasing the abundance of lactic acid

bacteria post-hatch (106). Additionally, in ovo delivery of Flora-

Max-B11 reduced the salmonella incidence in comparison to non-

treated birds (106). Injection of different Bifidobacteriun spp. (2 ×

108 cfu of B. bifidum, B. animalis, B. longum, or B. infantis) into the

yolk sac on e17 increased the abundance of lactic acid bacteria and

decreased the total counts of bacteria and coliform in ileum (107).

Wilson et al. (108) have shown that supplementation with 102 cfu

of lactic acid bacteria such as Citrobacter freundii or Citrobacter

spp. on e18 influenced the initial microbiota of the ceca. Moreover,

changes in ileal microbiota diversity were observed after in ovo

inoculation of Citrobacter freundii, Citrobacter spp., or lactic acid

bacteria mixture on e18 into the air cell (102 cfu/egg) at days 3 and
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10 post-hatch (109). Lactic acid bacteria supplementation increased

the colonization of butyrate-producing bacteria and decreased the

level of Enterococcaceae (109). Another study has shown that

inoculation of embryos with lactic acid bacteria isolated from adult

hen on e19 (107 cfu/ml) induced variation in cecal microbiota as

shown on day 7 post-hatch. This variation was characterized by a

reduction in Enterobacteriaceae, an increase in the abundance of

Ruminococcaceae, and an enrichment of Proteus, Butyricicoccus,

Lachnospiraceae, and Erysipelotrichaceae (110).

Probiotics and prebiotics functions are different in GIT;

the prebiotics stimulate the development of microbiota and

improve the microbiota balance, whereas probiotics colonize

the environment (111, 112). Supplementation with two different

synbiotics (105 cfu L. salivarius and 2mg GOS or 105 L. plantarum

and 2mg of raffinose-family oligosaccharides per egg) on e12

resulted in changes inmicrobiota composition in ileum and ceca on

day 21 post-hatch as determined by fluorescent in situ hybridization

(113). Both synbiotics decreased the abundance of Lactobacillus

spp. and Enterococcus spp. in the ileum, while in the cecum,

Bacteroides-Prevotella cluster was lowered and Eubacterium rectale

cluster was increased in comparison to non-injected chickens (113).

GOS (3.5 mg/egg) supplementation on e12 (air cell) significantly

decreased the relative abundance of Lactobacillus spp. in the ileum

and increased the level of Bifidobcterium spp. in the cecum at 42

days post-hatch (63).

Other studies have shown that in ovo supplementation with

chito-oligosaccharide and chlorella polysaccharide (5 or 20mg/egg)

on e12.5 led to changes in cecal microbiota later in life (day 21 post-

hatch) (114). The relative abundance of polysaccharide-utilizing

bacteria such as Lactobacillus johnsonii, Bacteroides coprocola, and

Bacteroides salanitronis was higher in supplemented birds. At the

same time, the abundance of opportunistic pathogenic bacteria

was decreased due to the supplementation (114). Interestingly, the

supplementation did not influence the development of microbiota,

since no changes in taxonomic composition were observed at 3 days

post-hatch (114). Injection of the essential amino acid, i.e., arginine

(0.5–1%) into the amniotic fluid on e14 increased the abundance

of Lactobacillus and decreased the levels of Coliform and E. coli

bacteria (115).

Besides synbiotics, probiotics, and prebiotics, microbiota

development has also been shown to be influenced by other

bioactive substances, such as host-defense peptides or antioxidants.

Cuperus et al. (116) showed that in ovo injection of the host-

defense peptide—chicken cathelicidin-2 (1 mg/kg of body weight,

e18 into the amnion) altered the GIT microbiota by reducing

the abundance of Ruminococcaceae and Butyricicoccus in the

ceca and Escherichia/Shigella in the ileum and ceca at 7 days

post-hatch. Intraamniotic administration of isoflavone genistein

(1.25 and 2.5%) on e17 positively altered the composition and

function of the intestinal microbiota by increasing the abundance of

Bifidobacterium spp., Lactobacillus spp., and Clostridium spp. and

decreasing the level of E. coli (117).

Metabolism

Adequate energy reserve in the embryo of fast-growing

chickens is the basis for later successful growth performance.

The metabolic pathways in poultry embryos prior to hatch have

been reviewed elsewhere (2, 42). During the late embryonic

phase, the developing embryo increases its energy reserves through

gluconeogenesis and glycogenesis using protein from the amniotic

fluid and tissue reserve. Gluconeogenesis occurs mainly in the yolk

sac, but also in the liver during late embryonic development (118).

The synthesized glycogen is then stored in the liver, muscles, and

yolk (118). These energy reserves will be used for the hatching

process and during the early post-hatch period for maintenance

and development (2, 42, 119). However, the yolk nutrient reserves

are depleted during the late embryonic phase, and the muscle of

the developing embryo becomes the main source of amino acids

for gluconeogenesis. In addition, after hatching, chicks rely on

the residual nutrients of the yolk as they transition to exogenous

nutrient sources (32). As modern chicken strains have been

selected to grow about twice as fast with liver maturing earlier in

heritage lines (120), embryonic development has become a crucial

phase to prepare and equip newly hatched chicks for this fast-

growing process. In the last two decades, studies have focused on

supplying various nutrient substrates to the developing embryo,

more specifically, during the late embryonic phase between e14 and

e18, to increase energy reserve and other nutrients that will support

organs and structural development post-hatch.

A mixture of 1 g/L β-hydroxy-β-methylbutyrate, 25 g/L

maltose, 25 g/L sucrose, and 200 g/L dextrin supplemented on e17.5

in the amniotic fluid increased liver and pectoral muscle glycogen

at e20, hatch, and days 10 and 25 post-hatch (32). Similarly,

15mg creatine monohydrate in combination with 62.5mg glucose

injected in the amniotic fluid on e17.5 increased muscle glycogen

on e19 (121). The supplementation of 12mg creatine pyruvate

injected in the amniotic fluid on e17.5 also increased liver glycogen

reserve on e19 and at hatch (77).

Various substances can be used to increase energy reserves;

however, it is important that these substances or the end products

of their digestion or hydrolysis can serve as substrates for

gluconeogenesis. It is possible that the increase in energy reserve

has spared muscle catabolisms resulting in increased body weight

and organ development at hatch which were sustained during

the post-hatch period (32, 77, 121). The in ovo injection of

nucleosides on e18 (25–100 mg/egg) led to significantly higher

metabolizable energy in chickens on day 14 post-hatch (122).

Nucleosides, the materials for nucleic acid synthesis, are suggested

to play an important role in the development of the GIT and

immune system (122). Supplementation of creatine pyruvate (12

mg/egg) on e17.5 increased energy reserves in broilers (123).

The same dose of creatine pyruvate increased plasma creatine

and pyruvate concentration, liver pyruvate, glycogen and glucose

concentration, and mRNA expression of gluconeogenesis and

glycogenesis enzymes in the liver before hatch or early post-

hatch (124).

Furthermore, in ovo stimulation of embryos with Lactobacillus-

based synbiotics on e12 increased glucose, insulin, glucagon, and

leptin levels in plasma and influenced the expression of metabolic

genes in muscle (125). However, more changes in metabolic gene

expression were seen early post-hatch (day 7) vs. the end of the

production cycle (day 42). Among the metabolic genes, follistatin,

pyruvate dehydrogenase kinase, isozyme 4, CCAAT/enhancer
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binding protein beta, phosphorylase kinase regulatory subunit

beta, AMP-activated protein kinase, and gamma 3 subunit were

significantly upregulated due to synbiotic delivery (125).

Gastrointestinal health

Intestinal health is a complex and dynamic interaction

involving the intestinal mucosa and microbiota, the immune

system, and feed utilization. This section will mainly focus on the

effects of in ovo supplementation with bioactive substances on the

intestinal mucosa. The epithelium is the mucosal layer that forms

the direct interface between the body and the intestinal lumen.

It is formed by a single cell layer made of different cell types,

including enterocytes, goblet cells, enteroendocrine cells, Paneth

cells, and tuft cells (126). The intestinal barrier formed by the

epithelial cells is guarded by a complex structure including the

tight junction, adherent junction, gap junction, and desmosome

that spans the paracellular space. The most apical component,

the tight junction, comprises the transmembrane proteins claudins

(CDN), occludin (OCLN), and the scaffolding molecules of the

cytoskeleton, zonula occludens (ZO). The tight junction regulates

paracellular transport through the intestinal barrier by selectively

preventing harmful molecules and pathogens from entering the

body while allowing the passage of smaller molecules and nutrients

(127). The intestinal mucosa is completely formed at hatch, but

morphological and physiological changes continue during the post-

hatch period (41). During early post-hatch when chicks transition

from using nutrients from the residual yolk to exogenous feed, their

immature intestine is more vulnerable to opportunistic pathogens

and toxins from the feed (128). Although, early feeding during

post-hatch to provide nutrients to hatchlings has been developed,

in ovo programming of intestinal barrier functions has gained

attraction recently.

