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Editorial on the Research Topic

Rumen microbiome: interacting with host genetics, dietary nutrients

metabolism, animal production, and environment

Ruminants play an essential role in global human societies due to their unique

ability to convert low-value feeds into high quality protein food (meat and milk) for

human consumption using their rumen microbiome. The rumen microbiome is the

ruminant’s second genome, which facilitates the transformation of feeds into valuable animal

products. The rumen microbiome profoundly influences dietary nutrient metabolism,

animal production, the quality of animal products, and the environment. Understanding the

complex interactions among microbial groups and with the host is essential to optimizing

rumen function to meet growing demands for animal products while minimizing the

environmental impact of ruminant production.

The aim of this Research Topic is to improve our understanding of the rumenmicrobiota

interactions and fermentation control as the key to developing interventions toward

sustainable intensification of ruminant production. The 14 publications gathered in this

Research Topic have expanded our knowledge of the role of the rumen microbiome.

Cattle and other ruminants produce large amounts of the potent greenhouse gas

methane. Enteric methane is a natural byproduct of microbial fermentation of feed in

the rumen or gastrointestinal tract, accounts for 6% of total emissions of CH4 from

anthropogenic related sources (Difford et al., 2018). The rumen microbiome, along

with the host, influences methane emissions and feed efficiency of dairy cows. The

papers by Malik et al. and O’Hara et al. reported the effects of the addition of anti-

methanogenic products on the rumen microbiomes of sheep and dairy cows, respectively.

Malik et al. reported that the addition of 5% of a tannin-containing supplements to a straw

and concentrate mixed diet resulted in significantly reduced enteric methane emissions
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from sheep without affecting intake and rumen fermentation.

The anti-methanogenic supplementation had no effect on the

core microbiome, but significantly reduced rumen protozoa

and reduced the activity of key enzymes involved in rumen

methanogenesis. O’Hara et al. evaluated the effects of three

red seaweeds on rumen prokaryotic communities in vitro. The

population of rumen methanogens collapsed almost completely

after supplementation with Asparagopsis taxiformis, and the

number of methanogens that recovered during the stabilization

phase was small. Similarly, A. taxiformis inhibited bacteria

involved in acetate and propionate synthesis and fiber degradation,

thereby reducing volatile fatty acid synthesis. This product has

the potential to decrease the negative environmental impact of

livestock production.

The composition of dietary nutrients, dietary components, and

feeding systems are important for manipulating rumen microbial

composition and fermentation. The study by Rehemujiang et al.

found that replacing soybean meal with cottonseed meal or

rapeseed meal in the diets of Hu sheep stimulated production

of propionate in the rumen, improved the efficiency of energy

utilization, and improved production performance of Hu sheep.

Zhang et al. explored the effects of two feeding methods, indoor

feeding and pasture grazing on the quality of black Tibetan sheep

meat through metabolome and microbiome analyses. The results

showed that indoor feeding of compound forage diets improved

muscle water retention capacity, tenderness, and muscle color of

black Tibetan sheep by regulating the metabolism of amino acids,

lipids and carbohydrates in muscle tissues. In addition, indoor

feeding practices positively affected the fatty acid and amino acid

composition of muscle or meat. Hua et al. studied in vitro the

effects of glucogenic and lipogenic diets on the structure of rumen

bacteria and archaea and the in vitro rumen metabolome and

gas production It was found that the lipogenic diet increased the

proportion of cellulolytic bacteria, whereas with the glycogenic

diets amylolytic bacteria were relatively more abundant. Bacteria

with increased relative abundance in the glycogen diet played a

role in the succinate pathway, resulting in higher propionate yield.

Jiang et al. showed that supplementing yaks with 0.3% mixed

isoacids increased the digestibility of neutral and acid detergent

fiber and average daily weight gain, and changed the diversity of

rumen bacteria.

New feed additives can promote rumenmicrobial fermentation

and animal productivity. Xu et al. found that adding biochanin

A (BCA), an isoflavone phytoestrogen, to the diet of dairy

goats improved milk production performance, nitrogen

metabolism and feed conversion efficiency. The authors

found that BCA supplementation increased antioxidant

performance and endocrine hormone levels, and altered

composition of rumen microbiota, improved nitrogen

metabolism by inhibiting degradation of amino acids, and

increased the abundance of cellulolytic bacteria. This finding

provides an effective nutritional means to improve the

milk production performance of dairy goats. Tondini et al.

explored how polyclonal antibodies produced against key

rumen cellulolytic bacterial strains inhibited the growth of

targeted strains in single culture. Their results show that

polyclonal antibodies could be used to inhibit the growth

of specific, undesirable rumen bacteria, and improve rumen

fermentation patterns.

The host is also a driver for rumen microbiome changes.

Wang et al. found that litter size had different effects on rumen

microbiota community composition, rumen fermentation, and

growth performance of goats. Their results show decreased growth

performance and rumen concentration of total VFA, propionate,

and butyrate, in triplet goats. Triplet goats have higher levels of

Prevotella in their rumen and lower abundance in Rikenellaceae

RC9, which can be related to growth performance of triplet goats.

Rumen development is important for young ruminants. Early

consumption of solid feed can promote rumen growth and

development in ruminants (Lin et al., 2019) and stimulate the

development of rumen microbial communities (Liu et al., 2017).

Huang et al. found that increasing the supply of milk replacer

from 2 to 4% of lamb body weight increased weight gain, but

reduced intake of starter solid feed and slowed down rumen

development. High levels of milk replacer feeding increased

rumen microbial diversity but reduced the relative abundance of

carbohydrate-degrading bacteria. The results of Liu et al. showed

that partially replacing alfalfa with oats in lamb diet promoted

the production of beneficial fatty acids in longissimus lumborum

muscle. A review by Du et al. reported the importance of using

early intervention methods for the establishment of a healthy

calf gastrointestinal microbiota. For example, oral probiotics, and

fecal and rumen transplantation of microbiota, can be effective in

alleviating calf diarrhea.

Ma et al. analyzed the differences in prokaryotic communities

in lamb rumen fed granular TMR and bacterial communities in

rumen contents and filtered rumen fluid. The results showed that

the microbial DNA yield, bacterial diversity and abundance of

fibrolytic bacteria and archaealMethanimicrococcus in lamb rumen

fluid were lower than those in mixed rumen content.

Urea is an important non-protein source of nitrogen for

ruminants. In the rumen, ureolytic bacteria play a key role in

urea nitrogen metabolism, however, the number of ureolytic

bacteria isolated from the rumen is scarce. Zhong et al. isolated a

novel ureolytic bacterium from cattle rumen and characterized its

genome and function. The isolate is a new gram-positive strain of

Enterobacter hormaechei named E. hormaechei Z129 that carries

unique genes related to feed conversion, nitrogen dissimilation

reduction, and lactose synthesis.

The present Research Topic highlights the interaction

of rumen microbes with host and nutrient metabolism and

animal production. It also provides innovative ideas for

further research in this area informing practical management

options to optimize ruminant production. The rumen

microbiome not only breaks down ruminant feed, but also

controls animal productivity and influences the quality

of the final product. Future research should explore the

molecular mechanisms by which the rumen microbiome

regulates ruminant performance, with the aim of producing

high-quality products that improve profitability and reduce

environmental impact.
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Effect of an anti-methanogenic 
supplement on enteric methane 
emission, fermentation, and whole 
rumen metagenome in sheep
Pradeep Kumar Malik 1, Shraddha Trivedi 2, 
Atul Purushottam Kolte 1*, Archit Mohapatra 1, 
Raghavendra Bhatta 1 and Habibar Rahman 2

1 ICAR-National Institute of Animal Nutrition and Physiology, Bangalore, India, 2 International 
Livestock Research Institute, New Delhi, India

A study was conducted to investigate the impact of an anti-methanogenic product 

supplementation on enteric methane emissions, whole rumen metagenome and 

ruminal fermentation in sheep. Twelve adult male sheep were randomly divided 

into two groups of six animals each. Animals were fed ad libitum on a total mixed 

ration either without (CON) or with an anti-methanogenic supplement (Harit 

Dhara-HD). The anti-methanogenic supplement contained 22.1% tannic acid 

in a 3: 1 ratio of condensed and hydrolysable tannins. The supplementation of 

product revealed a significant reduction in daily enteric methane emission (21.9 

vs. 17.2 g/d) and methane yield (23.2 vs. 18.2) without affecting the nutrient intake 

and digestibility. However, the propionate concentration in the HD treatment 

group was significantly higher than in the CON group. On the contrary, 

the ammonia nitrogen concentration was lower. The anti-methanogenic 

supplement significantly decreased the ruminal protozoa in the HD treatment 

group. Whole rumen metagenome analysis revealed that the core bacterial 

(Bacteroidetes and Firmicutes) and archaeal communities (Methanobrevibacter 

and Methanosarcina) were comparable between the CON and HD treatment 

groups. However, the supplementation of anti-methanogenic product led 

to a considerable reduction in the abundance of Proteobacteria, whereas the 

abundance of Lentisphaerae was greater. The supplementation significantly 

decreased the abundance of Methanocaldococcus, Methanococcoides, 

Methanocella, and Methanoregula methanogens. A total of 36 KO related 

to methanogenesis were identified in this study. The activities of formate 

dehydrogenase (EC 1.8.98.6) and tetrahydromethanopterin S-methyltransferase 

(EC 2.1.1.86) were significantly lowered by the anti-methanogenic product 

supplementation in sheep. In conclusion, the anti-methanogenic supplement has 

the potential to decrease enteric methane emission (~22%) at the recommended 

level (5% of DM) of supplementation. The contribution of minor methanogens 

vulnerable to supplementation to rumen methanogenesis is not known; hence, 

the culturing of these archaea should be taken on priority for determining the 

impact on overall rumen methanogenesis.
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anti-methanogenic supplement, methane, metagenome, sheep, tannin
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Introduction

Globally, livestock are responsible for 15% of anthropogenic 
greenhouse gas emissions (Gerber et  al., 2013). Methane is a 
significant greenhouse gas (Yusuf et al., 2012), and its atmospheric 
concentration with an average yearly acceleration of 10 ppb reached 
1,890 ppb (Dlugokencky, 2021). Enteric fermentation is one of the 
primary contributors to atmospheric methane. About 87 to 90 
teragrams of methane is generated annually by enteric fermentation 
(Chang et al., 2019). In addition to contributing to global warming, 
enteric methane is responsible for a substantial loss of 2%–12% of 
dietary energy (Johnson and Johnson, 1995). Each liter of enteric 
methane emission carries 39.5 kJ of the dietary energy away from the 
animal (Guan et al., 2006). Ionophores have been widely used to 
improve ruminant productivity while simultaneously reducing 
enteric methane emissions. However, their use in the diet has been 
prohibited in many countries (EU directive 1831/2003/EEC). An 
approach that leads to a significant reduction in enteric methane 
without affecting ruminal fermentation, the host animal, or residual 
excretion in products would be one of the most plausible.

Use of plant secondary metabolites containing phyto-sources 
appears to be one of the promising approaches for enteric methane 
mitigation. The anti-methanogenic property of tannins has been 
extensively studied in recent years (Puchala et al., 2005; Grainger 
et al., 2009; Tan et al., 2011; Jayanegara et al., 2015). Tannins, 
which are polyphenolic metabolites, can modulate rumen 
fermentation and mitigate enteric methane emissions (Cieslak 
et al., 2012; Hassanat and Benchaar, 2013). Based on previous 
research by our group (Bhatta et al., 2001; Malik et al., 2017a,b; 
Baruah et al., 2019; Poornachandra et al., 2019; Thirumalaisamy 
et  al., 2022a,b), we  have formulated a patent-applied (Indian 
patent application 201,941,004,992) tanniferous anti-
methanogenic supplement “Harit Dhara.” The product was 
formulated primarily using phyto-sources, furnishing the 
condensed and hydrolysable tannins in a 3:1 ratio in the final 
product. We  hypothesized that the supplementation of anti-
methanogenic product in the straw and concentrate-based diet 
when included at the appropriate level would mitigate the enteric 
methane emissions and rumen microbial composition without 
any detrimental implications on the rumen fermentation. This 
study aimed to (1) investigate the impact of variable levels of 
supplementation of anti-methanogenic product on in vitro 
methane production and optimize the most promising inclusion 
level for animal studies; and (2) to ascertain the impact of anti-
methanogenic product supplementation on enteric methane 
emissions, whole rumen metagenome and ruminal fermentation.

Materials and methods

Tannin assays

For the tannin assays, samples of anti-methanogenic 
supplement in triplicate were ground to a fine powder in a 

Cyclotec mill (Foss, Denmark). About 20 mg of sample was 
extracted in 10 ml of aqueous acetone (70%), vortexed for 5 min, 
and the supernatant (10 μl) was taken for the immediate tannin 
assay. The tannin assay and the phenol and tannin content in the 
extract were determined by the Folin–Ciocalteu method (Makkar, 
2003) using polyvinylpolypyrrolidone (PVPP). Condensed tannin 
in the samples was determined following the butanol–HCl–iron 
method (Makkar, 2003). Total phenols and tannin were expressed 
as tannic acid equivalents, whereas condensed tannin was 
leucocyanidin equivalent. The concentration of hydrolysable 
tannin in the samples was determined by the difference between 
total and condensed tannin.

Catechin derivatives

About 0.5 g of sample was weighed and placed in a 50 ml 
centrifuge tube. After that, 25 ml of diluent (70% methanol) was 
added, vortexed for 10 min, and kept in a water bath at 70°C for 
30 min. Subsequently, the solution was brought to room temperature 
and made up to a final volume of 50 ml with the diluent. The 
solution was vortexed and filtered through a 0.45 μm syringe filter 
into the autosampler vial for HPLC analysis. The individual 
constituents of the tannin were estimated on the HPLC (1,260 
Infinity II, Agilent) using a Zorbax Eclipse C18 column (4.6 × 
250 mm × 5 μm), UV detection at 270 nm, and gradient elution. 
Acetonitrile was used in the mobile phase. The standard (1,000 ppm) 
of individual tannin constituents (Sigma Aldrich, >99% purity) as 
an internal reference was injected into the HPLC-DAD.

Experiment I-in vitro

An in vitro study was initially conducted to investigate the 
impact of the anti-methanogenic supplement named “Harit 
Dhara” (HD) on methane production and to optimize the level of 
supplementation in the diet. A basal diet consisting of finger millet 
(Eleusine coracana) straw and concentrate mixture in a 1:1 ratio 
was formulated for the in vitro evaluation. The concentrate 
mixture was formulated with maize grain (320 g/kg), soybean 
meal (130 g/kg), groundnut cake (120 g/kg), wheat bran (400 g/
kg), mineral mixture (20 g/kg), and salt (10 g/kg). The anti-
methanogenic supplement was added at 2 (HD2), 5 (HD5), and 8% 
(HD8) levels of the basal diet, whereas in control (CON), there was 
no supplementation of the HD.

Chemical composition
The dry matter content of the samples was determined in 

accordance with AOAC (2012) at 100°C for 12 h, and the dried 
samples were ground using a Cyclotec mill. For determining total 
ash, the samples were initially burned in crucibles on a hot plate 
before being transferred to a muffle furnace at 550°C for 4 h 
(AOAC, 2012). Organic matter (OM) was calculated by 
subtracting the total ash from the sample’s initial dry weight and 
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expressing the result as a percentage. Crude protein (CP, N × 6.25) 
was determined using an automatic nitrogen analyzer (Gerhardt, 
Germany) in accordance with AOAC (2005). The samples’ crude 
fiber (CF) was analyzed with an automatic fiber analyzer 
(Fibretherm FT12, Gerhardt, Germany) in accordance with 
AOAC (2005), whereas the fiber fractions were determined 
according to Van Soest et al. (1991). As per AOAC (2005), the 
ether extract (EE) was determined using Soxtherm (Gerhardt, 
Germany).

Total gas and methane
Two adult male fistulated Holstein-Friesian cattle (BW ± SE, 

500 ± 15 kg) were used as donors for the ruminal fluid, which was 
then used as a source of microbial inoculum. The cattle were fed 
on finger millet straw and concentrate-based diet (1:1). About 
200 mg sample was quantitatively transferred to a 100-ml glass 
syringe (Haeberle, Germany). The buffer medium consisted of 
macro and micro mineral solutions, buffer, and resazurin was 
prepared on the previous day of incubation and preserved in a 
water bath at 39°C with intermittent flushing of carbon dioxide 
and stirring. Both the solid and liquid fractions (1:2) were ensured 
while collecting the rumen fluid on the day of incubation The 
solid and liquid fractions were brought to the laboratory in a 
thermos flask at 39°C within the 10 min of collection. The rumen 
content was squeezed through double layers of muslin cloth into 
a prewarmed thermos flask while slowly flushing the carbon 
dioxide. About 30 ml of premixed buffer medium consisting of 
rumen fluid and medium in a 1:2 ratio was dispensed using an 
automatic dispenser (Eppendorf Varispenser, 50 ml) into the glass 
syringe through the silicon tube fitted to the nozzle. For each 
sample, three replicates were taken and the incubation was 
repeated three times. Thus, a total of nine observations for each 
sample/treatment were recorded. The incubation was performed 
in a Hohenheim type water bath at 39°C for 24 h with periodical 
automatic shaking. In each incubation, three glass syringes 
containing buffer medium and rumen fluid without feed sample 
and three Hohenheim hay standard were placed as blanks and 
positive controls, respectively. After 24 h, the incubation was 
terminated and the final piston position was recorded. The 
syringes were placed on the ice in a big plastic tumbler and the gas 
was transferred to 10 ml pre-evacuated glass vials with the help of 
airtight gas syringes. The volume of gas produced was calculated 
by considering the initial and final piston position as well as the 
blanks. The gas samples collected in glass vials were presented to 
the gas chromatograph (Agilent 7890B) using airtight Haeberle 
glass syringes. The analysis of methane using gas chromatograph 
was performed by uphold the conditions described previously by 
Malik et al. (2017a, 2019). The dry matter digestibility (DMD), as 
described by Menke et al. (1979), was used to determine the effect 
of graded supplementation of HD on the diet fermentation.

Statistical analysis
Data from the in vitro study was examined for gaussian 

normal distribution using the D’Agostino-Pearson normality test 

at the 0.05 alpha level in GraphPad Prism version 9 (GraphPad 
Software, San Diego, United States). Total gas, methane, and dry 
matter digestibility data were analyzed in SPSS version 21.0 (IBM® 
SPSS, USA) using one-way analysis of variance (ANOVA) with 
the model.

 
Y Aij i ij= + +µ ε

Yij represents an individual observation, represents the mean 
of the population, Ai represents the effect of the treatment, and ij 
indicates experimental error. Using Tukey’s post-hoc procedure, 
the difference between the means was examined and deemed 
significant at p ≤ 0.05.

The linear effect of the variable doses of anti-methanogenic 
supplement Harit Dhara on in vitro total gas, methane, and dry 
matter digestibility was determined using the orthogonal 
polynomial contrast coefficient in SPSS version 21.0.

Experiment II-animal study

Animal feeding and management
After obtaining prior approval (NIANP/IAEC/1/2019) from 

the Institute Animal Ethics Committee (IAEC), a study in sheep 
was conducted in strict accordance with the IAEC’s procedures for 
animal care and sample collection. Twelve adult male Mandya 
sheep (BW ± SD, 30.7 ± 2.05) were randomly divided into two 
groups of six animals each. Animals were fed ad libitum a total 
mixed ration (TMR) of finger millet straw and concentrate 
mixture in equal proportions, either without (CON) or with the 
anti-methanogenic supplement Harit Dhara (HD treatment). 
Based on the in vitro studies, the level of HD supplementation (5% 
of DMI) was fixed for the sheep feeding. The sheep were housed 
in a well-ventilated, concrete shed with individual feeding and 
watering facilities. Before the commencement of the experiment, 
the animals were dewormed with an anthelminthic (Fenbendazole 
@5 mg/kg BW). Animals had access to clean drinking water 
throughout the day.

Daily methane emission and nutrient 
digestibility

Following a preliminary feeding of sheep on CON and HD 
treatment diets for 30 days, the daily enteric methane measurement 
was performed using sulfur hexafluoride (SF6) tracer technique 
(Berndt et al., 2014). The brass permeation tubes, which served as 
the source of SF6 gas in the rumen during methane measurement, 
were charged with 780 ± 52.2 mg pure gas. The charged tubes were 
calibrated for 70 days at 39°C and the SF6 release rate was recorded. 
Ten days prior to the methane measurement, the calibrated tubes 
were inserted into the sheep rumen. Throughout the duration of 
the methane measurement (7 days), a PVC canister to collect 
background gas samples was hung daily on the iron wire mesh 
fixed to the cement wall on the east side of the shed. The male and 
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female connectors (Swagelok), capillary tube (Supelco, ID 1/16), 
teflon tube, and air filter were assembled into the halter and 
connected to the PVC canister as described by Williams et al. 
(2014). Individual vacuumed PVC canisters (>90–95 kPa) were 
tied to each sheep for 24 h to collect breath samples. The timings 
for the tying and removal of canisters were maintained throughout 
the duration. After 24 h, the canister was removed from the sheep 
and the final pressure was measured with a digital pressure meter 
(Leo 2, Keller). The breath and background samples in the 
canisters were diluted by two to three times with high-purity N2 
gas, and the dilution pressure was measured to estimate the 
dilution factor. Using an airtight glass syringe (Hamilton, 1 ml), 
successive subsamples were collected from canisters containing 
diluted breath samples. The samples were then analyzed using a 
gas chromatograph. For the analysis of methane and SF6, a gas 
chromatograph (GC 2010 plus, Shimadzu, Japan) equipped with 
flame ionization and electron capture detectors was used under 
the same circumstances as previous studies (Malik et al., 2021; 
Thirumalaisamy et al., 2022b).