The in ovo supplementation of bioactive substances can provide

nutrients not only for energy reserve to support early life but

also to improve the development of the intestinal mucosa and its

barrier components. In general, tight junction proteins are assessed

through the expression levels of their respective genes. Arginine

supplementation (6 or 10mg) increased CDN-1, ZO-1, and ZO-

2 mRNA expression levels (47). Despites the crucial role of tight

junctions in intestinal health, limited reports exist on the effects

of in ovo supplementation of bioactive substances on its different

components. Further research is warranted to assess the effects of

in ovo supplementation not only on gene expression of the tight

junction proteins but also on the expression of their protein levels

in the intestinal mucosa.

In addition to the tight junctions, the intestinal epithelium is

covered by a protective mucus layer, which plays a crucial role

in the intestinal defense mechanism. The mucus layer is formed

by the gel-forming mucins (MUC) produced by the goblet cells.

Different types of mucins exist, but the MUC2 gene expression

level has been extensively used as a marker of intestinal health

in poultry. Because the intestine is still immature at hatch and

undergoing morphological and physiological changes (41), the

presence of the mucus layer is critical for its protection against

pathogens and toxins present in feed. The in ovo supplementation

of bioactive substances can modulate the gene expression levels

of MUC2. The gene expression level of MUC2 was increased by

the in ovo supplementation of threonine, arginine, and methionine

(43, 44, 47, 129). The supplementation of 107 cfu of B. subtilis on

e18 increased MUC2 gene expression in intestinal mucosa at e21

and day 3 post-hatch (105). Goblet cell numbers and density were

increased when methionine, glutamine, and synbiotics (inulin +

Lactobacillus lactis subsp. lactis IBBSL1) were supplemented in ovo

in chickens (53, 129, 130). Although theMUC2 gene expression has

been extensively used in poultry as a marker of intestinal health,

gene expression may be transient and may not reflect the actual

protein level of the mucin. In addition to the gene expression, the

mucus thickness may be of interest since the mucus layer may not

cover the entirety of the intestine as reported in rats (131). Further

research needs to determine mucin protein levels and mucus

thickness to expand our knowledge of in ovo supplementation on

intestinal mucosa barrier function.

Digestion

The small intestine plays an important role in the digestion

and absorption of nutrients. Although the intestine is completely

formed and functional at hatch, it continues to develop and mature

as the chick transitions to exogenous nutrient sources (132). The

main accessory digestive organ, the pancreas, also continues to

develop, as evidenced by its histogenesis during the post-hatch

period (133). The activity of digestive enzymes secreted by the

pancreas, including amylase, trypsin, lipase, and chymotrypsin,

has been shown to increase during the post-hatch period (134).

Because the intestine is immature at hatch and fast-growing birds

in the modern poultry industry have been genetically selected

to reach market weight by 6–8 weeks after hatch, the intestine

needs to reach its full functional digestive and absorptive capacities

quickly. Luminal digestion can be improved through in ovo

supplementation of bioactive substances that enhance digestive

enzyme activities. In this regard, the in ovo supplementation of

1% arginine increased maltase and sucrase activities at day 7

post-hatch (45). Synbiotics, 0.528mg Bi2tos with 1,000 cfu of

Lactobacillus lactis subsp. lactis IBBSL1 and 1.76mg inulin with

1,000 cfu Lactobacillus lactis subsp. cremoris IBB SC1, injected into

the air sac on e12 enhanced amylase, lipase, and trypsin activities

post-hatch (135).

In addition to enzymatic activity in the intestinal lumen,

nutrient digestion is completed with other enzymes at the brush

border membrane of enterocytes (136). Reicher and Uni (41)

recently reported that the development and maturation of the

intestinal digestive and absorptive functions depend on intestinal

mucosa growth and surface expansion, both of which take

more time during the post-hatch period. Structural changes can

still occur over 7 days post-hatch when the intestinal mucosa

reaches its maximum growth rate (41). This suggests that the

newly hatched chicks have limited capacities to complete the

digestion and absorption of carbohydrates, di-, and tripeptides

in their early days post-hatch. Improving intestinal digestive and

absorptive capacities is nowadays possible by increasing brush

border membrane enzyme activities and nutrient transporters early

during embryonic development (5). The in ovo supplementation

of 0.1%MOS increased the aminopeptidase and sucrase-isomaltase
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activities of the brush border membrane (50). Prebiotics (5% and

10% of raffinose and stachyose) upregulated the mRNA expression

of aminopeptidase and sucrase-isomaltase genes (52). A 3.5 %

threonine in ovo supplementation increased mRNA expression of

aminopeptidase N gene (43). Furthermore, in ovo supplementation

of bioactive substances can improve nutrient transporter activities.

For example, glutamine increased the differentiated di- and tri-

peptide transporter 1 (PepT-1) region on intestinal villi (49). In

ovo supplementation of threonine increased the mRNA expression

of SGLT-1, glucose transporter 2, and alanine, serine, cysteine,

threonine (ASCT) transporter 1 (137) and the expression of

PepT-1 (43, 137). Prebiotics (5% and 10% of raffinose and

stachyose) upregulated the mRNA expression of SGLT-1 (52).

Intestinal luminal and mucosal digestive and mucosal absorptive

capacities can be improved by in ovo supplementation of various

bioactive substances.

Birds’ performance

Current broiler lines are characterized by rapid growth, high

body weight at slaughter, and a reduced feed conversion ratio.

The in ovo supplementation of bioactive substances has been

shown to influence chicken performance parameters. Body weight

at hatch or during the post-hatch period was increased by in

ovo supplementation of Bi2tos (24, 138), Bacillus-based probiotics

(139); lactic acid bacteria-based probiotics (110); a mixture of

Lactobacillus acidophilus, Lactobacillus casei, and Bifidobacterium

bifidum (140); inulin; and Lactococcus lactis spp. lactis 2955 (24).

Furthermore, arginine (47) and 60mg Zn injected on e18 in the

amniotic fluid (141) increased body weight and feed intake and

decreased feed conversion ratio (46, 47). Production parameter

reports are not always consistent in the literature. Recent reports

have highlighted the fact that some bioactive substances have had

unintended results by increasing feed intake and feed conversion

ratio. Some synbiotics, such as raffinose with Lactococcus lactis

ssp. cremoris IBB SC1, lactose with Lactobacillus acidophilus and

Streptococcus faecium (142), and Lactobacillus plantarum with

Astragalus polysaccharide, or probiotics, such as Lactobacillus

plantarum with an increased feed conversion ratio (143). These

conflicting results are likely due to the types of bioactive substances,

dosages, environmental conditions, and management differences.

In addition, the periods considered for feed intake, body weight

gain, and feed conversion ratio are not always the same across

studies. To advance our knowledge of the impacts of bioactive

substances on production parameters, further research needs to

take these factors into consideration and develop standards that can

facilitate the transfer of results and the adoption of these new in ovo

supplementation technologies by the poultry industry.

Epigenetic regulation

Epigenetic modification of gene expression works through

the methylation of DNA. This process can be modulated by

nutritional and stress factors as well as intestinal microbiota

(144–146). Dunislawska at al. (147) showed that in ovo delivery

of Lactobacillus-based synbiotics on e12 significantly changed

methylation pattern of several hepatic genes related to metabolism.

Similarly, microbiota modulation by prebiotics such as GOS and

inulin, or Lactobacillus-based synbiotics have shown an ability to

modulate the methylation pattern of splenic genes in fast-growing

broilers and native chickens (148). However, the epigenetic changes

depended on the chicken genotype and the bioactive substances

delivered in ovo (148). It has been suggested that the mechanisms of

negative changes in gene expression in the liver of broiler chickens

after Lactobacillus-based synbiotic injections are probably related

to changes in DNA methylation patterns and miRNA activity (147,

149). Additionally, Zhu et al. (150) have shown that in ovo delivery

of vitamin C on e11 resulted in changes in the mRNA expression of

genes related to DNA methylation such as DNA methyltransferase,

DNA demethylation, growth arrest, and DNA-damage inducible

protein beta, thymine-DNA glycosylase, and methyl-CpG-binding

domain protein 4 at day 21 or 42 post-hatch.

Transcriptome

The in ovo delivery of bioactive compounds has been shown

to affect gene expression in several tissues in developing embryos

and post-hatch chickens. Injection in ovo of prebiotics and

synbiotics on e12 influenced the transcriptomic profile of the

spleen, cecal tonsils, and large intestine post-hatch (151). The

most differentially expressed genes were observed in the cecal

tonsils, and galacto-oligosaccharides (GOS) were the most potent

stimulators of the host transcriptome (151). Moreover, lymphocyte

proliferation, activation, and differentiation, as well as cytokine

production, were the most affected gene ontology categories in

cecal tonsils (151). Previous studies from the same group have

shown that early delivery of synbiotics composed of raffinose

family oligosaccharides and Lactococcus lactis upregulated and

downregulated interleukin mRNA expression in the spleen and

cecal tonsils, respectively (64). Downregulation of the expression

of immune-related genes in the spleen and the cecal tonsils was

observed after injecting the chicken embryos on e12 with inulin or

GOS together with Lactococcus lactis (65). Synbiotics, Lactobacillus

salivarius plus GOS and Lactobacillus plantarum plus raffinose

family oligosaccharides, injected in ovo on e12 decreased expression

of two incretins: glucagonlike peptide 1 (GLP-1) and glucose-

dependent insulinotropic peptide (GIP) mRNA in the duodenum

and GLP-1 receptor mRNA in pancreas post-hatch (152). Both

incretins are involved inmany biological functions (153). The study

by Kolodziejski et al. (152) suggests that synbiotics can be directly

or indirectly involved in incretin secretion and action. Injection

of synbiotics also resulted in transcriptome changes in the spleen,

jejunum, cecal tonsils, and liver on day 35 post-hatch (154). These

authors showed that the synbiotic based on Lactobacillus salivarius

was involved in the activation of pathways related to fat and

carbohydrate metabolism, cell adhesion, and immune response,

while the synbiotic based on Lactobacillus plantarum was involved

in the upregulation of expression of genes involved in metabolic

pathways (154). In another study, Bertocchi et al. (155) showed

that in ovo supplementation with prebiotics (GOS) did not result in

any differentially expressed genes in the jejunum and cecum post-

hatch; however, gene set enrichment analysis (GSEA) showed 11

significantly enriched gene sets related to energy metabolism and
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oxidation in the jejunum. In contrast, very few changes in enriched

gene sets were observed in the cecum after in ovo injections of

GOS (155). The supplementation of GOS on e12 (3.5 mg/egg)

attenuated the negative effects of acute and chronic heat stress post-

hatch by decreasing the mRNA expression of IL-4, IL-12p40, and

SOD in comparison to non-injected birds (156). Additionally, it has

been shown that administration of Lactobacillus-based synbiotics

affects the metabolism and development-related gene expression

in the liver in broiler chicken (154), while in ovo administration

of inulin (1.76 mg/egg) as a prebiotic or inulin and Lactococcus

lactis (1.76mg + 1,000 cfu/egg, respectively) on e12 led to changes

in immune gene expression in peripheral tissues, cecal tonsils,

and spleen (65). Besides synbiotics having wide effects on gene

expression in multiple tissues, probiotics alone have been shown

to influence mRNA levels. Embryonic injection of multi-strain

lactobacilli mixture composed of Lactobacillus salivarius, L. reuteri,

L. crispatus, and L. johnsonii on e18 (105-107 cfu/egg) led to changes

in cytokines mRNA expression in cecal tonsils, bursa of Fabricius,

and spleen at 5 and 10 days post-hatch (157). Upregulation of

cytokines (IFN-α, IFN-β, IFN-γ, IL-8, and IL-12) expression was

observed in the spleen, while cecal tonsils were characterized by

downregulation of IL-6, IL-2, and IL-8 post-hatch. In the bursa of

Fabricius, only IL-13 expression was affected by Lactobacillus in ovo

delivery (157).

Although several studies utilized synbiotics or probiotics,

transcriptome has also been shown to be influenced by the delivery

of other bioactive substances. For example, intra-amniotic zinc-

methionine administration on e17 increased zinc exporter mRNA

expression in the small intestine as well as the expression of

brush border enzymes and transporter genes, suggesting its role in

intestinal development enhancement and improved functionality

(158). Zinc plays an important role in many biological processes,

and it is required for enzyme function, nucleic acid synthesis, and

as a cofactor in many proteins (159–162).

Other studies have shown that perinatal administration of

2mM quinine on e17 affected the expression level of gustatory

(palate) and extra-gustatory (duodenum) mRNA for the three

bitter taste receptors ggTas2r1, ggTas2r2, and ggTas2r7 and

their signaling components alpha-gustducin, phospholipase, and

transient receptor potential melastatin 5 (163). Amino acids have

also been implicated in gene expression regulation. Threonine

injection (from 17.5 to 70 mg/ml) into amniotic fluid on e17

resulted in increased mRNA levels of the MUC2 gene and PepT-

1 at hatch, suggesting the role of threonine in the functional

development of intestinal mucosa (43).

Zhao et al. (123) showed that creatine pyruvate (12 mg/egg) in

ovo injection on e17.5 increased the expression level of myogenic

differentiation 1, myogenin, and paired box 7 at day 3 post-hatch,

leading to enhanced muscle growth and increased satellite cells

activity (123). Moreover, injection of creatine pyruvate affected

the expression level of gluconeogenesis and glycogenesis enzymes

in the liver during the late embryonic phase and early post-

hatch indicating that in ovo delivery of creatine pyruvate may

increase energy reserves in the liver in broiler chickens early post-

hatch (124).

Few studies have also shown the effects of growth factors and

vitamins on transcriptomics. Epidermal growth factor (EGF) has

been shown to be involved in the stimulation of proliferation,

differentiation, and maturation of neonatal intestinal cells in

mammals (164, 165). In birds, in ovo delivery of EGF (160–

640 µg/egg, e17) increased EGF receptor mRNA expression

only during the end of embryonic development and had

no effects post-hatch (166). Supplementation of vitamin C

(3 mg/egg into amnion on e11) regulated the expression of

inflammatory cytokines while the same dose injected on e18

into the air sac decreased the expression of proinflammatory

cytokines such as IL-1β, IL-6, and TNF-α in the spleen and

increased expression of antioxidant genes such as GSH-Px

and SOD (150, 167).

Proteome

Information addressing the changes in proteome due

to in ovo delivery is limited. Dunislawska et al. (168) have

shown that synbiotics based on Lactobacillus plantarum and

raffinose family oligosaccharides administered in ovo on

e12 led to changes in the expression of the liver proteome

in chicken post-hatch. Injection of 200 µl of a synbiotic,

2 mg/egg of oligosaccharides, and 105 cfu of Lactobacillus

plantarum into the air chamber resulted in 16 differentially

expressed proteins (5 downregulated and 11 upregulated)

in chicken liver at 21 days post-hatch. Analysis of the

differentially expressed proteins determined that they belong

to mitochondrial, cytoskeleton, cytoplasmic, and cytoskeleton

organizing proteins (168). The authors concluded that

Lactobacillus-based synbiotics have the ability to accelerate

the energy-yielding metabolic pathway in the liver of 21-day-old

broilers (168).

Wilson et al. (169) have found that in ovo administration

of 102 cfu (200 µl volume, into amnion) of Citrobacter

freundii, Citrobacter spp., or mixed of Lactobacillus salivarius

and Pediococcus spp. on e18 resulted in the changes in 107, 39,

and 78 proteins level in the gastrointestinal tract at hatch. These

proteomic changes were associated with antioxidant capacity,

gluconeogenesis, cellular oxidative stress, and inflammatory

stimulus (169). In another study, supplementation of pathogenic

Enterobacteriaceae isolates and lactic acid bacteria in ovo (102

cfu, Citrobacter spp., and L. salivarius and Pediococcus ssp.,

e18, amnion) were associated with activation and balance

function of the innate and adaptive immune systems (lactic acid

bacteria) and attenuation of processes related to the development

of the immune system and dysregulation of immunological

mechanisms (Enterobacteriaceae) at hatch (170). Besides the

early post-hatch effects of probiotic inoculation on proteomic,

Rodrigues et al. (171) have shown activation of inflammation

pathway in chicks inoculated with lactic acid bacteria or

Citrobacter freundii (e18, 102 cfu, into amnion) 10 days post-

hatch in ileum. Moreover, in ovo delivery of lactic acid bacteria

was associated with the activation and trafficking of immune

cells and skeletal growth. Exposure to Enterobacteriaceae (C.

freundii) was related to the inhibition of biological function

associated with immune cell migration and the inflammatory

response (171).
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Pathogen exclusion

The defense mechanism of newly hatched chicks is minimally

developed and limited to the innate immune system and maternal

antibodies (44). During early post-hatch development, chicks are

exposed to many organisms, and due to a low level of colonization

of their GIT, they are susceptible to pathogen colonization (44,

104, 172, 173). There are a few mechanisms of competitive

exclusion proposed, and they involve the creation of an unfavorable

environment for invading bacteria, utilization of receptor sites

by commensal bacteria, production of antimicrobial substances,

and competition for nutrients allowing for the selection of

certain strains of bacteria (174–176). In chicken, administration

of 3.5% threonine into the amniotic fluid on e17.5 reduced

Salmonella enteritidis colonization and ameliorated the negative

effects of Salmonella infection, including intestinal morphology

and integrity, and performance (44). The proposed mechanism

of action of threonine involves increased expression of MUC2

gene coding for intestinal mucin and level of mucosal antibodies

IgA, and accelerated maturation of the GIT (44). Another study

has shown that administration of Bi2tos (3.5 mg/egg) on e12

resulted in reduced negative effects of natural Eimeria infections,

including intestinal lesions and oocyte excretion in Kuroiler

chickens (177). Arreguin-Nava et al. (110) showed that injection

of defined lactic acid bacteria (107 cfu/200 µl) isolated from adult

hens on e19 decreased the Enterobacteriaceae colonization after

hatch in chickens challenged with virulent E. coli in horizontal

infection model. Reduction in Enterobacteriaceae colonization was

accompanied by improved body weight gain, reduced mortality at

day 7 post-hatch, and variation in cecal microbiota (110).