Methane (ppm) and SF6 (ppt) concentrations were calculated 
using the canister pressures at the beginning, end, and after N2 
dilution (Lassey et al., 2014). The local elevation and atmospheric 
pressure at the study site (Thirumalaisamy et al., 2022b) were also 
taken into consideration while calculating the gas concentration.

 
G GS

f

e s
A[ ] = −

−
×[ ]90 τ

τ τ

GS was the concentration of methane (ppm) or SF6 (ppt), 𝜏f (kPa) 
was the final pressure after N2 dilution, 𝜏s (kPa) was the post sampling 
pressure, 𝜏e was the initial canister pressure, and GA was the 
concentration of methane (ppm) or SF6 (ppt) in the diluted samples.

Daily enteric methane emissions were calculated as per 
(Moate et al., 2014).

 
R R

CH CH
SF SF

MW
MWCH SF

M BG

M BG

CH
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4 6

4 4

6 6

4

6

1000=
[ ] − [ ]
[ ] − [ ]
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RCH4 was CH4 emission (g/d), RSF6 was the SF6 release rate from 
permeation tubes (mg/d), [CH4]M-[CH4]BG was the methane 
concentration in the samples and background, [SF6]M-[SF6]BG was 
the SF6 concentration in the samples and background, and MWCH4 
and MWSF6 represented the molecular mass of the respective gases.

After 30 days of feeding, a seven-day digestibility trial was 
conducted concurrently with daily methane measurements. The 
daily total mixed ration (TMR) offered, feed refusals, and fecal 
output of each individual sheep in the CON and HD treatment 
groups were recorded. Representative samples of TMR and feed 
refusals were obtained and dried at 80°C for 24 h. The DMI (g/d) 
was determined by subtracting the daily feed refusals from the 
feed offered. Before drawing a representative sample, the total 
amount of feces voided by each sheep over a period of 24 h was 

transferred to a large plastic container and thoroughly mixed. One 
aliquot (1/100th) was taken from the mixed feces for dry matter 
estimation in a hot air oven at 100°C, while another aliquot 
(1/1000th) was preserved in 25% sulfuric acid. The chemical 
constituents in the dried feed, refusals, and feces samples were 
analyzed using the procedure outlined in the section on chemical 
analysis. The digestibility coefficient of nutrients was calculated 
using the following equation.

 

 
Digestibilitycoefficient

−
=

Nutrient intake Excretionof nutrient
Intakeof nutrient

Ruminal fluid collection
Rumen fluid samples were collected at the completion of the 

methane measurement study (38th day of feeding). The samples 
were collected 3 h post-feeding from the individual sheep with the 
help of 1 m perforated nylon stomach tube connected to an 
airtight collection vessel and handheld vacuum pump (Malik 
et  al., 2015; Thirumalaisamy et  al., 2022a,b). To avoid saliva 
contamination, the first 30 ml of ruminal fluid was discarded, and 
then 45 ml of rumen fluid was collected and strained through a 
single layer of muslin cloth for the separation of liquid and solid 
digesta fractions. The strained rumen fluid was separated into 
three 15 ml subsets for the isolation of gDNA, ammonia-VFA 
analysis, and protozoa enumeration. Immediately prior to being 
transported to the lab, tubes holding the ruminal fluid for gDNA 
and ammonia-VFA were placed on ice, while ruminal fluid subsets 
for the protozoal count were transported to the laboratory without 
being placed on ice. The solid digesta fraction retained in the 
muslin cloth was squeezed and washed with the buffer consisting 
of 50 mM tris–HCl, 200 mM NaCl, 5 mM sodium EDTA, and 
0.05% triton and re-suspended in the liquid fraction preserved for 
the genomic DNA isolation.

Rumen fermentation
The samples of ruminal fluid were centrifuged at 13,400 rpm 

for 15 min, and the supernatant was separated into two equal 
portions. In one portion, 25% metaphosphoric acid was added 
in a 4:1 (v/v) ratio and stored at-80°C until the VFA analysis. The 
samples were thawed at room temperature and the VFA 
concentration was estimated in accordance with Filípek and 
Dvořák (2009) using a gas chromatograph (Agilent 7890B, Santa 
Clara, United  States). During the analysis, the following GC 
conditions were upheld (Malik et  al., 2021; Thirumalaisamy 
et al., 2022b): temperature program: 59°C–250°C (20°C/min, 
10 min), injector temperature: 230°C, and detector 
temperature: 280°C.

Individual volatile fatty acids concentration was determined 
using the following equation:

 
( )

   
.  .

   
=

Peak area of sample x
Conc of standard x dilutionVFA con mmol

Peak area of standard

11

https://doi.org/10.3389/fmicb.2022.1048288
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Malik et al. 10.3389/fmicb.2022.1048288

Frontiers in Microbiology 05 frontiersin.org

The concentration of ammonia in the second subset of 
ruminal fluid samples was determined as per Conway (1957). In 
brief, 1 ml of a boric acid indicator was pipetted into the inner 
chamber of the disk, while an equivalent volume of saturated 
sodium carbonate was pipetted into the outer chamber. 
Approximately 1 ml of ruminal fluid was pipetted directly just 
outside of the sodium carbonate in the outer chamber. The disk 
was covered with the lid and left undisturbed at room temperature 
for 2 h before being titrated with 0.01 N sulfuric acid. Ammonia-N 
concentration was determined with the following formula:

 ( ) 2 4Ammonia N mg / dl ml of 0.001N x14− = H SO

Protozoal enumeration
The protozoa in the rumen fluid (third sub-set) transported 

without putting on the ice were enumerated on the same day 
following the methodology described by Kamra and Agarwal 
(2003). Ruminal protozoa enumeration and morphological 
identification were carried out under a phase-contrast microscope 
(Nikon Eclipse, Japan) at a 10x objective. Based on the morphology 
and cilia, the protozoa were categorized into Entodiniomorphs and 
Holotrichs in accordance with Hungate (1966). The numbers of 
protozoa in the rumen fluid from the individual sheep in CON and 
HD treatment groups were calculated using the following equation:

 
N

n A D

a v
=

× ×
×

Where, N was number of protozoa (cells) per ml of rumen 
fluid, n was the average cell count per microscopic field, A was the 
area of the slide on which the diluted rumen fluid sample was 
spread, D was the dilution, a was the area of the microscopic field, 
and v was the volume of rumen fluid in the cavity. The protozoal 
numbers were expressed as ×105 or ×104 cells/ml.

Blood biochemical profile
At the end of the methane measurement trial (38th day), the 

blood samples (5 ml) were collected from the jugular vein in 
heparinized tubes. Total protein, albumin, globulin, minerals (Ca, 
P, Mg) and enzymes (alkaline phosphatase, alanine 
aminotransferase, glutamyl transferase, and creatine kinase) were 
analyzed in an automatic blood analyzer (VetScan 2, Abaxis, 
Germany) following the manufacturer’s instructions.

Statistical analysis
Data from the animal traits was examined for gaussian normal 

distribution using the D’Agostino-Pearson normality test at the 
0.05 alpha level in GraphPad Prism version 9 (GraphPad Software, 
San Diego, CA, United  States). Data on the intake, nutrient 
digestibility, daily enteric methane emissions, fermentation, and 
protozoal counts between the CON and HD treatment groups 
were analyzed using the independent sample t test in SPSS version 

21.0 (IBM® SPSS, United States). The Leven’s test was used to 
determine the significance of the comparison of the group means 
at a confidence level of 95%. The principal component analysis 
(PCA) biplot was constructed by considering methane as a 
dependent variable and regressing the VFA, protozoa and organic 
matter intake data for the weightage of the individual parameter 
on the dependent variable.

DNA isolation

In order to allow feed particles to settle, the ruminal fluid 
samples were initially spun at 1,000 rpm for 5 min. The supernatant 
was transferred to a new tube and kept at-80°C until the gDNA 
was isolated. The samples were initially centrifuged at 13,400 rpm 
for 10 min at 4°C, and the dense pellet was retained while the 
supernatant was discarded. The pellet was dissolved using 1 ml of 
lysis buffer by gentle pipetting. The contents were transferred to a 
2 ml sterile screw cap tube with an O-ring (BioSpec, United States) 
containing pre-sterilized zirconia beads weighing 0.5 g (0.1 mm; 
BioSpec, United States). The RBB + C technique (Yu and Morrison, 
2004) was used to isolate gDNA from samples of ruminal fluid. 
The quality of the gDNA was determined using 0.8% agarose gel 
electrophoresis, and the concentration was determined using a 
Qubit 4.0 (ThermoFisher Scientific, Waltham, United States).

Total methanogens quantification

The relative abundance of total methanogen in the CON and 
HD treatment group was determined by qPCR (Thermo Fisher 
Scientific, United States) using SsoFastTM Eva Green® Supermix 
(Bio-Rad Laboratories Inc., CA, United States). The mcrA forward 
(TTC GGTGGATCDCARAGRGC3) and reverse (GBARGTC 
GWAWCCGTAGAATCC) described (Denman et al., 2007) were 
used for the amplification of total methanogens. In brief, 1 ng of 
total genomic DNA, 0.25 mM of each forward and reverse primer, 
and 1X Eva Green Supermix were mixed in a reaction volume of 
10 ml. The qPCR conditions were upheld as described previously 
(Thirumalaisamy et  al., 2022a). The relative changes in the 
abundance of total methanogens were determined by the 2−ΔΔCT 
method. Total methanogens quantification between CON and HD 
treatment group were compared using t-test.

WGS library preparation and paired end 
sequencing

All gDNA samples were sent to an external sequencing facility 
(Clevergene Biocorp, Bangalore, India) for Illumina NextSeq500 
metagenome sequencing. To generate an average fragment of 350 bp, 
DNA shearing was performed using a Covaris M220 (Covaris®) 
with the following settings: duty factor 20%, peak/display power of 
50, cycle/burst 200, temperature 20°C, and time 65 s. End Repair 
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Mix was used to perform end repair on the produced fragments. 
According to the manufacturer’s instructions, the ligated products 
were size-selected using AMPure XP beads and amplified using the 
index primers (Illumina True Seq Nano DNA Library Prep Kit). 
Following the ligation of indexing adaptors to the ends of DNA 
fragments, PCR-enriched libraries were analyzed on a 4,200 Tape 
Station System (Agilent Technologies). The libraries were loaded 
onto NextSeq500 for cluster generation and sequencing, and 150 bp 
paired-end reads (2 × 150 bp) were obtained.

Structural and functional annotation of 
rumen metagenome

The MG-RAST Metagenomics Analysis server was used to 
annotate individual datasets under the project id PRJNA885963. 
The conventional MG-RAST pipeline was used to perform the 
quality control and merge of the paired-end reads. The low-quality 
sequence reads were iterated based on a Phred quality score of 15. 
The artificially replicated reads were eliminated and the sequences 
were checked for host contamination using the B. taurus UMD 
v3.0 database. BLAT (Kent, 2002) and the M5nr database (Wilke 
et  al., 2012) were used to taxonomically classify the reads. A 
minimum E-value cut-off of 1 × 10−5 was used, while the minimum 
percentage identity cut-off was set at 60%. The reads were labeled 
as “unclassified” if they did not meet the aforementioned criterion 
at the selected taxonomic level. Sequences that could not 
be attributed to a taxonomic unit were labeled “No Hits.” The 
FragGeneScan method (Rho et al., 2010) was used to name genes 
from the metagenomic profile generated by MG-RAST (Wilke 
et  al., 2013), and UCLUST was used to cluster the predicted 
protein sequences (Edgar, 2010). The longest sequence from each 
cluster was chosen as the representative sequence for matching 
with the M5nr reference database (Wilke et al., 2012). The analysis 
page of MG-RAST was used to export the annotated results and 
taxonomic affiliations of bacteria and archaea obtained from the 
RefSeq database. Thereafter, the abundance tables of taxonomic 
assignments for the bacteria and archaea were uploaded separately 
into MicrobiomeAnalyst (Chong et  al., 2020) for statistical 
computation and visualization of the metagenome data.

Differential abundance estimation and 
statistical analysis

The initial filtering of the metagenome data in 
MicrobiomeAnalyst was performed using the following cut-off 
values: minimum abundance counts of 4, prevalence in samples of 
20%, and a low variance filter of 10%. The data was normalized using 
rarefication to the minimum library size, and the abundance and 
evenness of the microbiome composition were evaluated using 
Shannon’s diversity index. Principal coordinate analysis (PCoA) was 
used to depict the beta diversity based on Bray–Curtis dissimilarity 
matrices, and Permutational Analysis of Variance (PERMANOVA) 

was used to calculate the statistical difference. In addition, based on 
the Bray–Curtis dissimilarity matrices, and Permutational Analysis 
of Variance (PERMANOVA) in the MicrobiomeAnalyst, the 
coefficient of determination (R2) was determine for estimating the 
proportion of variance. The taxonomic profiles of bacteria and 
archaea between CON and HD treatment groups at the phylum and 
genus level were compared using t test. The differential abundance 
of taxonomical assignment at the genus level was estimated using 
DeSeq2 (Love et al., 2014) on the raw counts. The fold changes and 
the corresponding p values of the bacterial and archaeal differential 
abundance were depicted in the volcano plot.

De-novo assembly and annotation

The whole metagenome data set was assembled using Megahit 
(version 1.2.9) on the KBase portal (Arkin et al., 2018). The contigs 
were used for predicting prokaryotic genes and translated into 
amino acids using Find prokaryotic genes (version 2.2) and 
translated to protein module (version 21.0.2) with translation 
table  11 containing bacterial, archaeal, and plant plastids, 
respectively, in the CLC Genomics workbench (version 21.0). The 
amino acid sequences in the FASTA file were matched to C_Genus_
Prokaryotes in Ghost Koala (Kanehisa et al., 2016) and summarized 
in R (version 4.0.2). The KOs identified in the CON and HD 
treatment groups were mapped using the KEGG reconstruct 
pathway tool and visualized the methane metabolism pathway. 
Further, the KO table was filtered based on the total minimum count 
of 10 in at least one of the groups, and the differential abundance of 
the KOs was estimated using DESeq2. The KOs related to the 
methanogenesis pathways were filtered from the DESeq output.

Results

Tannin-catechin derivatives

Tannin analysis revealed that the formulated product contains 
22.1% tannic acid (Cyanidin equivalent). The anti-methanogenic 
supplement primarily contains condensed tannins (75%), while 
hydrolysable tannin accounts for 25% of the total tannic acid in 
the supplement. The condensed to hydrolyzable tannins ratio was 
3.12:1 (Table 1). HPLC analysis of catechin derivatives revealed 
that epigallocatechin (8.23%) was most abundant, followed by 
epicatechin (0.61%) and gallic acid (0.55%). Other derivatives, 
such as ellagic acid, catechin and epicatechin, and gallate, 
accounted for less than 0.2% of the derivatives (Table 1).

In vitro total gas and methane 
production

The chemical composition of the basal diet and anti-
methanogenic supplement is presented in Supplementary Table 1. 
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The results of the in vitro experiments (Table  2) revealed a 
significant decrease in total gas (TG) production at the highest 
level (HD8) of anti-methanogenic agent supplementation. In a 
similar manner, the dry matter digestibility (DMD) decreased 
(p < 0.0001) when an anti-methanogenic agent was added at a level 
of 8%. Data on methane production revealed a significant decrease 
(p < 0.001) across all three levels (HD2, HD5, and HD8) of anti-
methanogenic supplementation compared to the control 
(p < 0.001). The difference in methane production between the HD 
treatments was also significant (p = 0.008). The addition of anti-
methanogenic product at varying concentrations reduced 
(p < 0.0001) the proportion of methane in total gas (Table  2). 
Overall, there was a tendency of linear reduction in the total gas, 
methane, DMD and methane as percent of total gas due to the 
variable doses of the anti-methanogenic supplement.

Methane emission and nutrient 
digestibility

The chemical composition of the basal diet is presented in 
Supplementary Table 2. Daily enteric methane measurement (g/d) 
in sheep revealed a significant reduction (p = 0.0002) in the anti-
methanogenic supplemental group (17.2 g/d) compared to the 
CON group (21.9 g/d). Similarly, the anti-methanogenic agent in 
the HD treatment group also decreased (p = 0.0008) methane yield 
(g/kg DMI) as compared to the CON group. The nutrient intake 
and digestibility data (Table 3) did not reveal any negative effects 
of the anti-methanogenic supplement on the intake or nutrient 
digestibility in sheep.

Rumen fermentation and protozoa

Similar to nutrient intake and digestibility, total VFA 
production (mM) did not differ between the CON and HD 
treatment groups (p = 0.062). In addition, the production of 
specific VFAs also did not differ between the CON and HD 
treatment groups. However, the propionate production (mM) in 
the HD treatment group was higher (p = 0.007) than in the CON 
group. The amount of ammonia nitrogen (mg/dL) was higher in 
the HD treatment group (p = 0.026) than in the control group 
(CON). Due to the addition of an anti-methanogenic agent, the 
number of protozoa were significantly reduced in the HD 
treatment group (Table 4). The inclusion of the anti-methanogenic 
supplement (HD treatment group) led to a significant reduction 
in the total number of Entodinimorphs and Holotrichs protozoa.

The PCA biplot (Figure 1) plotted considering methane yield 
as the main attribute revealed that the PC1 had relatively more 
influence (46.51%) than the PC2 (19.92%). Entodinimorphs and 

TABLE 1 Tannin assay and catechin derivatives in anti-methanogenic 
supplement.

Tannin assay (%)

Phenol Non-tannin 

phenol

Tannic 

acid

CT HT CT: HT

23.06 0.96 22.09 16.73 5.36 3.12:1

Catechin derivatives (%)

Catechin Epicatechin Gallic 

acid

Ellagic 

acid

Epigallocatechin Epicatechin 

gallate

0.13 0.61 0.55 0.17 8.23 <0.01

TABLE 2 Effect of anti-methanogenic supplement on in vitro gas production and DMD.

Attributes CON HD2 HD5 HD8 SEM P Linear, P

Total gas (ml/g) 236b 234b 229b 215a 2.06 <0.0001 <0.0001

Methane (ml/g) 42.0c 35.2b 33.8b 29.1a 1.15 <0.0001 <0.0001

Methane (% of TG) 18.3c 16.2b 15.7ab 14.7a 0.321 <0.0001 <0.0001

DMD (%) 63.8b 62.9b 62.3b 60.7a 0.274 <0.0001 <0.0001

Methane reduction* (ml/g) - 15.9a 19.3a 30.6b 2.26 0.008 <0.0001

CON, basal diet + 0 Harit Dhara; HD2, basal diet + 2% Harit Dhara; HD5, basal diet + 5% Harit Dhara; HD8, basal diet + 8% Harit Dhara. DMD, dry matter digestibility; dDM, digestible 
dry matter; TG, total gas. Mean values bearing different superscripts in a row differ significantly at 5% level. *Reduction is in percent.

TABLE 3 Effect of Harit Dhara supplementation on nutrient intake, 
digestibility, and methane emissions in sheep.

Attribute CON HD SEM P

Body weight (kg) 30.8 30.7 0.593 0.894

Intake (g/d)

Dry matter 943 941 1.82 0.551

Organic matter 868 877 5.43 0.452

Crude protein 116 117 0.69 0.501

Neutral detergent fiber 385 389 2.40 0.471

Acid detergent fiber 294 297 1.80 0.458

Dig. nutrient intake

Dry matter 595 611 13.9 0.570

Organic matter 560 575 12.9 0.596

Crude protein 77.8 79.6 1.59 0.591

Neutral detergent fiber 155 166 8.84 0.571

Acid detergent fiber 111 119 7.03 0.586

Methane emissions

Daily methane (g/d) 21.9 17.2 1.17 0.0002

Methane yield (g/kg DMI) 23.2 18.2 0.489 0.0008

CON, control group (no Harit Dhara supplementation); HD, treatment group (Harit 
Dhara supplementation @ 5% basal diet); DMI, dry matter intake; DDMI, digestible dry 
matter intake; DCP, digestible crude protein intake; DADF, digestible acid detergent 
fiber; DNDF, digestible neutral detergent fiber; CH4, methane; SEM, standard error of 
mean. Mean values bearing different superscripts in a row differ significantly at 5% level.
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Holotrichs’ protozoa had a significant impact on methane 
production. The close angle of Entodinimorphs on PC loadings 
revealed that they were closely correlated with methane 
production as compared to the Holotrichs. The propionic acid had 
more influence on the PC1, whereas acetate had an impact on PC2 
and was found to be positively correlated with the methane yield.

Blood biochemical profile

Blood analysis revealed comparable enzymatic activity, 
mineral content, and protein (albumin, globulin, total protein, and 
blood urea nitrogen) between the CON and HD treatment groups 
(Supplementary Table  3). Results indicated that the anti-
methanogenic supplement did not alter the blood 
biochemical profile.

Total methanogens

Results from the study revealed a significant (p = 0.016) 
reduction (−1.46 log fold change) in the total rumen methanogens 
quantified by qPCR in the HD treatment group as compared to 
CON (Supplementary Figure 1).

Rumen whole metagenome

A total of 182,783,020 reads and 18,278,302 ± 583,571 
sequences per sample were generated by metagenomic shotgun 
sequencing of ruminal fluid samples from sheep in CON and HD 
treatment groups. Each sample yielded an average of 5.85 GB of 
paired-end read data (range 31.9–44.8 million). A total of 84.69% 
of the submitted sequences passed the MG-RAST pipeline’s 
quality control. For taxonomic analysis, each sample’s reads 
mapped to the RefSeq database were rarefied to 15,452,419 for 
bacteria and 178,972 for archaea.