Heat stress response

Heat stress negatively affects poultry welfare and productivity

(178). Severe physiological changes caused by heat stress include

impaired thermotolerance, acid-base imbalance, oxidative stress,

and reduced immunocompetence. Behavioral and physiological

changes used by chickens to adapt to elevated temperature result in

increased mortality, reduced feed intake and body weight gain, and

reduced meat quality (179). Management (cooling systems) and

nutritional (high-fat diet, supplementation of osmolytes, vitamins,

and minerals) strategies have been implemented to mitigate these

negative impacts of heat stress on poultry (179). Recent studies

have investigated the use of in ovo supplementation of bioactive

substances to mitigate the negative impacts of heat stress in poultry,

especially in broilers due to their fast-growing body and increased

metabolic rate (156, 180–183).

The in ovo supplementation of L-leucine on e14 and e19 at

25mm depth into the egg was followed by exposure of the chicks

to heat stress at day 9 post-hatch for 3 h (181). The L-leucine

supplementation reduced heat shock proteins 70 and 90 in heat-

stressed chickens (181). In the same study, heat stress reduced

liver arginine and lysine and increased liver glutamine, aspartic

acid, and citrulline. Heat stress negatively affected amino acid

metabolism; however, the in ovo supplementation of L-leucine was

not able to mitigate these effects in the heat-stressed chickens (181).

Furthermore, the supplementation of 10% γ-aminobutyric acid in

ovo on e17.5 in the amniotic fluid did not reduce the negative effects

of heat stress on various parameters, including rectal temperature,

average daily feed intake, average daily gain, and antioxidant

balance (180). However, the supplementation of 3.5mg of Bi2tos on

e12 downregulated the expression of cytokines IL-4 and IL-12p40.

This downregulation could be a result of reduced activation of the

immune system. Heat stress is known to damage the intestine and

increase the translocation of antigens that can trigger the immune

system. It is possible that the downregulation of IL-4 and IL-12p40

is related to intestinal health. Further study needs to clarify this

hypothesis (156). In addition, the supplementation of 3.5mg Bi2tos

on e12 did not reduce the negative effects of heat stress including

breast muscle weight loss, increased feed conversion ratio, and

reduced weight gain (182, 183). Although in ovo supplementation

has shown promise in improving various parameters during the

post-hatch period, heat stress is a multifactorial problem and

further research is needed to comprehensively define substances

that can be used tomitigate the negative consequences of heat stress

in chickens.

In ovo e�ects in other avian species

Most studies related to in ovo delivery have been focused on

broiler chickens. Information addressing other species is somehow

limited in comparison to broilers, but in ovo administration of

different bioactive substances has been characterized also in other

avian species such as turkey, pigeon, quail, and duck.

The in ovo supplementation of bioactive substances, including

fatty acids, amino acids, and carbohydrates has been investigated

in turkeys. The supplementation of branched-chain amino acids

(leucine, valine, and isoleucine) increased yolk sac and pancreas

weight at hatch and breast muscle weight on e24 and hatch

(184). Butyric acid (10, 20, or 30 mg/egg) injected into the yolk

sac on e7 improved hatching weight and increased villus height

in the duodenum, jejunum, and ileum at day 21 post-hatch. In

addition, the feed conversion ratio was reduced, and body weight

was increased at hatch and days 21–42 post-hatch (185). Earlier

studies have shown that β-hydroxy-β-methyl-butyrate (HMB)

and arginine have the potential to improve the development of

intestinal digestive and absorptive functions. Foye et al. (186)

demonstrated that the interaction between HMB (0 and 0.1%)

and arginine (0 and 0.7%) injected on e23 into the amniotic fluid

increased the expression of sucrase-isomaltase gene on e25 and

those of PEPT-1 and SGLT-1 at hatch. Furthermore, the interaction

of HMB and arginine increased jejunal sucrase, maltase, and leucine

aminopeptidase activities at e25 and day 14 post-hatch (187). The

supplementation of a mixture of dextrin and iodinated casein

(75µg/ml) and dextrin (18% maltodextrin and 10% potato starch

dextrin) increased poults’ weight at hatch and day 7 post-hatch

(188). These results show that in ovo supplementation of bioactive

substances has the potential to improve intestinal development and

function and growth performance post-hatch.

Research on in ovo supplementation of bioactive substances

in domestic pigeons is limited. The supplementation of 2.5%

maltose and 2.5% sucrose on e14.5 in the amniotic fluid increased

body weight and pectoral muscle at hatch (189) and showed that

in ovo supplementation of carbohydrates can enhance intestinal

Frontiers in Veterinary Science 11 frontiersin.org376

https://doi.org/10.3389/fvets.2023.1124007
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Kpodo and Proszkowiec-Weglarz 10.3389/fvets.2023.1124007

development and digestive functions through increased villus

surface area, enhanced brush border enzymes (maltase and

sucrase) activities, and upregulation of nutrient transporter genes

(SGLT-1 and GLUT-2) (190). Arginine (1%) injected on e13 in

the amniotic fluid increased body weight at hatch and day 13

post-hatch, while breast and leg meat yields were increased at day 7

post-hatch (191). Contrary to arginine, histidine supplementation

did not affect breast weight (192). In addition, the supplementation

of a mixture of amino acids (arginine, lysine, and histidine) at 0.1,

1, or 10% in the amniotic fluid on e13 increased body weight and

the relative weight of the heart, kidney, liver, and small intestine

at hatch (193). These results suggest that in ovo supplementation

of amino acids and carbohydrates may help improve

embryo development.

Administration of leptin (0.1 or 1 ug per egg) on e5

into the albumen in quail embryos resulted in an earlier

hatch and higher post-hatch body weight in treated animals.

Moreover, leptin treatment led to changes in endocrine and

metabolic parameters such as thyroid hormones and total lipids

or triacylglycerol concentrations during post-hatch development

(194). Kermanshahi et al. have shown that threonine (5 mg/ml) in

ovo injection into quail eggs (e11, under the air sac) modulated the

MUC2 gene expression post-hatch. At the same time, the injection

has no effects on digestive enzyme activity (195). Another study

from the same group determined that the lower dose of threonine

(5 mg/ml, 50 µl injection volume) increased the mRNA expression

level of IgA at hatch (196). The in ovo injection of medical plant

extracts (1% solution, e5, air cell) such as garlic, ginger, oregano, or

cinnamon has been shown to influence the time of sexual maturity

and the quality of early eggs laid by Japanese quails (197). The

importance of all-trans retinoic acid, a metabolite of vitamin A

in adipose tissue development has been emphasized by its in ovo

injection (300 nM) on e9 into quail embryos (198). Additionally,

in ovo injection of this metabolite increased mRNA expression

of adipogenic markers and decreased expression of preadipocyte

markers, suggesting the promotion of adipocyte differentiation

and decrease population of preadipocytes (198). In another study,

Karagecili and Babacanoglu demonstrated that in ovo injection of

vitamin E and ascorbic acid into the yolk sac or amniotic fluid

on e5 of quail eggs did not impact hatchability and quail post-

hatch development, but it affected the residual yolk sac absorption,

total carotene and concentration of vitamin E derivatives with

antioxidant characteristics in the newly hatched quails (199).

In ducks, administration of glutamine, β-hydroxy-β-

methylbutyrate, and carbohydrates on e23 into the amniotic

fluid has been shown to improve small intestine weight, sucrase

and maltase activity post-hatch, and increased pectoral muscle

weight at e25 (200, 201). In another study, in ovo supplementation

of disaccharides and alanyl-glutamine dipeptide on e23 increased

plasma glucose concentration post-hatch, liver glycogen content

pre-hatch and at hatch, and pectoral glycogen content pre-

hatch (202). Additionally, Tangara et al. have shown that in ovo

carbohydrates and arginine feeding on e23 led to increased body

weight of post-hatch ducklings as well as enhanced liver andmuscle

glycogen storage pre-hatch (203). The in ovo administration of

IGF-1 (100 ng/embryo, e12, into the albumen) resulted in increased

body weight, muscle fiber diameter, muscle cross-sectional area,

and the number of myofibers per unit area as well as the number

of activated satellite cells and mitotic nuclei in leg and breast

muscle of post-hatch ducklings. Moreover, the expression level

of MyoD and Myf5 was increased in IGF-1 supplemented

ducklings (204). In a second study, Liu et al. have shown that e12

supplementation of IGF-1 into the albumen affected the expression

level of myogenic transcription factors such as MyoD and MRF4,

muscle fiber parameters, and muscle weight during the late stage

of duck embryonic development (205). The same researchers

also found that in ovo supplementation of follistatin (100 ng/egg,

e12) to ducks’ embryos affected the expression level of muscle

development-related genes. Mainly, Pax7 mRNA expression was

upregulated in breast and leg muscle, MyoD mRNA was increased

only in leg muscle while Myf5 mRNA was upregulated only

in breast muscle. Moreover, the expression of myostatin was

downregulated in both muscle types (206). The effects of vitamin C

on duck embryos’ hatchability were investigated by Nowaczewski

et al. (207). They have found that 4 and 8mg of vitamin C/egg

delivered on e20 into the air cell significantly improved the ducks’

hatchability by decreasing the number of dead or unhatched

embryos (207). Recent data indicate that in ovo feeding of vitamin

A, L-carnitine, or folic acid (1 mg/egg, e0, air sac) has positive

effects on the embryonic development of duck embryos and the

health of newly hatched ducklings (208). Primarily, the embryo

weight, residual yolk weight, and hatchability percentage were

improved in in ovo supplemented animals, while body weight,

blood parameters, and plasma hormone levels were increased at

hatch (208).