The shotgun dataset contains 28 bacterial phyla, 110 orders, 
and 571 genera. Bacteroidetes (57.9%), Firmicutes (26.1%), 
Proteobacteria (6.21%), Actinobacteria (2.31%) and Fibrobacteres 
(2.23%) were the most abundant bacterial phyla, aggregately 
constituting ~95% of the ruminal bacteria in sheep. The Bacterial 
phyla dataset revealed similar Bacteroidetes (p = 0.726), Firmicutes 
(p = 0.170), Fibrobacteres (p = 0.314) and Actinobacteria (p = 0.181) 
abundance between CON and HD treatment groups 
(Supplementary File 1). However, the supplementation of anti-
methanogenic agent in the HD treatment group led to a reduction 
(p = 0.013) in the abundance of Proteobacteria. Similarly, the 
abundance of Tenericutes (p = 0.010) and Elucimicrobia (p = 0.019) 
was also adversely affected by the supplement. On the contrary, 
the abundance of Lentisphaerae in the HD treatment (0.67%) was 
greater (p = 0.032) than the CON group (0.47%, Figure 2A). The 
average Firmicutes to Bacteroidetes ratio was comparable between 
the groups. At the order level, Bacteroidales and Clostridiales, with 
a corresponding average abundance of 53.5 and 18.8%, were two 
prominent orders of the bacteria. The abundances of Bacteroidales 
(p = 0.689) and Clostridiales (p = 0.086) between the CON and HD 
treatment groups were not significantly different (Figure  2B). 
However, the minor bacterial orders such as Cytophagales 
(p = 0.027), Sphingobacteriales (p = 0.032), Alteromonadales 
(p = 0.030) and Enterobacteriales (p = 0.037) were differentially 
distributed between the CON and HD treatment groups. In the 
present study, Prevotella (35.1%), others (26.2%), and Bacteroides 
(14.9%) were three prominent bacterial genera (Figure 2C).

On the other hand, 4 phyla, 17 orders, and 54 genera of archaea 
were identified in the present study in sheep. The Euryarchaeota was 
the most abundant phylum, accounting for 98.4% of the total 
archaea, while the Crenarchaeaota accounted for 1.30% of the total 
archaea (Figure 3A). The archaea assigned to the Korarchaeaota and 
Thaumarchaeota were also identified; however, at an extremely low 
frequency (0.2%). Methanobacteriales (73.9%) and Methanosarcinales 
(7.10%) were the two most abundant archaeal orders, but their 

TABLE 4 Effect of anti-methanogenic supplement on rumen 
fermentation and protozoa in sheep.

Attributes CON HD SEM P

TVFA (mmol) 67.9 75.9 2.18 0.062

Ammonia N (mg/dl) 10.8 9.57 0.304 0.026

VFA (mmol)

  Acetate 47.8 51.2 1.52 0.285

  Propionate 10.9 13.0 0.432 0.007

  Butyrate 7.07 9.07 0.526 0.051

  Isobutyrate 0.69 0.80 0.046 0.227

  Valerate 0.51 0.61 0.033 0.124

  Isovalerate 0.88 1.24 0.102 0.068

A/P 4.19 4.24 0.115 0.835

Protozoa

Total (× 105 cells/ml) 5.71 0.79 0.811 <0.0001

Entodiniomorphs (× 105 cells/ml) 5.52 0.79 0.788 <0.0001

Holotrichs (× 104 cells/ml) 1.98 nd 0.389 0.004

CON, control group (no Harit Dhara supplementation); HD, treatment group (Harit 
Dhara supplementation @ 5% basal diet); SEM, standard error of mean. Mean values 
bearing different superscripts in a row differ significantly at 5% level.

FIGURE 1

PCA biplot of CON and HD treatment group samples. The 
samples (points) were distinguished by VFA, protozoa, and 
organic matter intake (arrows labeled). The first principal 
component is dominated by VFA, whereas the second principal 
component is dominated by organic matter intake.
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distribution did not vary between the groups (Figure  3B). The 
Methanococcales and Methanomicrobiales were another two 
important archaeal orders, each of which was distributed with an 
individual frequency of ~5% (Supplementary File 1). The abundance 
of minor archaeal orders such as Desulforococcales (p = 0.029), 
Sulfolobales (p = 0.043), and Methanocellales (p = 0.043) differed 
significantly between the CON and HD treatment groups.

The Methanobrevibacter genus, with a similar distribution 
(p = 0.07) between the two groups, constituted the largest fraction 
(avg. 61.5%) of the total archaea in sheep (Figure 3C). Similarly, the 
abundance of Methanosarcina, with a mean distribution of 5.19%, 
was not significantly different between groups (p = 0.065). The anti-
methanogenic supplementation in the HD treatment group 
significantly decreased the abundances of Methanocaldococcus 
(p = 0.011), Methanococcoides (p = 0.042), Methanocella (p = 0.043), 
and Methanoregula (p = 0.040). In contrast, the abundance of the 
second largest genus, Methanothermobacter, was significantly greater 
in the HD treatment group (p = 0.029).

Volcano plot revealed that the abundances of six (Candidatus 
Reigiella, Elusimicrobium, Tolumonas, Moritella, Aeromonas, and 
unclassified Vibrionales) among the 571 identified genera were 
decreased by >2-fold in the HD treatment group (Figure  4). 
However, no genus was found to be  upregulated in the HD 
treatment group. The volcano plot revealed a two-fold 

downregulation in Methanohalobium and Aciduliprofoundum 
archaeal genera.

Alpha and beta diversity

The diversity and richness of bacterial communities in the 
CON and HD treatment groups, as measured by the Shannon 
index (Figure  5A), were not significantly different (p = 0.42). 
Similarly, there was no difference in the diversity and richness of 
archaeal communities between the two groups (p = 0.15). The 
Bray–Curtis dissimilarity visualized using PCoA plots revealed 
comparable bacterial community composition between the two 
groups (p = 0.099, Figure 5B). Similar patterns were observed in 
the archaeal community structure between the CON and HD 
treatment groups (Figures  5C,D; p = 0.096). The coefficient of 
determination (R2) was non-significant between the CON and HD 
treatment groups for bacteria (r = 0.22) and archaea (r = 0.30).

KEGG analysis

KEGG analysis revealed that all three methanogenesis 
pathways (hydrogenotrophic, methylotrophic, and aceticlastic) 

A B

C

FIGURE 2

Bacterial profiles at different phylogenetic levels observed in the CON and HD treatment groups. The relative abundances of bacterial taxa at the 
phylum (A), order (B), and genus (C) levels are represented by bar plots. The category “Others” represents taxa with a relative abundance of <1%. 
Asterisks denote taxa that significantly differ in abundance between the CON and the HD treatment groups.
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A C

B

FIGURE 3

Archaeal profiles at different phylogenetic levels. Bar graphs illustrate the relative abundances of archaeal taxa at the phylum (A), order (B), and 
genus (C) levels. In the plots, the category “Others” represents taxa with relative abundances of <1%. Asterisks denote taxa that differ in abundance 
between the CON and the HD treatment groups.

were active in both CON and HD treatment groups (Figure 6). A 
total of 36 KO related to methanogenesis were identified in this 
study (Supplementary File 1). The EC 1.8.98.6 (formate 
dehydrogenase) assigned to a total of 6 KO was less abundant in 
the HD treatment group. Out of six KO, the abundance of K22516 
(p = 0.029) and K00125 (p = 0.044), representing alpha and beta 
units respectively, were significantly lower in the anti-
methanogenic supplemented group. However, the abundance of 
K03388, K03389, K03390, and K14127 was not different between 
the groups. The KEGG enzyme 2.1.1.86 (tetrahydromethanopterin 
S-methyltransferase), composed of eight different subunits, was 
also significantly different between the two groups. More 
specifically, the abundance of K00581 (subunit E, p = 0.027) and 
K00584 (subunit H, p = 0.037) was lower in the HD treatment 
group. The KEGG analysis did not find any difference in the 
number of other subunits (A-D, F-G).

K00125 (p = 0.044) and K22516 (p = 0.029) assigned to the 
KEGG enzyme 1.17.98.3 (formate dehydrogenase) were 
significantly lower in the HD treatment group. Results from the 
study indicated that K22516 and K00125 were assigned to two 
KEGG enzymes, EC1.8.98.6 and EC 1.17.98.3. On the contrary, 
the supplementation of anti-methanogenic product in the HD 
treatment group increased the abundance of ACDS (acetyl CoA 

decarbonylase, EC 2.3.1.169). A total of three KO (K00193, 
K00194, and K00197) enzymes were assigned to the ACDS and, 
among these, only K00197 was significantly different (p = 0.042) 
between the two groups.

Discussion

A significant reduction (~22%) in the daily enteric methane 
emission in sheep demonstrated that the anti-methanogenic 
supplement Harit Dhara has tremendous potential for the mitigation 
of enteric methane up to the desirable limit where ruminal 
fermentation is not compromised. Ruminal microorganisms reside 
in the ecosystem in a syntrophic manner to perform a specific 
functional task. The relationship between ruminal protozoa and 
methanogens is an excellent illustration of syntrophy. Methane 
mitigation by the supplementation of tanniferous sources is achieved 
in both indirect and direct manners (Bhatta et al., 2009; Gemeda and 
Hassen, 2015). The indirect inhibition is mediated by halting the 
interspecies H2 transfer because of the decrease in rumen protozoa 
(Malik et al., 2017a,b; Baruah et al., 2019). A significant reduction in 
the numbers of protozoa in the HD treatment group, associated with 
a decrease in methane emissions, revealed that protozoa were one of 
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the most significant factors contributing to rumen methanogenesis. 
Previous studies on sheep (Malik et al., 2017a,b; Baruah et al., 2019; 
Poornachandra et al., 2019) support our findings that a considerable 
reduction in enteric methane emissions can be attributed to the 
reduction in ruminal protozoa due to tanniferous phyto-sources. 
Further, the comparison of tannin-driven partial defaunation in this 
paper with the previous studies (Qin et al., 2012; Guyader et al., 
2014; Nguyen et al., 2016) reported partial defaunation with other 
agents other than tanniferous sources also revealed a similar 
reduction in the enteric methane emission.

Protozoa are abundant but unwanted inhabitants of the 
rumen (Morgavi et  al., 2012). The digestion of fiber could 
be negatively impacted by the defaunation (Ushida et al., 1990), as 
they appear to have better carboxymethylcellulase activity than 
bacteria (Coleman, 1985). On the other hand, some studies 
revealed no difference (Jouany, 1996; Han et al., 1999), or even 
increased fibrolytic activity due to the defaunation (Soetanto et al., 
1985; Romulo et al., 1986). Despite their significant representation 
in the rumen microbiota, the role of protozoa in fiber digestibility 
is still controversial and debatable (Williams and Coleman, 1992). 
The increased propionate production in the HD treatment group 
can be  due to the partial defaunation that promotes the 
development of succinate-producing bacteria (Kurihara et  al., 
1978; Li et al., 2020).Major succinate-producing bacteria in the 
rumen are Ruminicoccus flavefaciens, Bacteroides succinogenes and 
Selenomonas ruminantium (Scheifinger and Wolin, 1973). The 
relative abundance comparison of the major succinate producing 
bacteria in our study revealed the marginally higher distribution 

of Ruminicoccus (CON 2.9 vs. HD 3.3%), and Selenomonas (CON 
0.43 vs. 0.47%) at the genus level (Supplementary File 1). The anti-
methanogenic supplement offered to the HD treatment group 
lowered protein breakdown, as indicated by the significantly lower 
rumen ammonia concentration. It is a well-known fact that when 
tannin sources are added, nitrogen breakdown moves from the 
rumen to the intestine (Orlandi et  al., 2015). Additionally, 
defaunation may be one of the causes of the reduced ammonia 
concentration in the rumen (Newbold et al., 2015).

The extent of volatile fatty acids production is primarily 
dependent on organic fermentation (Dijkstra, 1994) and remains 
the same until the diet composition in terms of the proportion of 
structural and soluble carbohydrates does not vary. The basal diet 
in the CON and HD treatment groups was similar in respect of 
ingredients and their proportions, and therefore the organic 
matter intake and digestibility in the present study also did not 
vary between the two groups. The similar diet composition, intake 
and digestibility, particularly of organic matter, can be accountable 
for the similar volatile fatty acids production. However, the sheep 
in the HD treatment group additionally received the anti-
methanogenic supplement, primarily consisting of condensed 
tannins. The adverse impact of the tannins on the fermentation 
has been reported, particularly when supplemented at such high 
levels (Kumar and Vaithiyanathan, 1990). In a recent study, 
Guerreiro et al. (2021) reported that condensed tannin adversely 
impacted volatile fatty acid production; however, the adverse 
impact was more pronounced at higher doses (75–100 g/kg DM). 
The concentration of tannins (10.4 g/kg DM) in the HD treatment 

A B

FIGURE 4

Volcano plot showing the difference in bacterial (A) and archaeal (B) abundance at the genus level between the CON and HD treatment groups. 
The blue dot indicates downregulation, the orange dot indicates upregulation, while gray dots depict no change. The log2 fold change is 
represented on the x-axis represents, while the y-axis represents the-log10 of FDR-corrected p-values.
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C D

FIGURE 5

Alpha and beta diversity plots of bacteria (A,B) and archaea (C,D).

group study was not adequate to induce an adverse impact on the 
fermentation of organic matter and the subsequent volatile fatty 
acids production. These findings are consistent with the findings 
of Bhatta et al. (2015), who reported that tannin supplementation 
has no effect on volatile fatty acid production at low levels.

The similar blood profile between CON and HD treatment 
groups shows that ingesting tannin-rich anti-methanogenic 
supplement at the appropriate level had no effect on the blood’s 
enzymes, proteins, or minerals (Supplementary Table  3). Our 
results are supported by earlier research (McSweeney et al., 1988; 
Makkar, 2003), which concluded that the condensed tannin is not 
absorbed into the bloodstream and can damage an organ if it 
enters the bloodstream in the event of intestinal damage. On the 
other hand, Zhao et al. (2019) reported that Hu sheep fed on 
maize straw and a concentrate-base diet supplemented with 0.1% 
tannin had a significantly higher level of globulin and alkaline 
phosphatase as compared to control.

Other ways in which tanniferous phyto-sources limit intestinal 
methanogenesis include a reduction in fiber digestion and ruminal 
fermentation (McSweeney et  al., 2001; Tavendale et  al., 2005; 
Mueller-Harvey, 2006). However, similar feed intake, digestibility, 
and volatile fatty acid concentrations across the CON and HD 

treatment groups did not support that the decrease in methane in 
the present study was due to reduced fiber digestion. The reduction 
in methane emissions resulting from poor fiber digestion is 
dependent on the concentration (Chiquettei et al., 1988; Tan et al., 
2011), molecular size (McLeod, 1974), and type of tannins 
(Getachew et al., 2008; Bhatta et al., 2009). Therefore, the optimal 
concentrations of tannins in the diet led to a reduction in methane 
emissions without affecting fiber digestion or ruminal fermentation 
(Carulla et al., 2005; Tavendale et al., 2005). The concentration of 
tannins in the HD treatment group at the given intake was 10.4 g/kg 
DM, which is significantly below the concentration of 20 g/kg DM 
(Waghorn et al., 1987), at which tannins exert the most detrimental 
effect on fermentation. The reduction in methane output without 
impairing intake and fermentation in our investigation corroborated 
previous findings in sheep supplemented with a nearly same 
concentration of tannins (Malik et al., 2017a,b; Baruah et al., 2019; 
Poornachandra et al., 2019).

Further, the comparable core bacterial communities, such as 
Bacteroidetes and Firmicutes between the groups also demonstrated 
that the anti-methanogenic supplement did not affect the fiber 
digestibility in the sheep rumen. The composition of the bacterial 
metagenome in this study was consistent with previous reports 
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(Khafipour et al., 2009; Jami and Mizrahi, 2012; McLoughlin et al., 
2020; Malik et  al., 2022). However, the anti-methanogenic 
supplement in the HD treatment group specifically decreased the 
abundance of Proteobacteria, which can be ascribed to the tannins 
antibacterial properties. Our findings are in good agreement with 
the previous studies (Taguri et al., 2004; Yao et al., 2006; Min et al., 
2007), which reported the adverse impact of tannins on 
Proteobacteria. Tannins act mainly on the microbial cell membrane 
(Liu et al., 2013). However, this action is microbe species-specific 
and closely linked to the structure (Huang et  al., 2018). The 
antibacterial effect of condensed tannins against Proteobacteria, 
such as Escherichia and Shigella, is well documented (Funatogawa 
et al., 2004; Banso and Adeyemo, 2007; Liu et al., 2013).

Conversely, despite the lower abundances of Lentisphaerae 
(0.47–0.67%), we observed significant differences in abundances 
between the two groups. The low abundance of Lentisphaerae in 
the rumen of sheep is consistent with previous findings (Myer 

et  al., 2015; Lourenco et  al., 2020). It has been reported that 
bacteria belonging to the phylum Lentisphaerae are linked to feed 
efficiency (Mao et al., 2013; Guan et al., 2017). In a study, Ahmad 
et  al. (2020) demonstrated a linear relationship between the 
abundance of Lentisphaerae and the energy levels in yak. The 
greater production of volatile fatty acids, an indicator of energy, 
also revealed a greater Lentisphaerae abundance in the HD 
treatment group. Nevertheless, further confirmation is necessary 
to establish the mechanism and role of Lentisphaerae in the overall 
feed conversion efficiency.

The supplementation of tanniferous sources directly inhibited 
methanogens, resulting in a substantial decrease in rumen 
methanogenesis. A few well-described mechanisms of tannins 
action on rumen archaea that result in methane reduction include 
compositional change in cell membranes, enzymatic inhibition, 
and lack of substrate and metallic ions (McSweeney et al., 2001). 
Tannin exerts a detrimental effect on methanogens by tanning 

FIGURE 6

KEGG analysis for methanogenesis pathways. The numbers in the boxes represent the EC numbers of enzymes involved in methanogenesis 
pathways. The green color inside the box represents relative genes from the CON group microbiome, while the box in pink refers to the relative 
genes from the HD treatment group. At several steps in the pathway, genes related to methane metabolism has been significantly reduced in the 
HD treatment group. KO numbers and gene annotation of the enzymes are shown in Supplementary File.
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proteins at accessible sites inside or on methanogens (Field and 
Lettinga, 1987; McSweeney et al., 2001). The tanniferous anti-
methanogenic supplement significantly decreased the abundance 
of ruminal archaea such as Methanocaldococcus, Methanococcoides, 
Methanocella, and Methanoregula in the HD treatment group as 
compared to that of CON (3.3 vs. 4.4%). Archaea from the domain 
Euryarchaeota constitute 3%–5% of the rumen microbiota 
(Yanagita et al., 2000; Henderson et al., 2015; Malik et al., 2021). 
The dominance of Methanobacteriales as dominant archaea in the 
sheep rumen is in good agreement with the previous reports 
(Malik et al., 2022; Thirumalaisamy et al., 2022a). Similarly, our 
results on the dominance and abundance of Methanobrevibacter 
is in line with our previous research (Baruah et al., 2018; Malik 
et al., 2022; Thirumalaisamy et al., 2022a, 2022b).

A significant decrease in the abundances of 
Methanocaldococcus, Methanococcoides, Methanocella, and 
Methanoregula in the HD treatment group warrants further 
research to determine how tanniferous material affects their 
abundance. A recent report (Kibegwa et al., 2022) revealed that 
the distribution of Methanococcus in the rumen is influenced by 
the diet composition and its distribution tends to be greater on 
high roughage diets than on concentrate diets. However, the 
contribution of Methanocaldococcus, Methanococcoides, 
Methanocella, and Methanoregula to ruminal methanogenesis 
must be  determined before concluding that their decreased 
abundance contributed to the lowering of methane emissions.

The Crenarchaeota-affiliated methanogens identified in this 
study have been reported previously in the rumen (Janssen and 
Kirs, 2008; Zhao et  al., 2020; Malik et  al., 2021). However, 
information regarding their participation in and contribution to 
rumen methanogenesis is scanty. Korarchaeaota is the third and 
least-characterized archaeal phylum (Barns et al., 1994, 1996). 
This phylum is typically found in terrestrial hot springs (Spear 
et al., 2005; Takai and Sako, 2006; Elkins et al., 2008) and marine 
hydrothermal vents (Marteinsson et al., 2001; Rogers et al., 2005). 
Korarchaeaotes are effective peptide degraders (Elkins et al., 2008), 
and their inability to synthesize cofactors, vitamins, and purines 
renders them either a symbiotic microbe or an effective scavenger 
(Nealson, 2008). This is, to the best of our knowledge, the first 
study to report the presence of Korarchaeaota in the rumen.

Thaumarchaeota was previously classified as a subgroup of 
Crenarchaeota; however, Cenarchaeum symbiosum genome 
sequencing in 2008 resulted in its classification as a separate archaeal 
phylum. The analysis of conserved signature indels (CSIs) and 
signature proteins provided insights into the distinction between 
Thaumarchaeota and Crenarchaeota (Gupta and Shami, 2011). 
Thaumarchaeotes are the dominant ammonia-oxidizing archaea in 
soil systems (Schleper and Nicol, 2010) and in the deep sea (Zhong 
et al., 2020). In a previous study (Deusch et al., 2017), based on 
tryptic peptide analysis (meta-proteome), the Thaumarchaeota 
phylum was identified in the rumen of Jersey cows fed corn or grass 
silage and/or grass hay in a rotational manner. The occurrence of 
Thaumarchaeota in our study at an extremely low frequency is in 
congruence with a previous report (Deusch et al., 2017). On the 

contrary, Wang et al. (2016) reported that Thaumarchaeota was one 
of the dominant phyla and constituted 15% of the total archaea 
community in the goat rumen. They conclude that Thaumarchaeotes 
participate in the oxidation of ammonia to nitrite and, due to their 
acid tolerance ability, thrive better on a high-concentrate diet. 
Nevertheless, this could not be  substantiated by comparing the 
findings of Wang et al. (2016) with those of Deusch et al. (2017), 
despite the fact that the latter study contained more protein than the 
former. Due to the limited number of studies, the correlation 
between Thaumarchaeota distribution frequency and diet cannot 
be confirmed and requires further investigation.

The abundance of KEGG orthologs K00581 and K00582 
representing tetrahydromethanopterin methyltransferase (EC 
2.1.1.86) was significantly lower in the HD treatment group. This 
enzyme is accountable for the methyl transfer to coenzyme M 
(Gottschalk and Thauer, 2001). More specifically, the lower 
abundance of E and F subunits of the enzyme might lead to a sodium 
ion translocation-driven reduction in methanogenesis. Similarly, the 
KEGG orthologues K22516 and K00125, accountable for the activity 
of formate dehydrogenase (EC 1.8.98.6 & EC 1.17.98.3), were less 
abundant in the HD treatment group. This enzyme facilitates 
electron transfer to the HdrA subunit (Thauer, 2012), which might 
have reduced the reduction of ferredoxin and thereby 
methanogenesis. In contrast, the higher abundance of K00197, 
accountable for the acetyl-CoA decarbonylase/synthase complex 
(EC 2.3.1.169) in the HD treatment group, might have increased the 
transfers of methyl group (Li et al., 2013). However, in this study, 
we have not checked the activity of the above enzymes per se and are 
not sure if the lower abundance was transcribed.

KEGG analysis results revealed that the activity of the enzymes 
such as formate dehydrogenase and tetrahydromethanopterin 
methyltransferase involved in the formation of methane from CO2/
formate through a hydrogenotrophic pathway was comparatively 
less in the HD treatment group. This likely contributed to a reduction 
in methanogenesis as a whole. Methanocella and Methanoregula are 
hydrogenotrophic methanogens that utilize H2/CO2 for methane 
production (Sakai et al., 2008; Yashiro et al., 2011); consequently, the 
partial inhibition of hydrogenotrophic methanogenesis in the 
present study can be  attributed to overall less methanogens 
population as revealed by qPCR and the low abundances of the 
above two methanogens in the HD treatment group. Similarly, the 
lower distribution of obligatory methylotrophic Methanococcoides 
(Franzmann et al., 1992) in the HD treatment group should account 
for the reduced methane emission in sheep fed on an anti-
methanogenic supplement-based diet. Due to the absence of pure 
cultures and the fact that the total abundance of these methanogens 
in the rumen is 5%, it is extremely difficult to determine the 
contribution of a particular genus to the overall rumen 
methanogenesis. To the greatest extent possible, ruminal archaea 
must be  cultured and the roles of Methanococcoides and 
hydrogenotrophic genera (Methanocella and Methanoregula) in 
rumen methanogenesis must be investigated.

Since this product was formulated with readily available, 
inexpensive agricultural phyto-sources, has little food-feed 
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competition and could therefore be one of the promising products 
for the small and marginal farmers to reduce the negative 
environmental consequences of livestock production and 
productivity enhancement.

Conclusion

From the study, it can be inferred that the anti-methanogenic 
supplement (HD treatment) at the 5% level in the straw and 
concentrate-based diet led to a significant decrease (~22%) in the 
enteric methane emission without compromising the intake and 
rumen fermentation. The supplement has the ability to 
significantly reduce ruminal protozoa and concurrently lower 
methane emissions. The comparable makeup of bacterial and 
archaeal metagenomes between groups revealed that the 
supplement had no effect on the core microbiome and the modest 
alterations in prokaryotic communities were due to minor species. 
Despite the vulnerability of minor methanogens in the archaeal 
community, the anti-methanogenic supplement greatly decreased 
the activity of key enzymes such as formate dehydrogenase and 
tetrahydromethanopterin S-methyltransferase involved in rumen 
methanogenesis. The culturing of minor rumen methanogens, 
such as Methanocaldococcus, Methanococcoides, Methanocella, and 
Methanoregula, should be taken up as a priority, and we should 
look into the impact of these archaea on the overall rumen 
methanogenesis. This product is formulated with readily available, 
inexpensive agricultural waste phyto-sources, has little food-feed 
competition, and could be one of the promising tools for small 
and marginal farmers to reduce the negative environmental 
impact of livestock production while improving the productivity.
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Glucogenic and lipogenic diets 
affect in vitro ruminal microbiota 
and metabolites differently
Dengke Hua 1,2, Wouter H. Hendriks 2, Yiguang Zhao 1, Fuguang 
Xue 1, Yue Wang 1, Linshu Jiang 3*, Benhai Xiong 1* and Wilbert F. 
Pellikaan 2

1 State Key Laboratory of Animal Nutrition, Institute of Animal Sciences, Chinese Academy of 
Agricultural Sciences, Beijing, China, 2 Animal Nutrition Group, Department of Animal Sciences, 
Wageningen University and Research, Wageningen, Netherlands, 3 Beijing Key Laboratory for Dairy 
Cattle Nutrition, Beijing Agricultural College, Beijing, China

This study was conducted to evaluate the effects of two glucogenic diets 

(C: ground corn and corn silage; S: steam-flaked corn and corn silage) and 

a lipogenic diet (L: sugar beet pulp and alfalfa silage) on the ruminal bacterial 

and archaeal structures, the metabolomic products, and gas production after 

48 h in vitro fermentation with rumen fluid of dairy cows. Compared to the C 

and S diets, the L dietary treatment leaded to a lower dry matter digestibility 

(DMD), lower propionate production and ammonia-nitrogen concentration. 

The two glucogenic diets performed worse in controlling methane and lactic 

acid production compared to the L diet. The S diet produced the greatest 

cumulative gas volume at any time points during incubation compared 

to the C and L diet. The metabolomics analysis revealed that the lipid 

digestion especially the fatty acid metabolism was improved, but the amino 

acid digestion was weakened in the L treatment than in other treatments. 

Differences in rumen fermentation characteristics were associated with (or 

resulting from) changes in the relative abundance of bacterial and archaeal 

genera. The rumen fluid fermented with L diet had a significantly higher number 

of cellulolytic bacteria, including the genera of Ruminococcus, Butyrivibrio, 

Eubacterium, Lachnospira, unclassified Lachnospiraceae, and unclassified 

Ruminococcaceae. The relative abundances of amylolytic bacteria genera 

including Selenomonas_1, Ruminobacter, and Succinivibrionaceae_UCG-

002 were higher in samples for diets C and S. The results indicated that the 

two glucogenic diets leaded to a higher relative abundance of bacteria which 

functions in succinate pathway resulting in a higher propionate production. 

The steam-flaked corn diet had a higher gas production and lower level of 

metabolites in fatty acids and amino acids. Most highly abundant bacteria 

were observed to be not sensitive to dietary alterations of starch and fiber, 

except for several amylolytic bacteria and cellulolytic bacteria. These finding 

offered new insights on the digesting preference of ruminal bacteria, which 

can assist to improve the rumen functioning.

KEYWORDS

glucogenic/lipogenic diet, rumen fermentation, microbiota, gas production, 
metabolomics, PICRUSt
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Introduction

Dietary carbohydrates, such as starch and fiber, provide 
substrates for rumen microbes. Changes in carbohydrate 
composition and content in ruminant rations lead to the changes 
in microbial community and subsequently to changes in 
fermentation end-products, including the volatile fatty acids 
(VFAs), carbon dioxide (CO2), methane (CH4), and hydrogen 
(H2; Carberry et al., 2012). The major ruminal VFAs include 
acetate, propionate, and butyrate. Acetate is the primary 
precursor of milk fatty acids and is termed a lipogenic nutrient, 
while propionate being the primary precursor of milk lactose is 
a glucogenic nutrient (van Knegsel et al., 2005). For ruminant 
animals, lipogenic nutrients in metabolism are supplied by 
acetate and butyrate from ruminal degradation of fiber or 
dietary fat, if not derived from the mobilization of body fat 
reserves (van Knegsel et  al., 2005). In contrast, glucogenic 
nutrients in metabolism can originate from the ruminal 
fermentation of dietary starch to propionate, rumen bypass of 
dietary starch which is then digested in the small intestine and 
absorbed as glucose, or gluconeogenesis (Van Knegsel et  al., 
2007). Previous research showed that glucogenic nutrients 
increased plasma glucose and insulin concentrations, whereas 
lipogenic nutrients did not (van Knegsel et al., 2005). However, 
changes in microbial communities and their metabolic activities 
under lipogenic and glucogenic diets are also essential to 
investigate to unravel the production pathways of the affected 
metabolites and better understand how rumen functioning 
is regulated.

Ground corn is a major dietary energy source because of its 
high amount of readily fermentable starch. Steam-flaking can 
disintegrate the crystalline structure of cereal starch by 
gelatinisation (Ding et  al., 2007), and subsequently, this can 
increase the accessibility to the starch granules of ruminal 
amylases and amylolytic microorganisms (Huntington, 1997). 
Previous studies showed that steam-flaked corn improved the 
ruminal degradability of starch, resulting in high production of 
ruminal propionate, and increased efficiency in microbial protein 
synthesis (Zhou et al., 2015). However, the alteration in rumen 
microbial communities underneath these improvements is still 
not clear, which is essential for manipulate the starch degradation 
in the rumen.

The effects of dietary treatments on the ruminal microbes and 
microbial metabolism when incubated in vitro are rarely reported 
although the in vitro gas production technique is routinely used 
to evaluate dry matter (DM) degradation rate, amount and 
proportion of VFAs production, and gas composition of various 
feeds and ingredients. This technique also yields valuable 
information on the effects of feedstuff on rumen microbial activity 
and predicts the kinetics of fermentation (Pellikaan et al., 2011a). 
With the 16S rRNA sequencing technology, a fast and cost-
effective way of microbial analysis and their correlations with 
environmental factors coupled with liquid chromatography-mass 
spectrometry (LC–MS), an effective technique for metabolomics 

analysis, more knowledge on changes in ruminal microbiota 
metabolism can be generated (Zhang J. et al., 2017).

Although studies on differences in rumen fermentation 
between glucogenic and lipogenic diets have been conducted, the 
changes in rumen bacterial community and functions are not yet 
fully understood. We hypothesized that glucogenic and lipogenic 
diets when evaluated using the in vitro gas production technique 
should lead to clear differences in bacterial communities and 
functions which affect intermediary metabolites besides the 
well-known differences in fermentation end-products and 
CH4 production.

Materials and methods

Experimental design

Animal care followed the Chinese guidelines for animal 
welfare, and all protocols were approved by the Animal Care and 
Use Committee of the Chinese Academy of Agricultural Sciences 
(IAS2019-6).

Three total mixed rations (TMR) were designed: two 
glucogenic diets including a ground corn diet (C, which used 
ground corn and corn silage as the primary energy sources), a 
steam-flaked corn diet (S, which used steam-flaked corn and corn 
silage as the primary energy sources), and a lipogenic diet (L) 
mainly containing sugar beet pulp and alfalfa silage as the energy 
sources. In addition, other ingredients, including soybean meal, 
oat and alfalfa hay, and calcium hydrogen phosphate were used to 
balance the ration to meet the nutritional requirements of dairy 
cattle (Table  1). Diets were isocaloric and were equal in the 
digestible crude protein.

In vitro incubation

Six lactating dairy cows (Holstein) were selected as rumen 
fluid donors for all three runs of this in vitro study, with different 
two cows for each run. The cows received a diet containing (% DM 
basis) a concentrated mixture (45%), alfalfa and oat hay (20%), 
corn silage (20%), and alfalfa silage (15%). The cows were fed 
three time daily at 7:00, 13:00, and 19:00, and they had free access 
to water and feed.

The fermentation substrates were the ground DM of each 
experimental diets. 0.5 g of substrates were firstly weighed into 
150-ml serum bottles, with three replicate bottles for each dietary 
treatment within one fermentation run. A phosphate-bicarbonate 
buffer medium was anaerobically prepared as described by Menke 
and Steingass (1988).

Equal volumes of fresh ruminal fluid were collected through 
a stomach tube from two cows in each fermentation run, 2 h after 
the first feeding (09:00 h), then poured into a sterilized and 
pre-warmed thermos flask (2,000 ml) leaving no headspace in the 
flask. After transportation to the laboratory, the rumen fluid was 
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strained through four layers of cheesecloth and transferred into a 
flask placed in a water bath of 39°C maintaining anaerobic 
conditions. The strained rumen fluid inoculum (25 ml) and 
anaerobic buffer (50 ml) were successively combined with 
substrates into each bottle, with the CO2 continuously flushing in 
the headspace of bottles. After sealing with butyl rubber stoppers, 
the serum bottles were connected to the gas inlets of an automated 
gas production recording system (AGRS), as reported by Zhang 
and Yang (2011). Each fermentation run lasted for 48 h and was 
repeated for three runs within 2 weeks (Supplementary Figure S1).

Sampling and chemical analysis

Calibrated gas volumes were automatically recorded and 
cumulative gas production was expressed against the time of 
incubation. At 48 h of incubation, 20 μl of gas was collected 
through a 20 μl gastight syringe from each bottle to test 
the  CH4 concentration using gas chromatography 
(GC,  7890B,  Agilent Technologies, United States). The GC 
was equipped with a capillary column (USF727432H, 
30 m × 0.25 mm × 0.25 μm, Agilent, California, United States) 

and a flame ionization detector (FID). Nitrogen (N2, 99.99%) 
was used as the carrier gas, with column settings as follows: 
the inlet pressure 18.85 psi, the total flow 30.2 ml/min, the 
column flow 1.7 ml/min, the linear speed 39.8 cm/s, the split 
ratio 15, the sweeping flow 3 ml/min, and the cycling flow 
8 ml/min. The hydrogen and airflow were 40 ml/min and 
400 ml/min, respectively. Temperatures were set to 100°C for 
the injection point, 80°C for the column oven, and 120°C for 
the detector.

At 48 h, all bottles were transferred into an ice-water mixture 
to terminate the incubation. The pH value of the fermented 
substrates was determined using a portable pH meter (PHB-4, 
INESA, Shanghai, China). Then the substrates were filtered 
through a nylon bag (12 cm × 8 cm i.d. and 50 μm of pore size) and 
the residue left in the bag was used to analyze apparent dry matter 
digestibility (DMD) gravimetrically. Two replicates of 3 ml fluid 
samples were quickly collected into two cryogenic vials and 
immediately frozen in liquid nitrogen until being stored at −80°C, 
which were used for 16S rRNA sequencing and metabolomics 
analysis separately. A sample of 1 ml fluid was mixed with 0.25 ml 
of 25% meta-phosphoric acid to evaluate the VFA contents via the 
GC (7890B, Agilent Technologies, United States; Mao et al., 2008). 
Also, 1 ml of fluid was collected to analyze the ammonia nitrogen 
(NH3-N) according to the indophenol way (Broderick and Kang, 
1980) and another 1 ml fluid was used to measure the lactic acid 
concentration by a commercial kit (A019-2, Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China; Pan et al., 2016). Two 
replicated 3 ml fluid samples were stored under −80°C for later 
microbial and metabolomics analysis, separately.

DNA extraction and amplification

The DNA of microbes was extracted from supernatant 
samples using the QIAamp DNA Stool Mini Kit (M5635-02, 
OMEGA, United States). The concentration of DNA was evaluated 
with the Nano Drop spectrophotometer (Thermo Scientific, 
United States), and then the agarose gel (1% w/v) electrophoresis 
was used to check the DNA quality.

The 16S rRNA gene of bacteria and archaea were separately 
amplified with the general primers (Supplementary material) 
based on the hypervariable region (V3–V4). The PCR was 
performed (Supplementary material) and the products were firstly 
extracted from an agarose gel (2% w/v), then purified with the 
commercial Extraction Kit (Axygen Biosciences, United States). 
The DNA products were finally quantified with QuantiFluor™-ST 
(Promega, United States).

Illumina miSeq sequencing and analysis

Purified amplicons were mixed in an equimolar ratio and 
paired-end sequenced (2 × 300 bp) through the MiSeq platform 
(Illumina, San Diego, United  States) according to the 

TABLE 1 Ingredient and nutritional composition of two glucogenic  
(C, S) and a lipogenic (L) diet.

Item Experimental diet

C L S

Ingredient, % of dry 

matter

Ground corn 28 0 0

Sugar beet pulp 0 28 0

Steam flaked corn 0 0 28

Soybean meal 18.5 12 18.5

Oat hay 5 19 5

Alfalfa hay 10 10 10

Corn silage 38 0 38

Alfalfa silage 0 30 0

Dicalcium phosphate 0.5 1 0.5

Composition, g/kg of 

dry matter

Crude protein 174.4 174.6 172.1

Ether extract 24.3 20.4 31.7

Starch 192.9 39.7 163.8

Neutral detergent fiber 326 562.2 320.2

Acid detergent fiber 197.9 348.9 199.1

Ash 47.6 98.7 47

Calcium 9.3 12.8 11.1

Phosphorus 10.4 4.9 11.9

NEL, MJ/kg of dry 

matter

7.3 7.9 7.4

Nutrient composition of the experimental diets was calculated according to National 
Research Council (NRC) (2001). Diets: C, corn and corn silage diet; L, sugar beet pulp 
and alfalfa silage diet; and S, corn and steam-flaked corn diet. NEL, net energy for 
lactation and calculated according to National Research Council (NRC) (2001).
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manufacturer’s standard (Majorbio Bio-Pharm Technology Co. 
Ltd., Shanghai, China).

The raw fastq was quality-filtered with FLASH following the 
protocol previously reported by Pan et al. (2017). With a 97% 
sequence similarity cut-off, the operational taxonomic units 
(OTUs) were clustered through UPARSE. The taxonomy was 
calculated with the RDP Classifier against the SILVA (SSU123) 
16S rRNA database with a confidence threshold of 70%. The 
principal coordinates analysis (PCoA) was analyzed with the 
method of unweighted UniFrac distance to compare the 
interrelationships of bacterial communities between diets using 
the R software (3.4.4). The community richness and diversity were 
analyzed by the alpha diversity indexes including the OTU, Chao 
1, ACE, Shannon, and Simpson (Hua et al., 2021).

Inferred metagenomics analysis

The metagenome functions of ruminal bacteria were predicted 
using the analysis of Phylogenetic Investigation of Communities 
by Reconstruction of Unobserved States (PICRUSt). Firstly, the 
closed OTU table was normalized by the 16S rRNA copy number 
whereafter the results were exported into the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathways. The PCoA was 
conducted to calculate the similarities of the predicted functions 
among groups by the R software (3.4.4). The top 10 abundant 
functions were further analyzed to determine significant 
differences among diets using Welch’s t-test in R software (3.4.4).

Metabolomics processing

The method was modified from the procedure described by 
Wang et al. (2021). The rumen fluid samples were firstly thawed 
under room temperature whereafter 200 μl supernatant of each 
sample was collected into a 1.5 ml centrifuge tube and mixed with 
800 μl extracting solution [methanol: acetonitrile = 1:1 (v/v)]. Each 
sample was then vortexed for 30 s and extracted ultrasonically 
(40 kHz) at 5°C for 30 min before being treated under −20°C for 
30 min. All samples were centrifuged (13,000 × g, 4°C, 15 min) and 
the supernatant transferred to a new tube, mixed with 100 μl 
acetonitrile solution (acetonitrile: water = 1:1), vortexed for 30 s, 
extracted ultrasonically (40 kHz) at 5°C for 5 min, and centrifuged 
(13,000 × g, 4°C, 10 min) where after 200 μl of the supernatant was 
carefully transferred to sample vials for LC–MS/MS analysis. At 
the same time, 20 μl of supernatant was collected from each 
sample and mixed as the quality control sample (QC) which were 
injected at regular intervals throughout the analytical runs in 
order to obtain system repeatability.

Chromatographic separation of the metabolites was 
performed on the ultra-performance liquid chromatography 
(UPLC) coupled with a triple time-of-flight (TOF) system 
(UPLC-Triple TOF, AB Sciex, United States). The system was 
equipped with the ACQUITY UPLC HSS T3 column 

(100 mm × 2.1 mm id, 1.8 μm; Waters, Milford, United States). 
Mobile phase A consisted of 5% acetonitrile water and 0.1% 
formic acid, the mobile phase B contained 95% acetonitrile-
isopropanol (1:1, v/v) and 0.1% formic acid. The injection volume 
was 10 μl, the flow rate was 0.4 ml/min, and the column 
temperature was 40°C. The elution gradient of the mobile phases 
was shown in the Supplementary material. After being treated 
with an electrospray ionization (ESI) source, the signals of mass 
spectra were scanned in both positive mode and negative mode. 
The optimal conditions for mass spectra were shown in the 
Supplementary material.

Metabolomics data analysis

After UPLC-TOF/MS analyses, the raw data were imported 
into Progenesis QI 2.3 (Waters Corporation, Milford, 
United States) for a series of pre-processing, including filtration of 
the baseline, identification and integration of the peak, correction 
of the retention time, and alignment of the peak. After the 
pre-processing, a data matrix was generated consisting of the 
retention time (RT), mass-to-charge ratio (m/z) values, and peak 
intensity. The MS and MS/MS information was searched in the 
Human metabolome database (HMDB; http://www.hmdb.ca/) 
and Metlin database.1 Results were shown in the form of a 
data matrix.

After being pre-processed, the data matrix was analyzed on 
the Majorbio Cloud Platform.2 Using the R package of ROPLS 
(version1.6.2), PCA was applied to obtain an overview of the 
metabolic data, general clustering, trends, or outliers among 
groups whereafter orthogonal partial least squares discriminate 
analysis (OPLS-DA) was performed to observe the global 
difference of the metabolites between comparable groups. The 
variable importance in the projection (VIP) was calculated in the 
OPLS-DA model, and the p-value was estimated with paired 
Student’s t-test. Statistically affected metabolites among groups 
were selected with VIP > 1 and p ≤ 0.05. The affected metabolites 
between every two groups were summarized into different 
metabolic groups and mapped into their biochemical pathways 
through the KEGG database. The metabolic pathway enrichment 
analysis of the metabolic groups was conducted with the Fisher’s 
exact test using the Python package of Scipy. stats (version1.0.0, 
SciPy.org).