Discussion and conclusion

As characterized in this review, in ovo supplementation has

been extensively studied in broiler chickens. Regarding other avian

species, such as turkey, qual, or duck, the current data are much

more limited in comparison to broiler chicken studies. Much more

research is needed in those species to obtain the full benefits of

this technology. Further research is needed in particular to advance

our understanding of in ovo technology, particularly the effects

of prebiotics and probiotics on intestinal morphological, function,

and microbiome development in turkey, duck, quail, and domestic

pigeon. Many bioactive substances have been used for injection,

with a wide range of physiological responses. The majority of

the early studies focused on in ovo feeding to supply the embryo

with nutrients to facilitate the hatching process and early post-

hatch growth, particularly during the time of delayed access to

feed. Only in the past few years, there has been an increase in

research, focusing on in ovo stimulation using mostly prebiotics

and synbiotics. Even though it seems that the technology has been

researched extensively, many factors still remain inconclusive. For

example, the site and timing of injections as well as the volume

of injections are not standardized for each bioactive substance,

and very often, different methodologies lead to inconclusive or

unreproducible results. Therefore, standardization efforts should

be made in order to provide a bulletproof methodology for in

ovo supplementation.

The most efficient way to deliver bioactive substances would

be during Marek’s disease in ovo vaccination. The data on co-

delivery are extremely limited. A study by Beck et al. (209) showed
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no effect of co-delivery of the Marek’s disease vaccine (HVT) and

probiotics (Lactobacillus animalis or Enterococcus faecium, e18,

amnion, 106 cfu/50 µl volume) on hatchability, performance data,

or gastrointestinal parameters (209). The volume of injection as

well as the timing and site of delivery need to be taken into

consideration for co-delivery. Marek’s disease vaccine delivery

volume is 50 µl, but for most of the biological substances, much

higher volumes are utilized.

Embryo growth, development, and hatchability are affected by

many environmental factors and incubation conditions, including

egg storage time, incubation temperature, humidity, gas exchange,

turning, and light (210, 211). It is clear that any environmental

factors compromising embryo development and hatchability will

affect the physiological effects of in ovo delivery of biological

substances. However, we were unable to locate any specific

literature addressing the effect of incubation and hatchability

conditions together with in ovo effects. At the same time,

in ovo procedure can be one of the factors affecting embryo

development and hatching performance (212). However, in most

cases, this impact depends on the type of bioactive substances

or injection location (213–215). The negative effects are mostly

due to the injection process, which leads to a compromised shell

and membrane of the egg, allowing for pathogenic bacteria and

environmental factors affecting the egg and embryo. The sanitary

condition of the injection may lead to compromised eggs and

embryos (209). Moghaddam at al. have shown that in ovo injection

of saline or bioactive substance (royal jelly) significantly decreased

hatchability in comparison to the control group (216). Data from

de Oliveira et al. (214) suggest only a 10% decrease in hatchability

due to inoculation with probiotics. A decrease in hatchability and

embryo mortality was also observed by Melo et al. (217). At the

same time, there are numerous data indicating no negative in ovo

effects on hatchability and mortality (115, 218–220), decreased

embryo mortality (218), or improved hatchability (221, 222).

Clearly, in ovo supplementation with bioactive substances can

influence embryonic and post-hatching chick growth, nutrient

digestibility, bone development, immune system development, GIT

health, GIT microbiota development, heat stress response, and

overall health. Even though in ovo supplementation has many

advantages, the industry use of the method is solely for vaccine

delivery right now. There are many reasons why the poultry

industry is currently not interested in this methodology, one of

which is the lack of a standardized method for in ovo feeding

and stimulation being one of them. Moreover, more research is

needed to show the long-term effects of in ovo supplementation

and economic advantages for poultry producers. In conclusion, we

believe that this method is widely underestimated and underused

by the poultry industry. Furthermore, adaptation to commercial

settings will require more research efforts and collaborations

between researchers and industry partners.
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Digital livestock systems and
probiotic mixtures can improve
the growth performance of swine
by enhancing immune function,
cecal bacteria, short-chain fatty
acid, and nutrient digestibility

Sang-O Park1* and Kyung-Hoon Seo2

1College of Animal Life Science, Kangwon National University, Chuncheon, Republic of Korea, 2Hooin

Ecobio Institute, Hongseong-gun, Chungcheongnam-do, Republic of Korea

In response to climate change, the use of digital livestock systems and probiotic

mixtures as technological strategies to improve animal health and production

is driving new innovations in the farm animal industry. However, there is little

information available regarding the e�ects of digital livestock systems and

probiotic mixtures (consisting of Bacillus subtillus, Streptomyces galilaeus, and

Sphingobacteriaceae) on the growth performance of the growth-finishing swine.

Thus, the objective of this study was to investigate the e�ects of digital livestock

systems and probiotic mixtures on the immune function, cecal bacteria, short-

chain fatty acids, nutrient digestibility, and growth performance of growth-

finishing swine. A total of 64 crossbred male swine (Duroc × Landrace ×

Yorkshire, average body weight: 60.17 ± 1.25 kg) were randomly assigned to

four treatment groups: CON (control group with a conventional livestock system

without a probiotic mixture), CON0.4 (a conventional livestock system with a 0.4%

probiotic mixture), DLSC (a digital livestock system without a probiotic mixture),

and DLS0.4 (a digital livestock system with a 0.4% probiotic mixture). The swine

were reared under standard environmental conditions until their average body

weight reached 110 kg. The results indicated that the growth performance of the

swine improved with an increase in nutrient digestibility and immune function via

modulation of blood immune markers in the group with a digital livestock system

compared to the CON group, although the growth performance of the swine

was similar between the DLSC and CON0.4 groups. Moreover, the application of

the digital livestock system and the probiotic mixture maintained higher levels

of Lactobacillus and balanced short-chain fatty acid profiles compared to the

CON group. These results suggest that a digital livestock system and a probiotic

mixture can improve the growth performance of swine by enhancing their nutrient

digestibility, improving their immune function, and maintaining balanced cecal

bacteria and short-chain fatty acids. Therefore, this study provides insights into the

application of digital livestock systems and probiotic mixtures as a climate change

response strategy to improve swine production.

KEYWORDS

immune marker, growth performance, digital livestock system, probiotics, swine

Frontiers in Veterinary Science 01 frontiersin.org384

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2023.1126064
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2023.1126064&domain=pdf&date_stamp=2023-03-24
mailto:bspark@kangwon.ac.kr
https://doi.org/10.3389/fvets.2023.1126064
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/articles/10.3389/fvets.2023.1126064/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Park and Seo 10.3389/fvets.2023.1126064

Introduction

Climate change-induced global warming can negatively impact

animal behavior and welfare through heat stress and greenhouse

gas (GHG) emissions, which can ultimately result in economic

animal crises and food supply problems. Thus, preemptive

responses are required. A digital livestock system has been

developed to resolve the farming animal crisis due to climate

change and to maintain sustainable livestock production (1, 2). The

development of a digital livestock system for precision livestock

farming (PLF) has led to the implementation of remote monitoring

systems using cameras, microphones, and accelerometer sensors.

Rapid progress has been made to improve animal welfare and

production, and various systems managed by high-tech equipment

have been introduced to livestock farming (1–3). Digital livestock

systems, including feeding, weighing, and sorting systems, wearable

sensors, and climate control systems, have been implemented in

swine farming in an effort to improve swine production, animal

behavior and welfare, sound detection, and 3D camera application

information (4, 5).

The FAO has predicted that the world’s population will reach

9.2 billion by 2050, resulting in a 50–60% increase in food

consumption compared to current levels. Global animal food

production will increase by 2/3 from 334 million tons in 2015

to 498 million tons in 2050 (6, 7). By 2050, the consumption of

meat, eggs, and dairy products is predicted to increase by 73, 64,

and 58%, respectively, in comparison with the present situation.

Thus, sustainable livestock production is necessary to secure food

supplies. The use of precision livestock farming (PLF) as a digital

livestock system is being increasingly adopted to improve the

swine industry. This climate-smart livestock system has recently

been developed in response to the rapid increase in pork meat

consumption (8, 9).