Correlation between bacterial 
community and rumen metabolites

Correlation between the affected bacterial genera with a 
relative abundance >0.5% and the rumen fermentation 

1 https://metlin.scripps.edu/

2 https://cloud.majorbio.com
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parameters, as well as the correlation between these affected 
bacterial genera and the differential metabolites (VIP > 1.5, fold 
change >2 or < 0.5, p ≤ 0.05), was separately assessed by Pearson’s 
correlation analysis in R (version 3.4.4). These correlations were 
visualized using the R package of Pheatmap.

Curve fitting and calculations

Data of the cumulative gas production curve were in 
accordance with the monophasic model using a non-linear least 
squares regression procedure NLIN in SAS 9.3 (SAS Institute Inc., 
Cary, NC, United States; Pellikaan et al., 2011b):
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in which GP is the total gas produced (ml/g OM), A is the 
asymptotic gas production (ml/g OM), B equals the switching 
characteristic of the curve, and C is the time at which half of the 
asymptote has been reached and t is the time (h). The maximum 
rate of gas production (Rmax, ml/g OM/h) and the time when Rmax 
appears (TRmax, h) were separately calculated using the 
equations below:
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Statistical analysis

All fermentation end-products and gas kinetics data were 
analyzed using PROC MIXED of SAS 9.3 (SAS Institute Inc., Cary, 
NC, United States). The statistical model was

 
Y D B eij i j ij= + + +µ

where Yij is the dependent variable, μ is the overall mean, Di is 
the fixed effect of diet (i = 1–3), Bj is the random effect of run 
(j = 1–3), eij is the random residual error. The Student–Newman–
Keuls (SNK) multiple comparison procedure in the LSMEANS 
statement was used to test differences among treatments. 
Significance was considered at p ≤ 0.05, and a trend was declared 
at 0.05 < p ≤ 0.10.

Results

Effect of treatments on gas production

The cumulative gas productions at 6, 12, 24, and 48 h of in 
vitro incubation showed the same direction of effects (Table 2), 
where the diet S treatment had the highest gas production 
compared to the other two treatments, while the diet L treatment 
gave the lowest gas production (p < 0.001). The CH4 production 
for diet S was higher than that for diet L (p = 0.043), but both diets 
did not differ from the diet C. The in vitro DMD for diets C and 
S was greater (p < 0.001) than that for diet L.

The cumulative gas production curve derived from the 
monophasic model is shown in Supplementary Figure S2. As for 
the curve fit parameter estimates (Table 2), the S treatment had 
the highest asymptotic gas production (A) compared to the other 
treatments (p < 0.001), the switching characteristic (B) of diet L 
treatment was lower, while diet S treatment had lower halftime 
(C), compared to the other two diets (p < 0.001). The S treatment 
had the highest maximum gas production rate (Rmax) followed by 
treatment L and treatment C (p < 0.001).

Effect of treatments on fermentation 
end-products

The values of fermentation end-products and pH at 48 h are 
shown in Table 3. Compared with the L treatment, both C and S 

TABLE 2 Comparison of cumulative gas production at 6, 12, 24, and 
48 h, curve fit parameters, head space methane concentration, and 
dry matter digestibility at 48 h among two glucogenic (C, S) and a 
lipogenic (L) diet under in vitro fermentation with rumen fluid of dairy 
cows.

Item Experimental diet SEM   p value

C L S

Gas production (ml/g OM)

6 h 94.37b 73.06c 106.08a 3.783 <0.001

12 h 118.14b 100.08c 132.45a 3.671 <0.001

24 h 125.67b 108.68c 139.29a 3.561 <0.001

48 h 128.24b 110.95c 141.40a 3.464 <0.001

Curve fit parameters

A (ml/g OM) 139.77b 124.60c 155.84a 3.438 <0.001

B 1.41a 1.18c 1.36b 0.04 0.001

C (h) 3.91b 4.22a 3.57c 0.129 <0.001

Rmax (ml/h/g OM) 23.48c 24.49b 27.83a 0.936 <0.001

TRmax (h) 1.03a 0.51c 0.88b 0.1 <0.001

Methane (%, 48 h) 11.64ab 9.23b 13.45a 0.844 0.043

DMD (%, 48 h) 87.72a 75.82b 87.64a 0.979 <0.001

A, asymptotic gas production; B, switching characteristic of the curve; C, time at which 
half of the asymptote has been reached; Rmax, maximum rate of gas production; 
TRmax, time at which Rmax occurs. DMD, dry matter digestibility. Diets: C, corn and 
corn silage diet; L, sugar beet pulp and alfalfa silage diet; and S, steam-flaked corn and 
corn silage diet. OM, organic matter. SEM, standard error of the mean. a,b,cmeans within 
a row with different superscripts differ significantly (p ≤ 0.05).
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treatments resulted in higher lactic acid concentration (p = 0.011) 
but lower pH value (p < 0.001). The fermentation end-products for 
diet L possessed a significantly lower NH3-N concentration 
(p = 0.001) and a lower lactic acid level (p = 0.011). Both C and S 
diets leaded to greater propionate (p = 0.004) and butyrate 
(p = 0.015) concentrations and lower acetate to propionate ratio 
(p < 0.001) in the fermentation end-products compared to 
the L diet.

Effect of treatments on ruminal bacteria 
and archaea

The alpha diversity parameters of both the ruminal bacteria 
and archaea as influenced by the three dietary treatments are 
shown in Table 4. A total of 1,070,928 quality sequence reads 
across all samples were acquired with an average read length of 
421 bp. The total number of reads from each sample varied from 
28,949 to 70,861, with an average reads number of 38,919. The 
entire sequences were assigned to 2,042 OTUs using a cut-off of 
97% sequence similarity. The richness and diversity estimators 
(Table 4) showed the total number of observed OTUs out of the 
rumen fluid in the L treatment was higher than in the other 
treatments (p = 0.031). No differences in other diversity estimators 
(Chao 1, ACE, Shannon, and Simpson indices) were observed 
among the three groups. The alpha diversity estimates of archaea 
(Table 4) showed that the total number of observed OTUs for the 
C diet was lower compared to the S and L diets (p = 0.028). Both 
the C and S diets leaded to a significantly lower Shannon diversity 
index and a higher Simpson diversity index for archaea in 
comparison with the L diet (p = 0.024).

To visualize the impact of the diets on overall rumen bacteria 
and archaea communities, a PCoA was performed (Figures 1A,B). 
The rumen bacterial community showed a clear separation 
between the S and L dietary treatment along PC1, explaining 
>39% of the total variation, and the L diet was separated from the 
C diet along PC2, explaining >20% of the total variation 
(Figure 1A). The ruminal archaea communities in the rumen fluid 
samples from the L diet were clearly distinguished from those in 
the C and S diets, with approximately 76% of the variance 
explained along PC1 (Figure 1B).

A total of 21 bacterial phyla were identified from all samples 
among dietary treatments, with Bacteroidetes, Firmicutes, and 
Proteobacteria being the top three predominant phyla, representing 
45.0–49.4, 36.1–41.6, and 3.9–6.5% of all sequences, respectively 
(Supplementary Table S1). The rumen fluid samples from L 
treatment showed a higher relative abundance of Tenericutes than 
samples from the other two treatments (p = 0.042).

At the genus level, a total of 176 bacterial genera were identified 
which together accounted for 96% of all sequences. 89 of these 
identified genera with a relative abundance of ≥0.1% in at least one 
sample were further analyzed. Among all genera, 26 genera were 
affected by dietary treatments (Supplementary Table S2), with the 
top 20 of these genera listed in Table 5. 12 of these affected genera 
had higher relative abundances in the rumen fluid for L diet 
compared to the other two diets, including SP3-e08 (p = 0.011), 
Christensenellaceae_R-7_group (p = 0.029), Ruminococcaceae_
UCG-014 (p = 0.026), Family_XIII-AD3011_group (p = 0.004), 
unclassified_o_Clostridiales (p = 0.010), Selenomonas_1 (p = 0.005), 
Lachnospiraceae_ND3007_group (p = 0.025), [Eubacterium]_
coprostanoligenes_group (p < 0.001), unclassified_f_Lachnospiraceae 
(p = 0.014), unclassified_f_Ruminococcaceae (p = 0.001), 
Ruminococcaceae_UCG_013 (p = 0.006), Ruminococcus_1 (p = 0.022), 

TABLE 3 Effect of two glucogenic (C, S) and a lipogenic (L) diet on the 
ruminal pH and end-products after 48 h in vitro fermentation with 
rumen fluid.

Item Experimental diet SEM   p value

C L S

pH 6.61b 6.74a 6.62b 0.011 <0.001

NH3-N (mg/dl) 70.14a 52.98b 65.70a 1.817 0.001

Volatile fatty acids (mmol/l)

Acetate 68.9 71.87 71.29 1.129 0.65

Propionate 27.58a 24.42b 29.34a 0.582 0.004

Acetate:Propionate 2.50b 2.94a 2.43b 0.037 <0.001

Butyrate 11.86a 10.42b 12.31a 0.258 0.015

Valerate 0.68 0.6 0.71 0.025 0.356

Isobutyrate 5.66 5.31 5.81 0.111 0.306

Isovalerate 7.34 6.66 7.39 0.165 0.208

Total VFA 124.5 122.2 129.3 2.1 0.492

Lactic acid (mmol/l) 0.51a 0.40b 0.50a 0.016 0.011

Diets: C, corn and corn silage diet; L, sugar beet pulp and alfalfa silage diet; S, steam-
flaked corn and corn silage diet. SEM, standard error of the mean. Total VFA, total 
volatile fatty acid (acetate + propionate + butyrate + valerate + isobutyrate + isovalerate). a,b 
means within a row with different superscripts differ significantly (p ≤ 0.05).

TABLE 4 Effect of two glucogenic (C, S) and a lipogenic (L) diet on the 
alpha diversity indices of ruminal bacteria and archaea communities 
after 48 h in vitro fermentation with rumen fluid of dairy cows.

Item Experimental diet SEM   p value

C L S

Bacteria

OTU 1,403b 1,493a 1,408b 9.377 0.031

Chao 1 1,652 1,717 1,655 6.734 0.241

ACE 1,652 1,717 1,655 6.734 0.136

Shannon 5.58 5.78 5.56 0.026 0.339

Simpson 0.021 0.012 0.025 0.001 0.295

Archaea

OTU 152c 182a 173b 4.114 0.028

Chao 1 306 352 364 8.095 0.056

ACE 518 533 590 10.201 0.427

Shannon 1.10b 1.57a 1.17b 0.068 0.018

Simpson 0.584a 0.357b 0.539a 0.032 0.024

Diets: C, corn and corn silage diet; L, sugar beet pulp and alfalfa silage diet; S, steam-
flaked corn and corn silage diet. ACE, abundance-based coverage estimator. OTU, 
operational taxonomic units. SEM, standard error of the mean. a,b,c means within a row 
with different superscripts differ significantly (p ≤ 0.05).
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A B

FIGURE 1

Principal coordinate analysis (PCoA) of the ruminal bacteria (A) and archaea (B) communities on OTU level among two glucogenic (C, S) and a 
lipogenic (L) diet after 48 h in vitro fermentation with rumen fluid of dairy cows. Diets: C, corn and corn silage diet; L, sugar beet pulp and alfalfa 
silage diet; and S, steam-flaked corn and corn silage diet.

TABLE 5 Effect of two glucogenic (C, S) and a lipogenic (L) diet on the relative abundance (%) of the top 20 affected bacteria and the top three 
differential archaea at the genus level after 48 h in vitro fermentation with rumen fluid of dairy cows.

Domain/
Phylum

Genus/others Experimental diet SEM   p value

C L S

Bacteria

Bacteroidetes SP3-e08 0.11b 0.17a 0.10b 0.009 0.011

Firmicutes Christensenellaceae_R-7_group 1.28b 1.70a 1.06b 0.077 0.029

Ruminococcus_2 0.87a 0.55b 1.0a 0.055 0.018

Ruminococcus_1 0.18b 0.31a 0.18b 0.068 0.022

Ruminococcaceae_UCG-014 0.74b 1.05a 0.70b 0.045 0.026

Ruminococcaceae_UCG-013 0.18b 0.35a 0.15b 0.026 0.006

Unclassified_f_Ruminococcaceae 0.19b 0.35a 0.20b 0.021 0.001

Butyrivibrio_2 0.24b 0.62a 0.29b 0.076 0.037

Selenomonas_1 0.38b 0.26b 0.88a 0.077 0.005

Family_XIII_AD3011_group 0.72b 1.25a 0.50c 0.091 0.004

Family_XIII_UCG-002 0.12a 0.13a 0.08b 0.007 0.026

Unclassified_o_Clostridiales 0.70b 1.07a 0.60b 0.058 0.01

[Eubacterium]_coprostanoligenes_group 0.63b 0.91a 0.50b 0.05 <0.001

[Eubacterium]_nodatum_group 0.19ab 0.24a 0.14b 0.011 0.021

[Eubacterium]_oxidoreducens_group 0.11b 0.19a 0.11b 0.011 0.044

Lachnospiraceae_ND3007_group 0.56b 1.12a 0.68b 0.07 0.025

Unclassified_f_Lachnospiraceae 0.36b 0.78a 0.36b 0.057 0.014

Proteobacteria Ruminobacter 1.90a 0.16b 1.14a 0.206 <0.001

Saccharibacteria Candidatus_Saccharimonas 0.75b 1.16a 1.01ab 0.048 0.037

Archaea

Euryarchaeota Methanobrevibacter 78.3a 57.6b 74.0a 3.382 0.014

Candidatus_Methanomethylophilus 3.68b 11.42a 4.40b 1.067 0.001

Halostagnicola 0.04 0.02 0.04 0.003 0.076

Diets: C, corn and corn silage diet; L, sugar beet pulp and alfalfa silage diet; S, steam-flaked corn and corn silage diet. SEM, standard error of the mean. SEM, standard error of the mean. 
a,b,c means within a row with different superscripts differ significantly (p ≤ 0.05).
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Butyrivibrio_2 (p = 0.037), [Eubacterium]_oxidoreducens_group 
(p = 0.044), and Family_XIII_UCG-002 (p = 0.026). However, the 
relative abundances of Ruminococcus_2 (p = 0.018), Ruminobacter 
(p < 0.001), and Succinivibrionaceae_UCG-002 (p = 0.004) were lower 
for the L dietary treatment. The S dietary treatment resulted in a 
greater relative abundance of Selenomonas_1 (p = 0.005), while lower 
relative abundances of Family_XIII_UCG-002 (p = 0.026) and 
Family_XIII_ AD3011_group (p = 0.004) compared to the other two 
diets. Compared with the S dietary treatment, the rumen fluid for 
the C treatment had a higher relative abundance of the Family_XIII_
AD3011_group (p = 0.004), Family_XIII_UCG-002 (p = 0.026), and 
Succinivibrionaceae_UCG-002 (p = 0.004).

In terms of the archaea community, the Euryarchaeota was the 
most predominant phyla. At the genus level, five archaeal genera 
were identified from all samples (Supplementary Table S3), and 
the affected ones with p ≤ 0.1 by treatments are shown in Table 5. 
Compared to the L diet, both C and S diets leaded to a significantly 
higher relative abundance of Methanobrevibacter (p = 0.014) but a 
lower relative abundance of Candidatus_Methanomethylophilus 
(p = 0.001) and tended to lead to a higher relative abundance of 
Halostagnicola (p = 0.076).

Predicted metagenomic functions of the 
ruminal bacteria

The functional prediction was conducted with PICRUSt in 
order to further understand the functioning of ruminal bacteria. 
Forty functional pathways (level 2) were predicted out of all 
samples (Supplementary Table S4), with amino acid metabolism, 
carbohydrate metabolism, and membrane transport being the top 
three functions. The PCoA analysis showed that samples from the 
L treatment clustered differently from those in the C and S diets 
(Figure 2A). The differences of the top 15 most abundant functions 
among treatments are presented in Figure 2. Compared to the C 
diet, the S dietary treatment resulted in a higher (p = 0.044) relative 
abundance in energy metabolism (Figure 2B), while the L diet 
leaded to a higher (p = 0.045) relative abundance of membrane 
transport functions but lower relative abundances in amino acid 
metabolism (p = 0.027), replication and repair (p = 0.01), translation 
(p = 0.015), metabolisms of cofactors and vitamins (p = 0.025), 
nucleotide metabolism (p = 0.034), and cellular processes and 
signaling (p = 0.003; Figure 2C). Compared to diet L, the S diet 
leaded to higher relative abundances in amino acid metabolism 
(p = 0.022), translation (p = 0.018), replication and repair (p = 0.01), 
and cellular processes and signaling (p = 0.003; Figure 2D).

Rumen metabolomics profiling

The total ion chromatogram of the QC samples in the positive 
and negative ion modes indicates the highly reliable repeatability 
and precision of the data obtained in this analysis 
(Supplementary Figure S3). Metabolomic data were first examined 
by PCA in both positive and negative ion mode to obtain an 

overview of the differences among treatments (Figures 3A,B). The 
results showed that the metabolites in the rumen fluid fermented 
with diet L could be separated from those with the other diets. The 
OPLS-DA score plots indicated a clear separation and 
discrimination of metabolites between treatments under both 
positive and negative ion modes (Supplementary Figures S4A,C,E, 
S5A,C,E). Next, the response permutation test was to assess the 
OPLS-DA model in distinguishing the metabolite data between 
two treatments, in which the cumulative values of R2Y in the 
positive (0.9880, 0.8027, and 0.8598 for C vs. S, C vs. L, and L vs. 
S, respectively, Supplementary Figures S4B,D,F) and negative 
(0.9856, 0.8697, and 0.8361 for C vs. S, C vs. L, and L vs. S, 
respectively, Supplementary Figures S5B,D,F) ion models were all 
above 0.80 indicating the stability and reliability of the model.

A total of 801 metabolites (460  in positive ion mode and 
341 in negative ion mode) were identified from all rumen fluid 
samples fermented with three diets, containing 50.3% of the lipids 
and lipid-like molecules, 13.9% of the organoheterocyclic 
compounds, 10.9% of the organic acids and derivatives, 9.7% of 
organic oxygen compounds, 6.4% of both the benzenoids and the 
phenylpropanoids, and polyketides in the superclass level of the 
HMDB classification (Supplementary Figure S6).

Supplementary Table S5 shows that based on VIP > 1 and 
p ≤ 0.05, a total of 272 significantly affected metabolites (168 
positively and 104 negatively ionized metabolites) were obtained 
from the comparison of L vs. C. Among these metabolites, 20 were 
classified as the fatty acids and conjugates, 20 as the amino acids, 
peptides, and analogues, 19 as the triterpenoids, and 14 as the 
carbohydrates and carbohydrate conjugates. From the comparison 
of L vs. S, 260 significantly affected metabolites (157 positively 
and  103 negatively ionized metabolites) were identified 
(Supplementary Table S6), among which 20 metabolites were 
classified as the fatty acids and conjugates, 20 as the amino acids, 
peptides, and analogues, 18 as the triterpenoids, and 14 as the 
carbohydrates and carbohydrate conjugates. As for the comparison 
of C vs. S (Supplementary Table S7), 89 significantly affected 
metabolites (63 positively and 26 negatively ionized metabolites) 
were detected, of which 12 metabolites were classified as the 
amino acids, peptides, and analogues, six as the fatty acids and 
conjugates, and 6 as the carbohydrates and carbohydrate 
conjugates. The significantly enriched metabolic pathways 
containing these affected metabolites are shown in Figure 4.

Correlation between bacteria and the 
fermentation parameters

The Pearson correlation analysis was conducted to assess the 
correlation between the affected bacteria and the rumen 
fermentation parameters. As shown in Figure 5, the DMD was 
negatively correlated with the Christensenellaceae_R-7_group, 
[Eubacterium]_coprostanoligenes_group, Ruminococcaceae_
UCG-014, Family_XIII-AD3011_group and Lachnospiraceae_
ND3007_group but positively correlated with the Selenomonas_1, 
Ruminobacter, Succinivibrionaceae_UCG-002, and 
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Ruminococcus_2. The NH3-N concentration was positively 
correlated with the Succinivibrionaceae_UCG-002 and 
Ruminococcus_2. The acetate concentration was negatively 
correlated with the Succinivibrionaceae_UCG-002 and 
Ruminobacter. In addition, the propionate concentration was 
positively correlated with the Selenomonas_1.

Correlation between affected bacteria 
and the affected metabolites

As is shown in Figure 6, differently abundant bacterial genera 
were closely correlated with the affected metabolites in the 

A

B

C

D

FIGURE 2

Principal coordinate analysis (A) and pairwise comparison (B–D) of the KEGG pathways of the bacteria in the rumen fluid of dairy cows after 48 h in 
vitro fermentation with two glucogenic (C, S) and a lipogenic (L) diet. (B) C vs. S; (C) C vs. L; and (D) S vs. L. Diets: C, corn and corn silage diet; L, 
sugar beet pulp and alfalfa silage diet; and S, steam-flaked corn and corn silage diet.
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fermentation fluid. Specifically, the Family_XIII-AD3011_
group,  [Eubacterium]_coprostanoligenes_group, and 
Christensenellaceae_R-7_group and Ruminococcaceae_UCG-010 
were positively correlated to the dihydrocumambrin A, 
norpropoxyphene, D-rrobilin, stearoyllactic acid, 15(R)-15-
methyl prostaglandin A2, ganoderic acid A, calenduloside E, and 

2-octenedioic acid, but negatively correlated with the 
noreleagnine, captopril-cysteine disulfide, 2-hepteneoylglycine, 
3-propyl-1,2-cyclopentanedione, phenyl vinyl sulfide, N6-acetyl-
5S-hydroxy-L-lysine, and indoleacetic acid. Similarly, the 
Lachnospiraceae_ND3007_group was positively correlated to the 
dihydrocumambrin A, norpropoxyphene, stearoyllactic acid, 

A B

FIGURE 3

Principal component analysis (PCA) of metabolites following positive (A) and negative (B) mode ionization based on metabolomics analysis in the 
ruminal fluid samples of dairy cows after 48 h in vitro fermentation with two glucogenic and a lipogenic diet. Diets: C, corn and corn silage diet; L, 
sugar beet pulp and alfalfa silage diet; S, steam-flaked corn and corn silage diet. QC, quality control samples.

FIGURE 4

Metabolic pathway enrichment analysis of significant differential metabolites in the rumen fluid of dairy cows after 48 h in vitro fermentation with 
two glucogenic and a lipogenic diet. The color is to distinguish the enrichment significance (p value), the darker the color, the more significantly 
the metabolic pathway is enriched. The y axis indicates the name of the KEGG metabolic pathway (top 10). The x axis indicates the p value. A 
larger size dot indicates a higher pathway enrichment.
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FIGURE 5

Correlation analysis between differential bacteria genus and differential fermentation parameters in the rumen fluid of dairy cows after 48 h in vitro 
fermentation with two glucogenic and a lipogenic diet. Each row represents a bacteria genus, only the genera with a relative abundance >0.5% are 
selected; each column represents a fermentation parameter. The color blue means negative correlation, and the color red means positive 
correlation. *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, ***p ≤ 0.001.

FIGURE 6

Correlation analysis of differential bacteria genus and differential metabolites in the rumen fluid of dairy cows after 48 h in vitro fermentation with 
two glucogenic and a lipogenic diet. Each row represents a bacteria genus, only the genera with relative abundance >0.5% are selected; each 
column represents a metabolite, only the affected metabolites with VIP > 1.5, FC < 0.5 and > 2 are considered. The color blue means negative 
correlation, the color red means positive correlation. *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, ***p ≤ 0.001.
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15(R)-15-methyl prostaglandin A2, ganoderic acid A, 
calenduloside E, and 2-octenedioic acid, but negatively correlated 
with the noreleagnine, captopril-cysteine disulfide, 
2-hepteneoylglycine, 3-propyl-1,2-cyclopentanedione, phenyl 
vinyl sulfide, and N6-acetyl-5S-hydroxy-L-lysine. In addition, 
Ruminobacter was negatively correlated with stearoyllactic acid, 
15(R)-15-methyl prostaglandin A2, ganoderic acid A, 
calenduloside E, and 2-octenedioic acid, but positively 
correlated  with noreleagnine, Captopril-cysteine disulfide, 
2-hepteneoylglycine, and phenyl vinyl sulfide. The 
Succinivibrionaceae_UCG-002 was negatively correlated with the 
stearoyllactic acid and 15(R)-15-methyl prostaglandin A2, but 
positively correlated with 2-hepteneoylglycine. Ruminococcus_2 
was negatively correlated with the 15(R)-15-methyl prostaglandin 
A2, ganoderic acid A, calenduloside E, and 2-octenedioic acid, but 
positively correlated with the captopril-cysteine disulfide and 
2-hepteneoylglycine. The Selenomonas_1 was negatively correlated 
with the dihydrocumambrin A, D-urobilin, ganoderic acid A, and 
2-octenedioic acid, but positively correlated with the N6-acetyl-
5S-hydroxy-L-lysine and indoleacetic acid. Moreover, Candidatus_
saccharimonas was positively correlated with the stearoyllactic 
acid but negatively correlated with the 2-hepteneoylglycine and 
phenyl vinyl sulfide.

Discussion

The present research reports the influence of two 
glucogenic diets and a lipogenic diet on ruminal fermentation 
end-products using an in vitro incubation system and provides 
the unknown information on metabolites formed and the 
bacterial communities in response to the glucogenic and 
lipogenic diets.

Influence on feed digestion and gas 
production

The L diet had a lower DMD than the other two diets, which 
is consistent with previous studies (Ruppert et  al., 2003). The 
ruminal bacteria can be assigned to different functional groups, 
such as cellulolytic, amylolytic, and proteolytic, based on their 
preferential use of energy. Starch digestion in the rumen is affected 
by dietary starch source, grain processing, and adhering capacity 
of ruminal microbiota to the diet particles (Huntington, 1997). 
The main amylolytic bacteria included Streptococcus bovis, 
Bacteroides amylophilus, Prevotella spp., Succinimonas amylolytica, 
Selenomonas ruminantium, and Butyrivibrio spp. (Xia et al., 2015). 
For the present study, the relative abundance of amylolytic bacteria 
genera, including Selenomonas_1, Ruminobacter, and 
Succinivibrionaceae_UCG-002, were higher in diet C and S 
compared to diet L and also were significantly positively correlated 
with DMD. These increased genera may likely have contributed to 
the higher DMD in diets C and S.

The fiber degradation in the rumen is mainly attributed to the 
ruminal cellulolytic bacteria (Jeyanathan et al., 2014). Fibrobacter 
succinogenes (belong to the genus Fibrobacter), Ruminococcus 
flavefaciens, and Ruminococcus albus (belong to the genus 
Ruminococcus) were considered the dominant cellulolytic 
bacterial species due to their high capacity for cellulose digesting 
(Krause et al., 2003). In addition, the genera of Butyrivibrio and 
Eubacterium were also reported to be cellulolytic (Thoetkiattikul 
et al., 2013). Moreover, some unclassified taxa, including those 
assigned to Ruminococcaceae, Lachnospiraceae, 
Christensenellaceae, Rikenellaceae, Prevotellaceae, Clostridium, 
and Bacteroidales were proven to have the capacity of adhering 
tightly to forages in the rumen, which indicates that these new 
taxa might play a significant role in forage digestion (Liu et al., 
2016). In this study, there were significantly higher relative 
abundances of the cellulolytic bacterial genera in the rumen fluid 
fermented with diet L, including Ruminococcus, Eubacterium, 
Butyrivibrio_2, and Lachnospira, and the potential cellulolytic 
taxa, including unclassified_Lachnospiraceae, unclassified_
Ruminococcaceae, and unclassified_o_Clostridiales. A previous 
study indicated that the digestibility of cellulose was lower when 
high corn silage was fed to dairy cows compared to high alfalfa 
silage (Ruppert et  al., 2003). This could explain the higher 
cellulolytic bacteria in diet L. These bacteria were proved to 
be more sensitive to lipogenic nutrients in diet.

In the present study, the gas production of the ruminant feeds 
was highly correlated with their digestibility and available 
energetic contents, the higher DMD of two glucogenic diets was 
the reason for their higher gas production than diet L, which agree 
with the early work of Menke and Steingass (1988). The steam-
flaked corn, compared to ground corn, increased the gas 
production of the total mixed rations (TMR) incubated with 
buffered rumen liquor in vitro and increased the gas production 
rate, which agrees with the data of Qiao et  al. (2015). The 
processing conditions (increased moisture content, pressure, and 
temperature) involved in producing steam-flaking corn have been 
shown to improve the enzymatic hydrolysis of starch in vitro, 
thereby improving the digestibility of corn (de Peters et al., 2003). 
Starch digestibility was shown to be  positively related to the 
percentage of starch that was gelatinized in vitro (Huntington, 
1997). The gelatinization of the starch in the steam-flaking corn 
was highly likely the reason for their higher gas production.

Methanogenesis is an ancient metabolism of the methanogens 
belonging to the phylum Euryarcheota, domain archaea (Hook 
et  al., 2010). All methanogens belong to seven euryarchaeal 
orders, including Methanococcales, Methanopyrales, 
Methanobacteriales, Methanosarcinales, Methanomicrobiales, 
Methanocellales, and Thermoplasmatales (Hook et al., 2010). Three 
classical CH4-producing pathways were reported previously, 
including the hydrogenotrophic methanogenesis mainly using 
CO2/H2 or formate as substrate, acetoclastic methanogenesis with 
acetate as substrate and methylotrophic methanogenesis with 
methylated C1 compounds as substrate (Hedderich and Whitman, 
2006). Methanogens are known to grow better syntrophically in 
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vitro (Sakai et al., 2009). For ruminants, Methanobrevibacter was 
recognized as the dominant genus producing CH4 (Leahy et al., 
2013), mainly through the CO2/H2 pathway using CO2 or formate 
as the elector acceptor and H2 as the electron donor (Liu and 
Whitman, 2008). Our results are in line with the aforementioned 
observations and illustrate that the relative abundance of the 
dominant genus Methanobrevibacter followed the same trend as 
gas production and CH4 proportion. The higher gas production of 
the S relative to the L diet might supply more substrates (CO2/H2) 
for the methanogenesis of Methanobrevibacter, which may lead 
to  higher CH4 production. The genus of Candidatus_
Methanomethylophilus is also known as a CH4-producing 
methanogen, which mainly depends on methanol as substrate via 
the methylotrophic methanogenesis pathway (Lino et al., 2013). 
In the present study, the L diet increased the genus of Candidatus_
Methanomethylophilus significantly. Since this genus was newly 
defined, its methanogenesis pathway and its relationship with 
dietary ingredients deserve further research.

Influence on lactic acid and NH3-N

High starch concentration would decrease rumen pH (Nocek 
et al., 2002). The present study found that lactic acid concentration 
was negatively related to the pH value. The low pH value of the C 
and S diet is likely mainly attributed to their increase in lactic acid 
production. In addition, no difference between the S and C diets 
existed in the pH value, which is in line with the previous study 
(Cooper et al., 2002).

The NH3-N concentration in the in vitro rumen fluid cultures 
is determined by the balance of the formation and utilization rate 
of NH3-N by microorganisms (Shen et al., 2017). Due to the same 
level of crude protein among all treatments, the supplemented 
amount of nitrogen available for the microbiota can be considered 
equal. The efficiency of ruminal NH3-N utilization is determined 
by the capacities of microbes to metabolize NH3-N. Cellulolytic 
bacteria which degrade structural carbohydrates (e.g., NDF) grow 
slowly and mainly use NH3-N as an N source, whereas amylolytic 
bacteria which degrade non-structural carbohydrates (e.g., starch) 
grow rapidly with higher requirements and use ammonia, 
peptides, and amino acid as N sources (Fox et al., 1992). In our 
study, the NH3-N concentration in diet L was significantly lower 
than in the other two diets. The L diet showed higher relative 
abundances of cellulolytic bacteria, among which the genera 
Succinivibrionaceae_UCG-002 and Ruminococcus_2 was proved to 
positively correlate with the NH3-N concentration. These bacteria 
might use NH3-N as the main N source leading to a lower 
NH3-N concentration.

Influence on VFA

Ruminal fermentation of carbohydrates leads to the formation 
of VFA. The primary ruminal VFAs are acetate, propionate, and 

butyrate, the molar proportions of which are mainly determined 
by the diet. Propionate and acetate are the main precursors of milk 
glucose and fatty acids, respectively. Cellulose ferments to acetate 
to a greater extent than propionate, whereas readily degradable 
starch is fermented less to acetate and more to propionate. 
Consistent with this, our data showed that both the C and S diets 
had a higher concentration of propionate and a lower acetate to 
propionate ratio compared to the L diet. The ruminal propionate 
is formed via two main pathways, the succinate pathway and the 
acrylate pathway (Jeyanathan et al., 2014). The former is known 
as the major pathway for propionate-production in the rumen and 
involves a large number of bacterial species, such as bacteria 
related to succinate production and utilization (Fibrobacter 
succinogenes and Selenomonas ruminantium), and lactate 
production and utilization (e.g., Streptococcus Bovis and 
Selenomonas ruminantium; Jeyanathan et al., 2014). The genus 
Selenomonas_1 had a positive correlation with the propionate 
concentration, and the relative abundance of Selenomonas_1 and 
Succinivibrionaceae_UCG-002 in the L diet was lower than that in 
the other diets. The Selenomonas_1 and Succinivibrionaceae_
UCG-002 may contribute to the higher propionate production in 
diets C and S by enhancing the succinate pathway according to 
current knowledge. These roles need to be  confirmed by 
further research.

Influence on bacterial function

To further study the differences in the functional roles of 
rumen bacteria among dietary treatments, PICRUSt was used to 
estimate the potential functions of the bacteria. Compared with 
the C and S diets, the predicted pathway of amino acid metabolism 
had a lower level in the L dietary treatment (Figures 2C,D). The 
increased amino acid metabolism in diets S and C may lead to 
higher amino acid production with excessive amounts of amino 
acids contributing to the higher NH3-N concentration via 
deamination (Petri et  al., 2019). Also, the Ruminobacter 
amylophilus is known for its proteolytic activity (Amlan and Ye, 
2014), which could explain that the diets C and S with a higher 
number of the genus Ruminobacter had enhanced function of 
amino acids metabolism. Moreover, the L diet reduced the relative 
abundance of the translation, replication and repair, as well as 
cellular processes and signaling, which is probably attributed to 
the rapid turnover rate of bacteria (Zhang et  al., 2017a). As 
predicted by PICRUSt, the bacteria in the C diet had an enriched 
function for energy metabolism compared to the S diet, suggesting 
that the bacterial capacity of energy intake may be improved by 
the ground corn compared to the steam-flaked corn.

Influence on rumen metabolites

The metabolomics analysis provides direct evidence for 
changes in microbial activities among diets. The metabolomics 
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data showed that the dietary treatments altered most metabolites 
related to lipid and protein digestion. The enriched metabolic 
pathways that were predicted by PICRUSt, such as amino acid 
metabolism and cellular processes and signaling, were similar to 
the enriched metabolic pathways through the metabolome 
functions analysis, such as the tryptophan metabolism and 
sphingolipid signaling pathways.

Most affected metabolites in the lipids and lipid-like 
molecules were higher in the diet L compared to the other two 
diets, indicating that the L diet could promote lipid utilization 
to some degree. Most metabolites belonging to fatty acids and 
conjugates were also higher in the diet L. Previous in vitro 
bacterial culturing experiments have shown that fatty acids had 
a negative effect on bacterial growth (Henderson, 1973). The 
bacterial communities were modified differently by the fatty 
acid supplements, where cellulolytic strains of bacteria showed 
to be more sensitive to fatty acids than the amylolytic ones 
(Doreau and Ferlay, 1995). The present contribution also 
observed a strong correlation between the cellulolytic bacteria 
and metabolites associated with fatty acid. The initial step of 
lipid metabolism in the rumen is the hydrolysis of the ester 
linkages, which is predominantly controlled by rumen bacteria 
(Bauman et al., 2003). The strains of Butyrivibrio fibrisolvens 
have been reported to play an important role in the degradation 
of polyunsaturated fatty acids in the rumen (Latham et  al., 
1972), including hydrolysing phospholipids and glycolipids 
(Harfoot and Hazlewood, 1997). Besides, some strains of 
Borrelia (Yokoyama and Davis, 1971), a strain in each of 
Ruminocccus and Eubacterium (Kemp et al., 1975) and two 
strains of cellulolytic Clostridium spp. (Viviani et  al., 1968) 
have also been reported to participate in biohydrogenation. The 
higher abundance of genera Butyrivibrio_2, Ruminococcus_1, 
Ruminococcaceae_UCG-013, Ruminococcaceae_UCG-014, and 
Unclassified_o_Clostridiales in diet L is in line with the higher 
level of the metabolites related to fatty acids and conjugates. 
Correlation analysis proved that the different fatty acid 
metabolites had significant relations with several cellulolytic 
bacteria, including the Ruminococcaceae_UCG-014 and 
[Eubacterium]_coprostanoligenes_group. These cellulolytic 
bacteria might contribute to the higher fatty acid production 
in the L diet.

Most metabolites associated with the amino acids, 
peptides, and analogues were decreased in the L compared to 
the C and S diets, which was also in line with the PICRUSt 
result. The ruminal amino acids mainly arise from the dietary 
protein degradation and protein produced by microbiota. A 
large number of microbial species contribute to the ruminal 
proteolysis, with starch-degrading bacteria contributing more 
to the protein degradation in the rumen than the cellulolytic 
bacteria (Zhang et al., 2017a). This could explain the high 
level of amino acids, peptides, and analogues in the C and S 
diets. Besides, in the de novo synthesis of ruminal amino 
acids, acetate and propionate can be used as carbon sources 

and the compounds like ammonia as the nitrogen sources by 
the microbes (Zhang et al., 2017b). The high concentrations 
of propionate, butyrate and NH3-N in diet C and S also agrees 
with their higher levels of amino acids.

In conclusion, the glucogenic diet had greater effects than 
the lipogenic diet in terms of improving the dry matter 
digestibility, increasing propionate concentration and 
promoting amino acid metabolism. The improvement in 
propionate production may be  attributed to the increased 
number of bacterial spp. functioning in the succinate pathway. 
Compared to ground corn, steam-flaked corn did not show 
more differences in fermentation end-products except for 
increasing gas production and lower production of some fatty 
acids and amino acids. Several amylolytic and cellulolytic 
bacteria were observed to be sensitive to the dietary changes, 
while most highly abundant bacteria were stable or minorly 
affected. The affected bacteria showed to have high 
associations with certain metabolites. This study has offered a 
deeper understanding of ruminal microbial functions which 
could assist the improvement of rumen functions and thereby 
in the ruminant production. Moreover, these findings provide 
essential references for future in vivo studies.
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Introduction: Black Tibetan sheep is one of the primitive sheep breeds in 

China that is famous for its great eating quality and nutrient value but with little 

attention to the relationship between feeding regimes and rumen metabolome 

along with its impact on the muscle metabolism and meat quality.

Methods: This study applies metabolomics-based analyses of muscles and 

16S rDNA-based sequencing of rumen fluid to examine how feeding regimes 

influence the composition of rumen microbiota, muscle metabolism and 

ultimately the quality of meat from Black Tibetan sheep. Twenty-seven rams 

were randomly assigned to either indoor feeding conditions (SG, n = 9), pasture 

grazing with indoor feeding conditions (BG, n = 9) or pasture grazing conditions 

(CG, n = 9) for 120 days.

Results: The results showed that, compared with BG and CG, SG improved 

the quality of Black Tibetan sheep mutton by preventing a decline in pH and 

increasing fat deposition to enhance the color, tenderness and water holding 

capacity (WHC) of the Longissimus lumborum (LL). Metabolomics and correlation 

analyses further indicated that the feeding regimes primarily altered amino acid, 

lipid and carbohydrate metabolism in muscles, thereby influencing the amino 

acid (AA) and fatty acid (FA) levels as well as the color, tenderness and WHC of the 

LL. Furthermore, SG increased the abundance of Christensenellaceae R-7 group, 

[Eubacterium] coprostanoligenes group, Methanobrevibacter, Ruminococcus 

2 and Quinella, decreased the abundance of Lactobacillus, Prevotella 1 and 

Rikenellaceae RC9 gut group, and showed a tendency to decrease the abundance 

of Succinivibrio and Selenomonas 1. Interestingly, all of these microorganisms 

participated in the deposition of AAs and FAs and modified the levels of different 

metabolites involved in the regulation of meat quality (maltotriose, pyruvate, 

L-ascorbic acid, chenodeoxycholate, D-glucose 6-phosphate, glutathione, etc.).
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Discussion: Overall, the results suggest that feeding Black Tibetan sheep 

indoors with composite forage diet was beneficial to improve the mouthfeel 

of meat, its color and its nutritional value by altering the abundance of rumen 

bacteria which influenced muscle metabolism.

KEYWORDS

Black Tibetan sheep, feeding regimes, meat quality, 16S rDNA, metabolomics

1. Introduction

Black Tibetan sheep, a characteristic breed of the Guinan 
County (Qinghai Province, China), is still raised by 
traditional grazing although this approach is not conducive 
to the protection and development of this particular livestock. 
In addition, overgrazing can easily degrade the grassland and 
lead to desertification, resulting in ecological imbalance 
(Peng et al., 2015). In order to protect grassland ecosystem in 
China as well as meet an increasing demand for high quality 
Black Tibetan sheep’s meat, the animals’ feeding regimes have 
gradually transitioned from traditional grazing to intensive 
feeding. This changed approach can significantly protect the 
ecological environment, shorten the slaughtering time and 
greatly increase the quantity of sheep in a short time (da Silva 
et al., 2020). However, such changes in feeding regimes also 
affect the overall health, growth characteristics and even the 
meat quality of sheep due to differences in diet composition 

(Boughalmi and Araba, 2016). For example, intensive 
production can increase the growth performance and carcass 
quality of sheep (Papi et al., 2011), while pasture grazing can 
improve the levels of polyunsaturated fatty acids (PUFAs) in 
their muscles (Wang et al., 2021). Consequently, maintaining 
or even improving the meat quality of Black Tibetan sheep 
raised in the feedlot is expected to become the core of 
future research.

The metabolome of muscles provides important 
information to characterize the nutritional and sensory 
properties of mutton (Muroya et al., 2020). Indeed, increasing 
numbers of studies have demonstrated that the levels of 
muscle metabolites can potentially indicate changes in meat 
quality. For example, a metabolite called inosine 
monophosphate regulates Nellore cattle beef ’s tenderness, 
along with creatine, carnosine, and conjugated linoleic acid in 
the Longissimus lumborum (LL; de Zawadzki et  al., 2017). 
Moreover, color stability is attributed to the presence of 
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antioxidant or reducing compounds, such as taurine and 
L-glutathione (Muroya et al., 2020). Notably, in the authors’ 
previous study, it was found that differences between White 
Tibetan sheep’s meat quality under stall feeding and traditional 
grazing conditions were regulated by muscle differential 
metabolites (DMs; L-glutamate, inosine, adenosine, 
D-mannose, D-fructose, etc.) (Zhang et al., 2021). Therefore, 
these findings provide a basis for exploring the main 
metabolites and key metabolic pathways that regulate Black 
Tibetan sheep’s meat quality under different feeding regimes.