In the digital era, an intelligent PLF and ICT (information

and communication technology)-based climate-smart livestock

system (hereinafter referred to as a digital livestock system) is

being commercialized as future megatrend strategies using big

data converged with the 4th industrial revolution’s ICT, Internet

of Things (IoT), wireless biosensors, mobile phones, artificial

intelligence (AI), automatic systems, and drone technology (1, 2,

10–12). A digital livestock system is a new technology developed

for the animal livestock industry that can improve humans’ and

animals’ lives through ICT convergence, where the demand for

information across the supply and food chains is the source of

power for the development and expansion of digital agriculture

(13–15). A digital livestock system, such as PLF, is a groundbreaking

innovation that can play a significant role in addressing climate

change issues and improving feeding management, ventilation, and

animal welfare by enhancing the quality of livestock production

and animal food. It allows for young livestock populations to be

reared in rural communities, thus promoting sustainable livestock

farming. It can control, adjust, andmonitor the ventilation, heating,

and cooling of livestock farms through a central PC. It can

also remotely control feeding management using a smartphone

or tablet PC. Error messages are sent via SMS or email. The

system is integrated with an air cleaner (14–17). In particular,

it can remove specks of dust, ammonia, and odors that are

generated from livestock farms during the summer to provide

a comfortable climate for livestock. In addition, it can improve

livestock production while reducing the environmental impact

of the livestock industry, saving energy, and improving animal

welfare. The use of a digital livestock system as a technological

strategy to improve animal health and production can lead to

new innovations in the economic animal industry. It is known

to improve economic animals’ welfare and growth performance

by automating feeding and environmental management systems.

However, little is known about its effect on the growth performance

of growth-finishing swine (1, 2, 18–20).

Probiotics are living organisms that are part of the normal

intestinal microflora of animals. Maintaining optimal levels of

intestinal bacteria in swine through the use of probiotics can

improve animal production and boost immune function (21–

23). Previous studies have reported that a probiotic mixture

(Bacillus subtillus, Streptomyces galilaeus, and Sphingobacteriaceae)

can improve growth performance and egg and chickenmeat quality

by enhancing caecal microbial balance and immune function. The

probiotic mixture can also reduce the odor in poultry farms for

laying hens and broilers exposed to heat stress (22, 23). However,

little is known about the effect of using digital livestock systems and

probiotic mixtures on the growth performance of growth-finishing

swine (1, 2, 16, 18–20).

This study was conducted to compare the effects of a

conventional livestock system, a digital livestock system, and both

livestock systems with a probiotic mixture on growth performance,

immune function, cecal bacteria, cecal short-chain fatty acid, and

nutrient digestibility in growth-finishing swine.

Materials and methods

Ethical approval

This study was conducted according to the guidelines for

scientific and ethical procedures provided in the European

Experimental Animal Handling License (SCT-w94058) and

European Union Council Directive 2008/120/EC. It was approved

by the Institutional Animal Care and Use Committee of Kangwon

National University, Republic of Korea (No. KNU-20197).

Animals and experimental design

The animal experiment was conducted in swine research farms

of the Hooin Ecobio Institute (Hongseong, Chungcheongnamdo),

Republic of Korea. A total of 64 crossbred male swine (Duroc

× Landrace × Yorkshire; average body weight: 60.17 ±

1.25 kg) were reared until their body weights reached ∼110 kg.

Regarding the blocking factor for the experiment, the livestock

system and probiotic mixtures were treatment variables. The

swine were assigned to one of the following four groups (16

replicate pens per group) based on a randomized complete

block design: CON (control group with a conventional livestock

system without a probiotic mixture), CON0.4 (a conventional

livestock system with a 0.4% probiotic mixture), DLSC (digital
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livestock system without a probiotic mixture), and DLS0.4 (a

digital livestock system with a 0.4% probiotic mixture). Mixed

probiotics were prepared by mixing 2% of Bacillus subtillus,

Streptomyces galilaeus, and Sphingobacteriaceae (isolated from

earthworm cast) with 98% of the earthworm cast. These products

were provided by HooinEcobio Co., Ltd. (Korean Patent No.

0092670). Each strain contained at least 3.5 × 108 colony-

forming units (CFU/g of product) (22, 23). The level of probiotic

mixture added was determined based on preliminary results,

demonstrating plateau levels without further increasing growth

performance under standard environmental conditions for swine

research farms.

Digital livestock system

The digital livestock system used in this study incorporated ICT

convergence, big data, and mobile phones. It was equipped with

various features such as automatic feeding and drinking dispensers,

radio frequency identification, temperature and humidity sensors,

an odor removal system, cooling pads, an air conditioner, livestock

farm monitoring through CCTV, feed bins, and a mobile imaging

system for live weight measurement (1, 2, 16).

Diets and feeding management

This study used experimental basal diets formulated based

on the nutritional requirements for growth-finishing swine

recommended by the NRC (24). The probiotic mixture was

added to the yellow corn grain. Ingredients and chemical

compositions of the basal diet are shown in Table 1. The swine

were reared under the same standard environmental conditions

(a breeding area of 0.45–0.8 m2 per animal, a temperature of

25◦C, and a relative humidity of 50–60%) for both livestock

systems. Through an installed ventilation controller, minimum

ventilation and maximum ventilation were adjusted to 20–30%

and 60–70%, respectively, to minimize changes in the internal

environment in line with changes in the external environment.

All animals were provided free access to water and feed. After

feeding basal diets for 45 days, a total of 24 animals (six

replicates per group, four groups) were moved to metabolic

cages to measure nutrient digestibility. The remaining 40 animals

(10 replicates per group, four groups) were kept to investigate

growth performance.

Growth performance and spleen weight

The growth performance was measured based on average daily

weight gain (ADG), average daily feed intake (ADF), and the feed

conversion ratio (FCR) (weight gain/feed intake) at the beginning

and end of animal experiments, respectively. After finishing the

animal feeding experiment, the swine were euthanized using

electrical stunning and exsanguination. The weights of their spleens

(immune organ; as % BW, the relative weight to body weight) were

then measured.

TABLE 1 Formula and chemical composition of basal diet (as-fed basis).

Items %

Yellow corn grain 47.58

Soybean oil meal 14.20

Lupine seed 11.00

Wheat grain 10.00

Rapeseed 3.00

Distiller’s dried grains soluble 3.00

Beef tallow 5.00

Cane molasses 3.00

Limestone 0.94

Dicalcium phosphate 1.17

Common salt 0.30

Yeast culture 0.18

Mineral premixa 0.15

Vitamin premixb 0.10

Threonine 96% 0.05

L-lysine hydrochloride 98% 0.33

Chemical composition, %

Digestible energy MJ/kgc 12.60

Crude protein 17.00

Lysine 0.97

Cystine 0.27

Methionine 0.25

Calcium 0.77

Available phosphorous 0.38

aMineral premxc contained per kg of diets Cu 200mg, Fe 80mg, Zn 180mg, Mn 13mg, I

0.4mg, Co 0.15mg, Se 0.35 mg.
bVitamin premix contained per kg of diet Vit. A 20,000 IU, Vit. D3 4,000 IU, Vit. E 75 IU, Vit.

K3 12mg, Vit. B24mg, Vit. B6 1mg, Vit. B12 60 µg, Pantothenic acid 50mg, Niacin 120mg,

Biotin 0.08 mg.
cDigestible energy (calculated value by NRC, 2012).

Nutrient digestibility

The digestibility of nutrients was measured for six replicates

per group in four groups. The animals were moved into metabolic

cages for fecal collection. They were fed different diets mixed

with 0.30% chromic oxide as an indigestible marker to measure

their nutrient digestibility. The animals had an adaptation period

of 1 week. Total feces from each metabolic cage were collected

for 3 days. After collection, fecal samples were oven-dried at

70◦C and milled through a 40-mesh sieve prior to chemical

analyses. Nutrient compositions and chromic oxide in diets and

fecal samples were analyzed following the AOAC testing methods

(25). Nutrient digestibility was calculated as a percentage: (the

amount of marker in the diet/amount of marker in the feces)

× (amount of nutrient in the feces/amount of nutrient in the

diet) (26).
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Immune markers

To evaluate the immune markers of animals at the end of the

experiment, we collected 10mL of blood from the jugular vein

of each animal and placed it into a clot activator vacuum tube

(Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ, USA).

Immunoglobulin G (IgG) concentration in serum was measured

using a swine IgG ELISA Kit (E101-104, Bethyl Laboratories,

USA). The serum concentration of cortisol, a stress hormone, was

quantified using a swine cortisol ELISAKit (EKC31445-BM, BioCat

GmbH, Germany) according to the manufacturer’s protocol. Three

blood smears per animal were taken immediately after blood

collection, and the slides were stained with the May-Grunwald-

Giemsa stain after air drying. Heterophils (H) and lymphocytes (L)

were differentiated through light microscopy. After 100 leukocytes

per slide and 200 cells per animal were counted, the H/L ratio was

then calculated (27).

Cecal bacteria counts

Lactobacillus, E. coli, coliform bacteria, and total aerobic

bacteria from cecal contents were cultured on MRS agar (Difco),

violet red bile agar with MUG (Difco), and nutrient agar (Difco),

respectively. After aerobic culturing at 37◦C for 24 h, the count of

colonies for each strain was determined using a colony counter.

Data were presented as log10 colony forming units (CFU) per gram

of cecal content (28).

Cecal short-chain fatty acids

Cecum samples were collected from each swine to analyze

short-chain fatty acids (SCFAs) and bacteria counts. The cecum

was quickly frozen in liquid nitrogen and then stored at

−80◦C for further analysis. Cecal SCFAs were measured using

a gas chromatographic system (model GC-15A, Shimadzu

Corp., Kyoto, Japan) equipped with a glass column filled

with 10% SP-1000/1% H3PO4 (180 cm × 4mm; Supelco, Inc.,

Bellefonte, PA, US) and attached to a flame ionization detector.

After adding 25% H3PO4 solution to the supernatant, the

mixture was homogenized, maintained on ice for more than

30min, and then centrifuged at 3,000 rpm for 10min at

4◦C (29).

Statistical analysis

All obtained data were checked for normal distribution using

the Shapiro–Wilk normality test prior to analysis. They were

analyzed using the generalized linear model (GLM) procedure of

SAS (SAS 9.4 Institute Inc., Cary, NC, USA) as a randomized

complete block design with a repeat pen serving as the experimental

unit. The effects of the digital livestock system, conventional

livestock system, and probiotic mixtures were analyzed with an

individual animal taken as an experimental unit. A linear effect

analysis was performed using polynomial orthogonal contrasts.

Differences among treatments were separated using Tukey’s

multiple-range test. Probability values < 0.05 were considered

significant (P < 0.05).

Results

Growth performance

The results revealed that the applied digital livestock system

greatly improved the growth performance of swine compared to

the conventional livestock system without a probiotic mixture.

However, although the DLSC and CON0.4 groups showed the same

results (Table 2), ADG was significantly increased in the order of

the DLS0.4, DLSC = CON0.4, and CON groups (P < 0.05). ADF

was significantly higher in the order of the CON, CON0.4=DLSC,

and DLS0.4 groups (P < 0.05). FCR was significantly lower in the

order of the DLS0.4, DLSC = CON0.4, and CON groups due to

increased ADF (P < 0.05).

Nutrient digestibility

The use of the digital livestock system significantly increased

nutrient digestibility compared to the conventional livestock

system without a probiotic mixture, although the DLSC and

CON0.4 groups showed a similar trend (Table 3). Regarding the

digestibility of dry matter, crude protein was significantly increased

in the order of the DLS0.4, DLSC=CON0.4, and CON groups. The

ether extract was higher in the order of the DLS0.4, DLSC, CON0.4,

and CON groups, and crude ash was significantly increased in the

order of the DLS0.4, DLSC=CON0.4, and CON groups (P< 0.05).

Immune markers

The digital livestock system greatly improved the immune

function of animals by modulating serum immune markers

compared to the conventional livestock system without a probiotic

mixture, although the DLSC and CON0.4 groups showed a similar

trend (Table 4). Serum immunemarkers, IgG, cortisol, lymphocytes

(L), and the H/L ratio were significantly increased in the order

of the CON, CON0.4 = DLSC, and DLS0.4 groups (P < 0.05).

Heterophil (H) was significantly higher in order of the CON, DLSC,

CON0.4, and DLS0.4 groups (P < 0.05). The weights of the spleen

(ranging from 0.11–0.13 % BW) as an immune organ did not differ

between the groups.

Short-chain fatty acid

The digital livestock system maintained balanced short-chain

fatty acid (SCFA) profiles compared to the conventional livestock

system without a probiotic mixture, although the DLSC and

CON0.4 groups showed a similar trend (Table 5). In comparison to

the SCFAs of the CON and DLSC groups, the SCFAs of the DLS0.4
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TABLE 2 Growth performance of growth-finishing swine reared under digital livestock system (60–110kg body weight).

Items Groups1

CON CON0.4 DLSC DLS0.4 SEM3
P-value

ADG2 , g/d 784c 807b 805b 824a 27.05 0.010

ADF, g/d 2,406a 2,229b 2,240b 2,158c 89.17 0.019

FCR 3.07a 2.76b 2.78b 2.62c 0.098 0.010

1CON (control group with a conventional livestock system without a probiotic mixture), CON0.4 (conventional livestock system with a 0.4% probiotic mixture), DLSC (digital livestock system

without a probiotic mixture), and DLS0.4 (digital livestock system with a 0.4% probiotic mixture).
2ADG: average daily weight gain, ADF: average daily feed intake, FCR: the feed conversion ratio, ADF:ADG.
3Standard error of mean values, n= 10.
a,b,c,dMean values with different superscripts are significantly different at P < 0.05.

TABLE 3 Nutrient digestibility of growth-finishing swine reared under digital livestock system.

Items Groups1

CON CON0.4 DLSC DLS0.4 SEM2
P-value

Dry matter, % 89.22c 91.37b 92.12b 93.04a 3.015 0.021

Crude protein, % 88.21c 90.79b 91.04b 92.85a 3.507 0.027

Ether extract, % 77.71d 80.16c 83.45b 87.32a 2.365 0.030

Crude ash, % 76.52b 77.56b 78.01b 80.20a 2.880 0.017

1CON (control group with a conventional livestock system without a probiotic mixture), CON0.4 (conventional livestock system with a 0.4% probiotic mixture), DLSC (digital livestock system

without a probiotic mixture), and DLS0.4 (digital livestock system with a 0.4% probiotic mixture).
2Standard error of mean values, n= 6.
a,b,c,dMean values with different superscripts are significantly different at P < 0.05.

and CON0.4 groups exhibited a significant increase in acetic acid

and propionic acid but not in butyric acid, isobutyric acid, valeric

acid, or isovaleric acid. Cecal total SCFA was significantly increased

in the order of the DLS0.4, CON0.4, and DLSC = CON groups

(P < 0.05). Acetic acid and propionic acid were significantly

increased in the order of the DLS0.4 = CON0.4, DLSC, and CON

groups (P < 0.05). Butyric acid was significantly higher in the CON

group than in the other groups (P < 0.05). Isobutyric acid was

significantly increased in the order of the CON, DLSC, and DLS0.4

= CON0.4 groups (P < 0.05). Valeric acid and isovaleric acid

were significantly higher in the CON group than in other groups

(P < 0.05).

Cecal bacteria

The digital livestock system increased Lactobacillus but

decreased E. coli counts compared to the conventional livestock

system without a probiotic mixture (Table 6). Cecal Lactobacillus

counts were significantly lower in the CON group than in other

groups (P < 0.05), but they showed no significant differences

among the DLSC, DLSC0.4, and CON0.4 groups. E. coli counts

were significantly increased in the order of the CON, DLSC,

CON0.4, and DLS0.4 groups (P < 0.05). Coliform bacteria counts

were significantly increased in the order of the CON, DLSC,

CON0.4, and DLS0.4 groups (P < 0.05), although they were not

significantly different between the CON0.4 and DLS0.4 groups.

Total aerobic bacteria counts were significantly increased in the

order of the CON, DLSC=CON0.4, andDLS0.4 groups (P< 0.05),

although they were not significantly different between the DLSC

and CON0.4 groups (P < 0.05).

Discussion

Our results revealed a new fact: the growth performance of

swine could be greatly improved by using a digital livestock system

compared to a conventional livestock system without a probiotic

mixture. Both the DLSC and CON0.4 groups showed a similar

trend. Our results also showed that the digital livestock system

can improve the growth performance of swine by improving their

welfare, reducing stress, and promoting their overall health through

the convenience provided by automatic feeding and environmental

management, which streamlines animal care. The digital livestock

system can also modulate immune markers, increase nutrient

digestibility, and balance cecal bacteria and SCFA. However, it is

important to note that butyrate SFCA was significantly reduced

in the CON0.4, DLSC, and DLS0.4 groups compared to the

CON group. This reduction may have negative implications, as

butyrate is a crucial SCFA involved inmany physiological pathways.

Similarly, IgG was significantly decreased in the CON0.4, DLSC,

and DLS0.4 groups, and it may be seen as a negative immune

response in these groups (1, 5, 17, 19). The fact that DLS0.4

improved the growth performance of swine could be considered

a combined effect of the digital livestock system and the probiotic

mixture in SCFA (1, 2, 16) (Table 2). CON0.4 and DLS0.4 groups

consumed the same level of probiotics, with DLSC and CON0.4

groups showing the same results, suggesting that swine production

could be significantly improved by the digital livestock system

with the probiotic mixture. However, few such studies have

been reported. The digestibility of dry matter, crude protein,

crude fat, and crude fiber were higher in the digital livestock

system than in the conventional livestock system without a

probiotic mixture, although the DLSC and CON0.4 groups showed
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TABLE 4 Blood biomarkers and spleen weight in growth-finishing swine reared under.