In ruminants, the rumen microbiota independently 
regulates host metabolism, with changes in its composition 
directly influencing the host’s phenotype (Zhang et al., 2022). 
In this context, ruminants’ feeding regime and dietary 
components are critical factors as they determine rumen 
microbiota’s composition and functions. For instance, Wang 
et  al. (2021) discovered that artificial pasture grazing 
modified muscle metabolites that influence meat quality as 
well as muscle amino acid (AA) and fatty acid (FA) 
composition by modulating rumen microbiota. As such, it 
was a better choice for producing healthy mutton products 
(Wang et al., 2021). Furthermore, Du et al. (2021) found that 
a high-energy diet could enhance yak’s muscle quality, 
including fat content and shear force of the LL. This was 
achieved through an increase in amylolytic bacteria and their 
fermentation products which were required for fatty acid 
synthesis (Du et  al., 2021). Most importantly though, the 
current authors previously reported that a high-energy diet 
could affect Black Tibetan sheep’s muscle metabolism by 
altering the composition of rumen microbiota, with this 
change improving meat quality and flavor (Zhang et  al., 
2022). In light of these findings, it is expected that host 
metabolism and animal phenotypes can be  artificially 
modified by changing feeding regimes and diets. However, 
the key rumen bacteria associated with quality-related 
properties such as meat color and tenderness in Black Tibetan 
sheep are yet to be determined.

Consequently, it was hypothesized that the meat quality of this 
breed could be enhanced by changing feeding regimes which not 
only influence the rumen microbiota composition but also muscle 
metabolism. For this purpose, ultrahigh-performance liquid 
chromatography-mass spectrometry (UHPLC–MS) and gas 
chromatography–mass spectrometry (GC–MS) were applied to, 
respectively, compare changes in muscle AA and FA composition 
resulting from the different feeding regimes. The muscle metabolome 
was subsequently studied using ultrahigh-performance liquid 
chromatography coupled to quadrupole time-of-flight mass 
spectrometry (UHPLC-QTOF-MS) before determining the rumen 
microbiota composition based on Illumina sequencing. In addition, 
correlations between meat quality parameters and muscle 
metabolites as well as between rumen bacteria, key DMs and 
beneficial AAs and FAs in the LL were analyzed. This approach 
provided a detailed and comprehensive overview of how Black 
Tibetan sheep’s meat quality was influenced by different feeding 

regimes. The findings are expected to not only provide baseline 
information for enhancing Black Tibetan sheep’s meat quality by 
regulating rumen microbiota under an indoor feeding regime but 
also to provide an effective method for striking a balance between 
production and ecology.

2. Materials and methods

The study was approved by the Animal Ethics Committee of 
Qinghai University (QUA-2020-0709) and was carried out at the 
Black Tibetan Sheep Breeding Center in Guinan County of 
Qinghai Province, China.

2.1. Animal management and sample 
collection

Twenty-seven 120-day-old rams (Black Tibetan sheep) weighing 
12.2 ± 0.92 kg were randomly assigned to one of the following feeding 
regimes: indoor feeding conditions (SG, n = 9), pasture grazing with 
indoor feeding conditions (BG, n = 9) and pasture grazing conditions 
(CG, n = 9). A composite forage with a concentrate (commercial 
mixed ration) to roughage (silage corn and green oat hay, 1:1) ratio of 
7:3 was used as feed for the lambs from the SG group (twice a day at 
08:00 and 18:00), while those in the CG and BG groups grazed 
(08:00–18:00) on desert grassland located in Gonghe County, Qinghai 
Province (36.28°N, 99.88°E). The latter contained Achnatherum 
splendens and Agropyron splendens (sowing proportion, 50, 50%, 
respectively) and included two grazing areas (687 m2/plot). In 
addition, the diet of the lambs from the BG group was supplemented 
with the composite forage after grazing. All the animals were subjected 
to a 7-day adaptation period before being fed (1.5 × 2.0 m2/unit, 1 
lambs/unit) individually or allowed to graze (9 lambs/plot) for 
120 days with ad libitum access to food and water. Table 1 shows the 
ingredients and nutritional levels of the composite forage and 
pasture grass.

In accordance with animal welfare procedures, all animals 
were humanely slaughtered after fasting for 18 h on solid food and 
2 h on liquid food. The left side of the carcasses, between the 12th 
and 13th ribs, were sampled before determining the color and pH 
values of each sample within 45 min. Moreover, rumen fluid was 
filtered through four layers of cheesecloth prior to collection into 
sterile containers. As required by standardized norms, slaughter, 
and sampling were conducted simultaneously by professionals. 
Following collection, samples were then immediately frozen in 
liquid nitrogen before being stored in the refrigerator at −80°C 
until needed for further analysis. A total of nine biological 
replicates and three technical replicates were obtained from each 
group to assess the concentrations of ammonia-N and volatile 
fatty acids (VFAs), AA and FA composition as well as carcass and 
meat quality. For the studies of rumen microbiota and muscle 
metabolome, six biological replicates were collected for 
each group.
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2.2. Carcass quality analysis of Black 
Tibetan sheep

At the time of carcass segmentation, the carcass quality was 
assessed at the 12th rib. The eye muscle area (EMA) was measured 
with a planimeter after being drawn on sulfuric acid paper. 
Abdominal fat thickness (AFT), back fat thickness (BFT) and rib fat 
thickness (RFT) were then directly measured with vernier calipers at 
127 mm, 40 mm and 110 mm from the spinal column, respectively.

2.3. Meat quality analysis of Black Tibetan 
sheep

Following a 24-h postmortem phase, standard procedures were 
used to assess the edible quality of meat samples. A portable pH 

meter, previously calibrated with standards of pH 4.0 and 6.86 and 
having a built-in temperature compensator, was inserted into 
samples to determine the initial and final pH values. A Minolta-
ADCI machine was then used to determine the a* (redness), b* 
(yellowness) and L* (lightness) values of samples. Moreover, their 
shear force (SF) was assessed with a Warner-Bratzler apparatus, 
while the elasticity, hardness, viscosity, cohesion, adhesion and 
chewiness of samples were measured with a texture profile analysis 
(TPA) machine (CT3, Brookfield).

As previously described (Zhang et al., 2021), the samples 
were thawed at 4°C for 12 h to calculate the thaw loss (TL) 
before hanging them at the same temperature for 24 h to 
assess the drip loss (DL). In addition, the samples were 
cooked in a Thermostatic Water Bath machine at 85°C for 
30 min to obtain the cooking loss (CL) and cooked meat 
percentage (CMP). Throughout these processes, all samples 
were individually packed into hermetic bags. Finally, 
regarding the nutritional components, standard AOAC 
procedures were used to determine the total ash, crude fat, 
crude protein and moisture content of meat samples at 48 h 
postmortem (Lee, 1995).

2.4. Untargeted metabolomics analysis of 
the Longissimus lumborum

For untargeted metabolite analysis, 50 mg of meat samples 
were processed as reported before (Zhang et al., 2021). This 
was followed by UHPLC-QTOF-MS (1,290 Infinity, Agilent) 
which first involved sample separation in an UHPLC. In this 
case, the autosampler temperature, injection volume, column 
temperature and flow rate were 4°C, 2 μL, 25°C and 0.5 ml/
min, respectively. Furthermore, the following liquid phase 
gradient was applied: 0–0.5 min, the B phase was 95%; 
0.5–7 min, the B phase changed linearly from 95 to 65%, then 
decreased linearly to 40% in 1 min before being sustained for 
1 min; the B phase was then increased to 95% in 0.1 min and 
sustained for 2.9 min. Quality control (QC) samples were also 
added into the sample queues to monitor and assess the 
stability of the system and the reliability of the data.

MS (AB Triple TOF 6600) was subsequently used to 
collect  the samples’ first- and second-order spectra. The 
chromatographic alignment, retention-time modifications and 
peak identification were carried out using XCMS software. 
Furthermore, multivariate statistical analysis was performed 
using SIMCA software, with heat maps subsequently generated 
in R. DMs, defined as those with variable importance projection 
(VIP) > 1 and p < 0.05, were also identified. Eventually, the 
metabolites were functionally annotated and the metabolic 
pathways were enriched using the Kyoto Encyclopedia of Genes 
and Genomes database (KEGG).1

1 www.genome.jp/kegg

TABLE 1 Dietary ingredients and nutritional levels of the two different 
feeds (dry matter basis).

Items Composite 
forage

Pasture 
grass

Dietary ingredients (% DM)

Achnatherum splendens – 50.00

Agropyron desertorum – 50.00

Corn 43.15 –

Soybean meal 2.65 –

Rapeseed meal 12.42 –

Cottonseed meal 4.58 –

Oat silage 15.00 –

Oat hay 15.00 –

Mineral salt 0.80 –

Limestone 0.80 –

Baking soda 0.10 –

Dicalcium phosphate 0.50 –

Mineral/vitamin premix1 5.00 –

Total 100.00 100.00

Nutritional levels (% DM)

Digestive energy DE (MJ/

kg)

12.12 –

Crude protein 13.03 5.15

Crude ash 4.62 6.82

Crude fat 5.02 3.08

Neutral detergent fiber 

NDF

26.72 42.28

Acid detergent fiber ADF 16.36 30.23

Calcium 0.92 0.20

Phosphorus 1.01 0.26

1The premix provided the following per kg of diet: Fe (as ferrous sulfate) 4.5 g/kg; Cu (as 
copper sulfate) 1.0 g/kg; Zn (as zinc sulfate) 6.0 g/kg; Mn (as manganese sulfate 3.0 g/kg; 
Co (as cobalt sulfate) 0.02 g/kg, Se 0.02 g/kg; I 0.04 g/kg; VA 250000 IU/kg; VD 30000 IU/
kg; VE 25000 IU/kg.
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2.5. Targeted metabolomics analysis of 
the Longissimus lumborum

2.5.1. Amino acid analysis
Fifty milligrams of meat samples were processed for AA 

analysis as described previously (Zhang et  al., 2021). For 
UHPLC–MS (1,290 Infinity, Agilent) detection, sample 
separation was performed in an UHPLC, with an autosampler 
temperature of 4°C, an injection volume of 1 μL, a column 
temperature of 40°C and a flow rate of 250 μL/min. 
Furthermore, the liquid phase gradient was set as follows: 
0–12 min, the B phase changed linearly from 90 to 70%; 
12–18 min, the B phase changed linearly from 70 to 50%; it 
was then decreased to 40% in 7 min and maintained for 5 min; 
finally, the B phase increased linearly to 90% in 0.1 min and 
was sustained for 6.9 min. QC samples were also added to 
evaluate the stability and repeatability of the system. Finally, 
MS (5,500 QTRAP) was set to Multiple Reaction Monitoring 
(MRM), while chromatographic alignment, retention-time 
modifications and peak identification were carried out with 
the MultiQuant software to determine metabolites.

2.5.2. Fatty acid analysis
FA analysis was performed on 50 mg of meat samples as 

previous described (Zhang et al., 2021). In this case, for GC–
MS-based (7,890/5975C, Agilent) detection, sample separation 
was carried out on a capillary column (30 m × 0.25 mm × 0.25 μM, 
DB-WAX) for which the programmed temperature was set to 
40°C for 5 min before increasing to 220°C at a rate of 10°C/min 
for 5 min. Helium was used as the carrier gas in a split ratio of 
10:1 and a flow rate of 1.0 ml/min, while the inlet, transfer line 
and ion source temperatures were 280°C, 250°C, and 230°C, 
respectively. QC was also performed as mentioned above. MS 
was set to Single Ion Monitoring (SIM) and operated in the 
Electron Impact Ionization Source (EIS), while electron energy 
was set at 70 eV. Eventually, chromatographic alignment, 
retention-time modifications and peak identification were 
carried out using MSD ChemStation software to determine  
metabolites.

2.6. Rumen function analysis

2.6.1. Rumen fermentation characteristics
Following collection of the rumen fluid, a portable pH meter 

was used to immediately record the pH value. The concentrations 
of VFAs and ammonia-N were subsequently determined by GC 
(Shimadzu NX 2030) and the phenol-hypochlorite assay, 
respectively (Broderick and Kang, 1980).

2.6.2. Rumen microbiota composition
Genomic DNA was extracted from rumen fluid samples 

using SDS technique before assessing the DNA’s purity and 
concentration. The V3-V4 regions of 16S rDNA genes were then 

amplified by PCR using specific primers under the following 
conditions: initial denaturation for 1 min at 98°C, followed by 
30 cycles, each with denaturation for 10 s at 98°C, annealing for 
30 s at 50°C and extension for 60 s at 72°C. The PCR ended with 
a 5-min final extension at 72°C. AxyPrep DNA Gel Extraction 
Kit (AXYGEN, United States) and QuantiFluor™-ST (Promega, 
United  States) were then used to, respectively, purify and 
quantify the PCR products as specified by the respective 
manufacturers. This was followed by the preparation of a 
sequencing library using an Illumina Next®Ultra™DNA Library 
Prep Kit (NEB, United States), with both Qubit@ 2.0 Fluorometer 
and Agilent Bioanalyzer 2,100 systems used to assess the quality 
of the library. Eventually, sequencing was performed on an 
Illumina HiSeq2500 platform to generate 250 bp paired- 
end reads.

The sequencing data generated above were filtered and 
merged, as previously reported, to obtain effective tags (Wang 
et  al., 2020a). UPARSE software was then used to cluster 
representative sequences into operational taxonomic units 
(OTUs) at a 97% similarity threshold before classifying the latter 
into various species using the RDP classifier against the SILVA 
database. Alpha (Chao1, Simpson, Shannon, etc.) and beta 
diversities (Principal Coordinate Analysis based on unweighted 
unifrac) were also determined in QIIME, while both Anosim and 
Adonis were constructed using Bray-Curtis distance matrices. 
Furthermore, LEfSe-based analyses allowed microbial 
biomarkers within each group to be  quantitatively identified 
before using STAMP analysis to confirm the abundance of 
differential species between the three groups. The metabolic 
function of rumen microbiota was finally predicted using the 
KEGG database.

2.7. Statistical analysis

Means and standard errors of the means (SEM) were 
calculated with one-way analysis of variance (ANOVA) using 
SPSS software (16.0). Significance was set at p  < 0.05 and 
tendencies were reported at 0.05 ≤ p ≤ 0.1. For the different 
feeding regimes, Pearson’s correlation coefficient was further 
used to determine the relationship between rumen bacteria, 
muscle metabolome and meat quality in Black Tibetan sheep, 
with significant correlations indicated by p < 0.05 and 
|r| > 0.50.

3. Results

3.1. Carcass quality

The carcass quality of Black Tibetan sheep under different 
feeding regimes is shown in Table 2. The AFT, EMA and BFT were 
higher (p < 0.05) in SG than in BG and CG, although these three 
parameters were not different between BG and CG. In addition, 
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SG showed a tendency (p = 0.08) to increase the RFT. Therefore, 
the results indicated that Black Tibetan sheep’s carcass quality 
under the indoor feeding regimes was the best.

3.2. Meat quality

The meat quality of Black Tibetan sheep under different 
feeding regimes is shown in Table 2. For the edible quality, 
BG had a higher (p < 0.05) initial pH value than SG as well as 
a higher (p < 0.05) ultimate pH value than CG. This showed 
that CG displayed the largest pH decline in the LL (within 
24 h after slaughtering), followed by BG and SG, with the 
latter having the lowest range of pH decline. The a* and b* 
values were also significantly higher (p < 0.01) in BG than in 

SG and CG, whereas the L* value was significantly lower 
(p < 0.01) in SG compared with BG and CG. In addition, CG 
had the largest SF, DL, and CL, followed by BG, which had 
medium values, while SG had the lowest ones (p < 0.01). 
Conversely, SG had a higher CMP than CG, while BG was in 
the median range (p < 0.01). In addition, the chewiness, 
adhesion, and hardness were significantly lower (p < 0.01) in 
SG and BG in comparison with CG, whereas the elasticity was 
considerably lower (p < 0.01) in SG. Finally, as far as the 
nutritional components of the LL were concerned, the fat 
content was considerably higher (p < 0.01) but the ash content 
was considerably lower (p < 0.01) in SG than in CG. As a 
result, SG showed better meat edible quality [e.g., color, 
tenderness, and water holding capacity (WHC)] as well as 
greater meat fat deposition.

TABLE 2 Effects of different feeding modes on the carcass and meat quality of Black Tibetan sheep.

Items Groups SEM p-value

SG BG CG

Carcass quality

Eye muscle area (cm2) 22.97a 11.29b 14.92b 2.07 < 0.01

Rib fat thickness (cm) 3.38 2.27 2.77 0.4 0.08

Back fat thickness(cm) 5.81a 1.97b 1.73b 0.91 <0.01

Abdominal fat thickness (cm) 5.49a 4.00b 3.50b 0.55 0.03

Edible quality of meat

Initial pH (45 min) 6.05b 6.36a 6.19ab 0.11 0.03

Ultimate pH (24 h) 5.77ab 5.94a 5.66b 0.11 0.04

L* (45 min) 26.00b 37.59a 38.46a 1.38 < 0.01

a* (45 min) 9.67b 16.48a 10.85b 1.43 < 0.01

b* (45 min) 5.81c 13.75a 11.08b 0.6 < 0.01

Shear force (N) 11.01c 14.55b 17.48a 0.8 < 0.01

Thaw loss (%) 7.24 6.44 6.25 0.58 0.21

Drip loss (%) 4.14c 5.10b 6.13a 0.46 < 0.01

Cooking loss (%) 17.39c 29.20b 34.69a 1.88 < 0.01

Cooked meat percentage (%) 76.72a 69.54b 63.40c 2.42 < 0.01

Hardness (g) 824.44b 632.56b 1832.67a 115.75 < 0.01

Elasticity (mm) 1.54b 2.02a 2.13a 0.11 < 0.01

Viscosity (mJ) 0.16 0.2 0.17 0.03 0.4

Adhesion (g) 252.44b 182.56b 505.78a 46.21 < 0.01

Cohesion 0.35 0.34 0.37 0.06 0.85

Chewiness (mJ) 6.48b 4.21b 10.02a 1.22 < 0.01

Nutritional quality of meat

Moisture (%) 73.58 74.33 74.39 0.59 0.33

Ash (%) 1.10b 1.22ab 1.34a 0.06 < 0.01

Fat (%) 4.41a 3.78ab 3.16b 0.34 < 0.01

Protein (%) 21.36 21.5 21.52 0.44 0.93

a,b,cDifferent superscripts within a row indicate significantly different values for P-value <0.05.
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3.3. Analysis of muscle untargeted 
metabolome

As shown in Figures  1A,B, the Principal Component 
Analysis (PCA) scores for the three groups were plotted under 
positive (ESI+) and negative (ESI−) ion modes, respectively. In 
this case, the R2X of the ESI+ and ESI− modes for the three 
groups were 0.609 and 0.532, respectively, and hence, an ESI+ 
mode was selected for subsequent analysis as this was more 
useful and reliable. It was noted that, under this mode, the SG 
samples clustered separately from those of BG and CG, although 
no clear separation was observed for the latter two. Therefore, 
to further optimize the three groups’ separation and focus on 
the metabolic variations between the LL, Orthogonal Partial 
Least Squares-Discriminant Analysis (OPLS-DA) was used to 
build more intensive and accurate models for the analysis of the 
three sets of meat samples, with the resulting OPLS-DA score 
plots shown in Figures 1C–E (ESI+). In this case, OPLS-DA 
revealed good within-group aggregation along with between-
group separation. R2X, R2Y, and Q2 of the OPLS-DA models are 
also summarized in Supplementary Table S1, and all of the 
models showed acceptable goodness-of-fit and goodness-of-
prediction. Therefore, the results indicated that the metabolic 
pattern in Black Tibetan sheep’s LL was significantly altered by 
different feeding regimes.

By applying the threshold (VIP > 1, p < 0.05) for DMs’ 
identification under both the ESI+ and ESI− modes, a total of 
171 DMs were identified across the three groups, of which 80 
were connected with KEGG metabolic pathways (Figure 2). 
More specifically, pairwise comparisons revealed 42 DMs (18 
and 24  in the positive and negative modes, respectively) 
between SG and BG, 51 DMs (25 and 26 in the positive and 
negative modes, respectively) between SG and CG and 38 DMs 
(20 and 18 in the positive and negative modes, respectively) 
between BG and CG. Compared with BG and CG, 23 
metabolite levels were also significantly different in SG (14 
DMs were significantly higher, and 9 DMs were lower). 
Furthermore, 18 metabolite levels were different in BG (13 
DMs were significantly lower, whereas 5 DMs were higher) 
compared with the other groups, while for the CG group, the 
levels of 10 metabolites were significantly different (4 DMs 
were significantly lower, and 6 DMs were higher). Overall, 
most of these DMs were lipids, AAs, carbohydrates and 
their derivatives.

To further determine the differential metabolic pathways 
in Black Tibetan sheep’s LL after different feeding regimes, the 
Differential Abundance Score (DA score) of each comparable 
group was analyzed. As shown in Figure 3A, compared with 
BG, 18 metabolic pathways were upregulated in SG (DA 
score > 0.5, p < 0.05), with the key ones being 

A B

C D E

FIGURE 1

PCA score plots of all samples in the ESI+ (A) and ESI− (B) modes as well as OPLS-DA score plots of the comparison between SG and BG (C), 
between SG and CG (D), and between BG and CG (E) in the ESI+ mode. t[1] represents the principal component 1, t[2] (A,B) and to[1] (C–E) 
represent the principal component 2, and the ellipse represents the 95% confidence interval.
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phosphotransferase system (PTS), pentose phosphate pathway, 
ascorbate and aldarate metabolism, carbohydrate digestion 
and absorption, HIF-1 signaling pathway and six amino acid 
metabolisms (taurine, hypotaurine metabolism, etc.). Among 

the metabolites involved in these key pathways, the levels 
of  3-hydroxyphenylacetic acid, D-erythrose 4-phosphate, 
phenaceturic acid, urea, taurine, L-isoleucine, maltotriose, 
L-hydroxyarginine, L-ascorbic acid, glyceric acid, D-lactose, 

FIGURE 2

Venn diagram illustrates the overlap of DMs connected with KEGG metabolic pathways for three sets of comparisons (SG vs. BG; SG vs. CG; BG vs. 
CG) in the Longissimus lumborum. The color red and blue represent the upregulation and downregulation of metabolites, respectively.