Items Groups1

CON CON0.4 DLSC DLS0.4 SEM2
P-value

IgG, µg/mL 250.1a 208.7b 211.3b 156.30c 8.330 0.027

Cortisol, µg/dL 7.21a 5.17b 6.01b 4.28c 0.242 0.010

Heterophils (H), % 127.8a 88.17c 93.78b 65.72d 0.892 0.010

Lymphocytes (L), % 27.85a 25.70b 26.03b 21.72c 3.102 0.010

H/L ratio 4.59a 3.43b 3.60b 3.02c 0.009 0.001

Spleen, % BW 0.11 0.12 0.13 0.12 0.003 0.001

1CON (control group with a conventional livestock system without a probiotic mixture), CON0.4 (conventional livestock system with a 0.4% probiotic mixture), DLSC (digital livestock system

without a probiotic mixture), and DLS0.4 (digital livestock system with a 0.4% probiotic mixture).
2Standard error of mean values, n= 10.
a,b,cMean values with different superscripts are significantly different at P < 0.05.

TABLE 5 Cecal short-chain fatty acid in growth-finishing swine reared under a digital livestock system (SCFA, µmol/g of cecal content).

Items Groups1

CON CON0.4 DLSC DLS0.4 SEM2
P-value

Acetic acid 80.10c 101.2a 98.04b 103.5a 3.160 0.010

Propionic acid 16.72c 25.17a 20.32b 26.33a 0.875 0.022

Butyric acid 27.18a 15.70b 16.33b 15.78b 0.622 0.013

Isobutyric acid 20.08a 12.41c 14.78b 13.07c 0.502 0.016

Valeric acid 7.75a 6.14b 6.20b 5.52b 0.243 0.010

Isovaleric acid 5.84a 3.06b 3.55b 2.85b 0.153 0.008

Total SCFA 157.7c 163.8b 159c 167.1a 5.366 0.035

1CON (control group with a conventional livestock system without a probiotic mixture), CON0.4 (conventional livestock system with a 0.4% probiotic mixture), DLSC (digital livestock system

without a probiotic mixture), and DLS0.4 (digital livestock system with a 0.4% probiotic mixture).
2Standard error of mean values, n= 10.
a,b,cMean values with different superscripts are significantly different at P < 0.05.

similar trends, demonstrating improved growth performance in

the DLSC group. The digital livestock system resulted in better

nutrient digestibility because animal stress was alleviated due

to an automatic environment and feeding management control

in the digital swine production system, leading to improved

nutritional and metabolic capability (1, 16) (Table 3). Animal

stresses occur due to various factors, including environmental

conditions. These stresses can degrade an animal’s nutritional and

metabolic capabilities, resulting in decreased digestibility, reduced

feed intake, and impaired growth performance (18, 27–29). This

supports the results of this study. The fact that the DLS0.4 group

showed the highest nutrient digestibility might be due to the

possible interaction between the probiotic mixture and the digital

livestock system, which ultimately contributed to the improvement

of swine production. The supply of probiotics to swine is known

to improve nutrient digestibility and increase animal growth

performance and production (22, 30, 31).

In the hematological evaluation of animal stress, leukocyte

counts (leukocyte profiles) from blood smears, that is, the H/L

ratio as an immunological marker, are important. Various stressors,

including animal environment and management, can increase

blood IgG, H/L ratio, and cortisol concentration as immune

markers, enabling it to cope with stress (27, 29, 32). Although spleen

weight was not significantly different between treatment groups,

the modulation of immune markers in the DLS0.4 group animals

could be due to the combined effect of the probiotic mixture

and digital livestock systems. This system can promote immune

function by increasing nutrient digestibility through feeding intake

stimulation and balancing cecal bacteria with the help of probiotics.

In the field of poultry farming, implementing a digital livestock

system has been shown to improve animal growth performance

and animal welfare while relieving animal stress by modulating

immune markers (1, 16). Based on this result, modulated immune

markers in the DLS0.4 group might be due to a combined effect

of the probiotic mixture and the digital livestock system, thus

improving the growth performance of the swine. The growth

performance of animals could be improved bymodulating immune

markers by DLS compared to those of the CON group, although

the spleen weight was similar between treatment groups (32, 33)

(Table 4). When animals are exposed to poor welfare conditions,

poor feeding management, and environmental stress, their blood

IgG, H/L ratio, and cortisol concentration rapidly increase as a

response. Therefore, proper maintenance of immune markers is

crucial to ensure optimal immune function (16, 22, 32). One of the

most important roles of the microorganisms found in probiotics

is to stimulate immune function in host animals. Various types
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TABLE 6 Cecal bacteria counts in growth-finishing swine reared under a digital livestock system (log cfu/g of fresh cecal content).

Items Groups1

CON CON0.4 DLSC DLS0.4 SEM2
P-value

Lactobacillus 6.71b 8.52a 8.13a 8.15a 0.260 0.010

E. coli 8.12a 6.64c 7.01b 5.07d 0.254 0.010

Coliform bacteria 7.72a 5.01c 6.32b 4.83c 0.198 0.008

Total aerobic bacteria 7.55a 6.17b 6.40b 5.08c 0.201 0.010

1CON (control group with a conventional livestock system without a probiotic mixture), CON0.4 (conventional livestock system with a 0.4% probiotic mixture), DLSC (digital livestock system

without a probiotic mixture), and DLS0.4 (digital livestock system with a 0.4% probiotic mixture).
2Standard error of mean values, n= 10.
a,b,c,dMean values with different superscripts are significantly different at P < 0.05.

of probiotics, including normal microorganisms in the digestive

tract, are known to stimulate the immune system in animals

(21, 22, 30, 34).

It was confirmed that the digital livestock system could

maintain balanced cecal SCFA profiles compared to a conventional

livestock system without a probiotic mixture, although similar

results were observed between the CON0.4 and DLS0.4 groups

(Table 5). Probiotics have been known to increase swine production

through competition with other intestinal bacteria for nutrients,

production of antibacterial substances, enhancement of immune

markers, SCFA production, and nutrient digestibility (22, 30, 31).

For this reason, it can be seen that the SCFA results between the

CON0.4 and DLS0.4 groups showed similar trends.

The obtained data indicated that cecal total short-chain fatty

acids, acetic acid, and propionic acid were increased in the DLS0.4

and CON0.4 groups compared to those in the CON and DLSC

groups, whereas butyric acid, isobutyric acid, valeric acid, and

isovaleric acid showed a higher tendency in the CON group than

in other groups, eventually stimulating immune cell development

and maintaining balanced levels of immune markers. The results

for SCFA of both probiotic mixture groups presented in Table 5

will ultimately contribute to improved swine production through

improved immune function and gut health, a reduction in stress,

and an improvement in animal welfare (1, 28, 29, 35) (Table 5).

Probiotics are known to improve growth performance and immune

function by modulating the level of SCFA in the cecum of

animals (1, 36–38). However, the combined effect of the digital

livestock system and probiotic mixture has not been reported

until now.

Our results showed that the digital livestock system could lead

to higher cecal Lactobacillus counts compared to the conventional

livestock system without a probiotic mixture because the CON0.4,

DLSC, and DLS0.4 groups displayed the same results. Lactobacillus,

a good cecal bacteria, can improve the growth performance of

animals and maintain the gut environment by balancing cecal

bacteria and promoting the stability of indigenous microbes against

animal stressors. The digital livestock system can help maintain

balanced cecal bacteria by increasing Lactobacillus and reducing

E. coli in the digestive tract of animals, thereby reducing stress

and improving the animal’s nutritional and metabolic capabilities

(1, 16) (Table 6). E. coli is known to form a colony of harmful

bacteria in intestinal villous cells, generating toxins that can trigger

a swine’s digestive tract to secrete intestinal fluids, resulting in

diarrhea (16, 21, 31). In an environment where animals are

exposed to various stressors, unexpected disorders or illnesses

will occur if the stability of the intestinal microbial ecosystem

is threatened (1, 21, 29, 31). For this reason, in this study, the

growth performance of the swine was improved with the digital

livestock system.

Conclusion

In conclusion, our study demonstrated that the use of a

digital livestock system can improve the growth performance of

swine compared to both a conventional livestock system without

a probiotic mixture and a conventional system with a probiotic

mixture. This study’s findings provide new insights into the

action mechanism through which the digital livestock system and

probiotic mixture can improve the growth performance of swine

by reducing stress, increasing nutrient digestibility, promoting a

balanced cecal bacterial community and SCFA production, and

modulating immune function. The implementation of a digital

livestock system can improve animal welfare, animal feeding, and

environmental management through automation, wireless mobile

phones, and sensing application technology that incorporates

ICT convergence. Our results also showed that the growth

performance of swine in a digital livestock system without a

probiotic mixture and a conventional livestock system with a

probiotic mixture were the same. This might be due to the

digital livestock system’s ability to increase nutrient digestibility,

modulate immune function, and balance cecal bacteria and short-

chain fatty acid profiles. Immune markers such as IgG, cortisol,

and the heterophils (H)/lymphocytes (L) were higher in the

digital livestock system than in the conventional livestock system

without a probiotic mixture, indicating that the digital livestock

system could modulate immune function in swine. Moreover,

the digital livestock system modulated the balanced cecal SCFA

profiles and bacteria counts, such as Lactobacillus and E. coli,

compared to conventional livestock systems without probiotics.

These findings suggest that the digital livestock system could play

an important role in maintaining the immune function of swine.

The study’s results provide valuable insights into the application

of a digital livestock system and probiotic mixtures in farm

animals as a climate change response strategy, especially in the

swine industry.
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