A B C

FIGURE 3

The DA score maps of all differential metabolic pathways for the comparison between SG and BG (A), between SG and CG (B) and between BG 
and CG (C) in the Longissimus lumborum. The DA score captures the average and gross changes for all metabolites in a pathway. Scores of 1 
and − 1, respectively, indicate a decrease and an increase in all measured metabolites in the pathway for SG (A,B) and BG (C).
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pyruvate and creatinine were all higher in SG, whereas those 
of D-glucosaminic acid and hippuric acid were lower 
(Supplementary Table S3). On the other hand, compared with 
CG, only two metabolic pathways were downregulated in SG, 
while seven were upregulated (DA score > 0.5, p < 0.05). Bile 
secretion was the main downregulated pathway in SG, unlike 
starch and sucrose metabolism, arginine and proline 
metabolism, carbohydrate digestion and absorption, thyroid 
hormone synthesis and PTS which were all upregulated 
(Figure  3B). Among the metabolites involved in these key 
pathways, the levels of D-glucose 6-phosphate, maltotriose, 
L-hydroxyarginine, isomaltose, creatinine, D-mannose 
6-phosphate, glutathione, D-lactose and urea were all higher 
in SG, while those of D-glucosaminic acid, chenodeoxycholate, 
L-carnitine and choline were lower (Supplementary Table S3). 
Finally, comparison between CG and BG showed that 3 
metabolic pathways were downregulated and 20 were 
upregulated in the former (DA score > 0.5, p < 0.05). In this 
case, the key upregulated pathways included the HIF-1 
signaling pathway, pentose phosphate pathway, ascorbate and 
aldarate metabolism, four amino acid metabolisms (taurine, 
hypotaurine metabolism, etc.) and four lipid metabolisms 
(sphingolipid metabolism, etc.). On the other hand, beta-
alanine metabolism and histidine metabolism were 
downregulated in CG (Figure  3C). Among the metabolites 
involved in these key pathways, the levels of methylmalonic 
acid, glyceric acid, L-isoleucine, sphingomyelin (d18:1/18:0), 
taurine, ceramide [d18:1/18:1(9Z)], glycocholic acid, pyruvate, 
taurocholate and L-ascorbic acid were all higher in CG, while 
those of anserine, pantothenate and aspartic acid were lower 
(Supplementary Table S3).

3.4. Analysis of muscle targeted 
metabolome

3.4.1. Amino acid composition
As shown in Table 3, the concentrations of total amino acids 

(TAAs) and non-essential amino acids (NEAAs) in the LL did not 
differ between the three groups, although SG showed a tendency 
to increase the levels of essential amino acids (EAAs; p = 0.09), 
arginine (p = 0.07) and threonine (p = 0.08). Similarly, the levels of 
tyrosine, asparagine, taurine and aminoadipic acid were higher 
(p < 0.05) in SG than in BG. In addition, the levels of proline and 
valine were higher (p < 0.05) in SG than in BG and CG, the 
concentrations of methionine, phenylalanine, leucine, isoleucine 
and hydroxyproline were higher (p < 0.01) in SG and CG than in 
BG, and BG had a higher (p < 0.05) concentration of tryptophan 
compared with SG and CG.

3.4.2. Fatty acid composition
As noted from Table 4, the levels of total fatty acids (TFAs), 

saturated fatty acids (SFAs), monounsaturated fatty acids 
(MUFAs) and PUFAs, including the ratio of PUFAs/SFAs (P/S) 

in the LL, were not different between the three groups even 
though the ratios of n-6/n-3 and C16:0/C18:1 were 
significantly affected by different feeding regimes. In 
particular, BG showed a tendency (p = 0.05) to increase the 
concentration of n-3 PUFAs as well as CG showed a tendency 
(p = 0.07) to increase the concentration of n-6 PUFAs. The 
C16:0/C18:1 ratio was higher (p < 0.05) in BG than in SG, 
while the n-6/n-3 ratio was higher (p < 0.01) in SG and CG 
than in BG. In addition, SG had a higher (p < 0.01) C20:1 N9 
concentration than BG and CG. Similarly, BG had higher 
(p < 0.05) C20:5 N3 and C22:5 N3 concentrations than SG as 
well as a higher (p < 0.05) C22:6 N3 concentration than both 
SG and CG. Conversely, CG had a higher (p < 0.05) 
concentration of C18:3 N6 compared with BG.

3.5. Rumen function

3.5.1. Analysis of rumen fermentation 
characteristics

Fermentation characteristics in Black Tibetan sheep’s rumen 
under the three different feeding regimes were as shown in 

TABLE 3 Effects of different feeding modes on the AA composition in 
the Longissimus lumborum of Black Tibetan sheep (μg/g tissue).

Items Groups SEM P-
value

SG BG CG

Arginine 108.46 66.26 90.77 14.61 0.07

Methionine 5.87a 4.07b 5.71a 0.35 <0.01

Phenylalanine 44.25a 26.90b 39.47a 3.22 <0.01

Tyrosine 47.02a 27.64b 38.63ab 5.86 0.04

Leucine 74.33a 47.42b 66.43a 5.74 <0.01

Isoleucine 23.84a 17.04b 22.02a 1.32 <0.01

Proline 77.08a 40.81b 35.98b 10.40 0.01

Valine 54.07a 37.86b 43.56b 4.26 0.02

Threonine 57.63 22.92 45.43 12.53 0.08

Asparagine 43.93a 20.48b 34.95ab 6.26 0.03

Tryptophan 39.51b 54.88a 42.05b 4.91 0.04

Hydroxyproline 36.43a 10.80b 36.59a 7.94 0.03

Taurine 1014.74a 365.16b 678.34ab 188.75 0.04

Choline 22.14 190.63 50.89 64.24 0.08

Aminoadipic 

acid

26.24a 9.19b 16.09ab 5.31 0.05

EAAs1 344.21 255.26 300.03 33.19 0.09

NEAAs 4781.98 3533.80 4892.30 798.59 0.25

TAAs 5126.19 3789.06 5192.33 830.41 0.24

a,bDifferent superscripts within a row indicate significantly different values for P-value 
<0.05. Complete amino acid profile is provided in Supplementary Table S4. EAAs, 
essential amino acids; NEAAs, non-essential amino acids; TAAs, total amino acids. 
1EAAs = (leucine + methionine + valine + isoleucine + threonine + phenylalanine + 
lysine + tryptophan).

50

https://doi.org/10.3389/fmicb.2022.1076675
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhang et al. 10.3389/fmicb.2022.1076675

Frontiers in Microbiology 10 frontiersin.org

Table 5, with no differences in the pH value observed for the three 
groups. However, SG had a higher (p < 0.01) ammonia-N 
concentration than BG and CG. For VFAs, SG had higher 
(p < 0.01) butyrate and valerate levels than BG and CG. Besides, 
SG had a lower (p < 0.01) ratio of acetate to propionate (A/P) than 
BG and CG.

3.5.2. Analysis of rumen microbiota 
composition

As shown in Figure 4A, 1118 OTUs were obtained across 
the three groups, with 1,135, 951 and 405 being assigned only 
to SG, BG, and CG, respectively. At the same time, significant 
differences were noted in bacterial diversity and richness 
between the three groups of samples (Supplementary Table S2). 
More specifically, BG had higher (p < 0.01) Shannon and 
Simpson values than SG and CG, while CG had lower 
(p < 0.01) Chao1 and Ace than SG and BG. Anosim analysis 

(Figure  4B) and PCoA plot (Figure  4C) further revealed 
significant differences and good separation between SG and 
the other two groups, although similar results were not 
obtained when comparing BG and CG. Overall, these findings 
highlight the changes in Black Tibetan sheep’s rumen bacteria 
in response to differences between the three feeding regimes. 
Furthermore, 372 bacterial genera from 22 phyla were 
identified, with Figures  4D,E showing the top  15 most 
abundant genera and phyla, respectively.

The main differences in phyla and genera of rumen bacteria 
between the three groups are shown in Table 6. At the phylum 
level, compared with BG and CG, SG had more Euryarchaeota, 
Deferribacteres, Epsilonbacteraeota, Firmicutes and Synergistetes 
(p < 0.01) but less Bacteroidetes (p < 0.01). Moreover, 
Cyanobacteria, Spirochaetes and Kiritimatiellaeota were more 
abundant (p < 0.01) in BG than in SG and CG. At the genus level, 
Quinella, Methanobrevibacter, Ruminococcus 2 and [Eubacterium] 
coprostanoligenes group were more abundant (p < 0.01) in SG 
compared with BG and CG, while Lactobacillus was less abundant 
(p < 0.01). At the same time, compared with SG and CG, BG had 
more Rikenellaceae RC9 gut group and Prevotella 1 (p < 0.01) but 
less Christensenellaceae R-7 group (p < 0.05). Finally, CG had a 
higher abundance of Prevotella 1 (p < 0.01) compared with SG, 
while the latter showed a tendency to decrease the abundance of 
Selenomonas 1 (p = 0.10) and Succinivibrio (p = 0.06). Based on the 
results, functional prediction of Black Tibetan sheep’s rumen 
microbiota suggested that composite forage diet promoted the 
metabolism of carbohydrates, AAs, lipids and other substances in 
the rumen (Figure 4F).

TABLE 4 Effects of different feeding modes on the FA composition in 
the Longissimus lumborum of Black Tibetan sheep (μg/g tissue).

Items Groups SEM P-
value

SG BG CG

C18:2 N6 520.10 515.18 706.96 76.09 0.08

C18:3 N6 6.20a 3.19b 7.01a 1.09 0.03

C18:3 N3 26.54 30.90 52.72 9.59 0.07

C20:1 N9 22.48a 10.94b 13.22b 2.09 <0.01

C20:3 N6 18.68 28.17 25.19 3.65 0.10

C20:4 N6 2.81 2.07 2.56 0.24 0.06

C20:3 N3 187.83 310.29 190.08 47.26 0.07

C20:5 N3 14.40b 44.02a 21.83ab 9.45 0.05

C23:0 0.88 0.72 1.17 0.17 0.10

C22:5 N3 39.09b 88.59a 69.11ab 12.97 0.02

C22:6 N3 6.77b 22.67a 8.90b 4.48 0.02

TFAs 6707.74 5737.86 6832.17 2164.09 0.86

SFAs 3010.23 2747.13 3434.54 1250.24 0.86

MUFAs 2839.16 1921.01 2279.78 931.81 0.63

PUFAs 858.35 1069.72 1117.85 137.12 0.21

n-3 PUFAs 274.63 496.47 342.64 71.72 0.05

n-6 PUFAs 583.73 573.25 775.21 78.04 0.07

PUFAs/SFAs 0.34 0.45 0.39 0.16 0.80

n-6 

PUFAs/n-3 

PUFAs

2.12a 1.19b 2.26a 0.17 <0.01

C16:0/C18:1 0.58b 0.87a 0.77ab 0.09 0.05

a,bDifferent superscripts within a row indicate significantly different values for p-values 
<0.05. Complete fatty acid profile is provided in Supplementary Table S5. TFAs, total 
fatty acids, SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, 
polyunsaturated fatty acids; n-3 PUFAs, omega-3 polyunsaturated fatty acids; n-6 
PUFAs, omega-6 polyunsaturated fatty acids.

TABLE 5 Effects of different feeding modes on rumen fermentation 
characteristics of Black Tibetan sheep.

Items Groups SEM P-
value

SG BG CG

pH 5.71 5.59 5.75 0.12 0.38

Ammonia-N 

(mmol/L)

21.68a 8.84b 8.42b 2.40 <0.01

Acetate 

(mmol/L)

60.10 65.91 66.96 5.02 0.35

Propionate 

(mmol/L)

23.42 20.27 21.53 1.30 0.07

Butyrate 

(mmol/L)

18.37a 11.10b 12.57b 1.22 <0.01

Valerate 

(mmol/L)

1.35a 0.69c 0.95b 0.11 <0.01

Total VFAs 

(mmol/L)

107.71 97.95 102.52 7.27 0.42

A/P 2.57b 3.22a 3.14a 0.16 <0.01

a,b,cDifferent superscripts within a row indicate significantly different values for P-value 
<0.05. VFAs, volatile fatty acids; A, acetate; P, propionate.
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3.6. Correlation analysis

3.6.1. Correlation between muscle untargeted 
metabolome and meat quality parameters

The correlation between meat quality and muscle 
metabolism was assessed using the data from untargeted 
metabolome and the phenotypic parameters of Black Tibetan 
sheep’s LL under different feeding regimes (Figure 5A). In this 
context, L*, a*, b*, SF, DL, and CL were positively correlated 
with D-glucosaminic acid and chenodeoxycholate but 
negatively correlated with maltotriose, D-lactose and 
isomaltose. Conversely, CMP and fat were negatively 
correlated with D-glucosaminic acid and chenodeoxycholate 
but positively correlated with maltotriose, D-lactose and 
isomaltose. In addition, L* was negatively correlated with 
D-glucose 6-phosphate and glutathione but positively 
correlated with L-carnitine. Negative correlations were also 
noted for a* with pyruvate, taurine and L-ascorbic acid as well 
as for DL with D-erythrose 4-phosphate, D-glucose 
6-phosphate and D-mannose 6-phosphate. In the case of 

glutathione, it was positively correlated with fat content, while 
negative correlations were observed for glutathione, D-glucose 
6-phosphate and D-mannose 6-phosphate with SF as well as 
between taurine and b*. Overall, bile secretion, pentose 
phosphate pathway, PTS, carbohydrate digestion and 
absorption as well as sucrose and starch metabolism 
significantly affected the values of L*, a*, b*, SF, DL, CL, CMP, 
and fat content in the LL. Taurine and hypotaurine 
metabolism, ascorbate and aldarate metabolism and HIF-1 
signaling pathway also significantly affected the a* and b* 
values of the LL, with thyroid hormone synthesis also affecting 
SF, L* value and fat content.

3.6.2. Correlation of rumen bacteria with 
muscle amino acids, fatty acids, and differential 
metabolites

A strong connection was found between rumen bacteria and 
muscle DMs (Figure 5B) as well as the profiles of AAs and FAs 
(Figure  5C) in the LL. In particular, in the case of Prevotella 1, 
Rikenellaceae RC9 gut group and Lactobacillus, a positive correlation 

A B C

D E F

FIGURE 4

Venn diagram of OTUs showing the overlap of rumen microbiota between the three groups (A). Anosim analysis (B) and PCoA plot (C) of the 
samples’ rumen microbiota. The relative abundance of the 15 most abundant taxa at the phylum (D) and genus (E) levels among the three groups 
(as a percentage of the total sequences). Heatmap predicting the important differences in rumen functions (F).
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was noted with D-glucosaminic acid, chenodeoxycholate and 
L-carnitine, while a negative correlation was observed for 
[Eubacterium] coprostanoligenes group, Methanobrevibacter, 
Quinella, Ruminococcus 2 and Christensenellaceae R-7 group with 
those metabolites. A positive correlation was also noted for 
[Eubacterium] coprostanoligenes group, Methanobrevibacter and 
Quinella with glutathione as well as for Succinivibrio with pyruvate 
and L-ascorbic acid. In addition, Lactobacillus was negatively 
correlated with D-erythrose 4-phosphate, D-glucose 6-phosphate 
and D-mannose 6-phosphate, whereas Methanobrevibacter was 
positively correlated with those metabolites. In the case of Quinella, 
Ruminococcus 2 and [Eubacterium] coprostanoligenes group, a 
positive correlation was observed with maltotriose, D-lactose, 
isomaltose and taurine, while Prevotella 1 was negatively correlated 
with those metabolites. Regarding the AA profiles, Rikenellaceae RC9 

gut group, Prevotella 1 and Lactobacillus were negatively correlated 
with arginine, phenylalanine, leucine, isoleucine, proline, valine, 
threonine, asparagine, tryptophan, taurine and the total EAA 
content, whereas Quinella and [Eubacterium] coprostanoligenes group 
were positively linked to those metabolites. Furthermore, 
Christensenellaceae R-7 group was positively correlated with leucine, 
isoleucine and valine. Finally, as far as FA profiles were concerned, 
positive correlations were observed between Selenomonas 1 and 
n-6 PUFAs as well as between Christensenellaceae R-7 group and 
the  n-6/n-3 ratio. In addition, Rikenellaceae RC9 gut group and 
Prevotella 1 were negatively linked to the n-6/n-3 ratio but, along 
with Lactobacillus, they were positively correlated with n-3 PUFAs 
and the  C16:0/C18:1 ratio. On the other hand, [Eubacterium] 
coprostanoligenes group, Quinella and Christensenellaceae R-7 group 
were negatively linked to n-3 PUFAs, with these organisms, along 
with Methanobrevibacter and Ruminococcus 2, being also negatively 
correlated with the C16:0/C18:1 ratio.

4. Discussion

Feeding regimes have a significant effect on sheep’s carcass 
quality (Prache et al., 2021), and, as reported in previous findings 
(da Silva et al., 2020; Morales Gómez et al., 2021), this study also 
found that Black Tibetan sheep raised indoors with composite 
forage diet had the best carcass quality. This had been attributed 
to a lower A/P ratio in the rumen alongside a combination of 
higher energy intake and lower energy expenditure (Boughalmi 
and Araba, 2016). Indoor feeding regimes can provide a higher 
dietary nutritional level and digestive energy for Black Tibetan 
sheep as, under this type of feeding, the animals require less 
exercise, have lower energy consumption and gain weight at 
a  faster rate, resulting in better production performance 
(Aurousseau et al., 2004). In contrast, those under pasture grazing 
consume a lot of energy due higher physical activity, resulting in 
less fat deposition in muscles and subsequently, poorer carcass 
quality (Turner et al., 2014).

Meat color, as an important indicator of meat quality, can 
affect consumers’ purchasing behavior and the shelf life of fresh 
meat (Hussain et al., 2021). In this context, higher a* as well as 
lower L* and b* values are indicative of better muscle color within 
a certain range. It has been reported that the L* value was 
positively correlated with muscle WHC, and a change in the 
refractive index of muscle surface as a result of water exudation 
was the main reason for the increase in the L* value (Kim et al., 
2011). Therefore, for this study, the better WHC justified the lower 
L* value in SG compared with BG and CG. At the same time, 
muscle WHC is affected by the rate of pH decline and the content 
of intermuscular fat. Indeed, the slower the pH decline rate and 
the higher the intermuscular fat content, the better the muscle 
WHC (Moreno et al., 2020), and interestingly, similar observations 
were made in this study. Moreover, BG had higher a* and b* 
values than SG and CG, and this could have been linked to the 
degree of muscle oxidation. In fact, myoglobin combines with 

TABLE 6 The main differential rumen bacteria at the phylum and 
genus levels among the three groups (accounting for the relative 
abundance in top 10).

Items Groups SEM P-
value

SG BG CG

Phylum level (%)

Bacteroidetes 32.66b 55.10a 59.60a 3.96 <0.01

Firmicutes 46.32a 32.72b 28.25b 4.48 <0.01

Euryarchaeota 13.44a 1.57b 1.59b 3.46 <0.01

Cyanobacteria 0.03b 0.26a 0.09b 0.05 <0.01

Deferribacteres 0.32a 0.00b 0.00b 0.09 <0.01

Epsilonbacteraeota 0.24a 0.01b 0.00b 0.09 0.03

Synergistetes 0.15a 0.06b 0.03b 0.02 <0.01

Spirochaetes 0.03b 0.15a 0.04b 0.03 <0.01

Fibrobacteres 0.00 0.17 0.02 0.07 0.05

Kiritimatiellaeota 0.02b 0.10a 0.03b 0.01 <0.01

Genus level (%)

Prevotella 1 8.64c 32.72a 20.63b 3.10 <0.01

Methanobrevibacter 13.40a 1.56b 1.57b 3.46 <0.01

Quinella 10.98a 1.61b 0.73b 0.64 <0.01

Rikenellaceae RC9 

gut group

1.23b 5.16a 1.90b 0.92 <0.01

Ruminococcus 2 5.08a 1.24b 1.63b 1.37 0.03

Selenomonas 1 1.30 2.43 3.91 1.13 0.10

Lactobacillus 0.83b 3.69a 2.68a 0.78 <0.01

Succinivibrio 0.11 2.31 4.61 1.73 0.06

Christensenellaceae 

R-7 group

3.06a 1.16b 2.48a 0.58 0.02

[Eubacterium] 

coprostanoligenes 

group

3.30a 0.31b 0.19b 0.53 <0.01

a,b,cDifferent superscripts within a row indicate significantly different values for P-value 
<0.05.
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oxygen to form bright red oxymyoglobin, resulting in a higher a* 
value, while for b*, a change in value is associated with lipid 
oxidation (Hernández Salueña et  al., 2019). Therefore, indoor 
feeding regimes can improve muscle WHC by slowing down the 

rate of pH decline and increasing the fat deposition, thereby 
reducing the L* value. On the other hand, pasture grazing with 
indoor feeding regimes might reduce the antioxidant capacity of 
muscles, resulting in increased a* and b* values.

A

B

C

FIGURE 5

Pearson’s correlation heatmap between muscle untargeted metabolome and meat quality parameters (A), between rumen bacteria and muscle 
DMs (B) and between rumen bacteria and the AA and FA profiles (C). The color red and blue represent positive and negative correlations, 
respectively. The color intensity is proportional to the correlation values. *p-value <0.05 and **p-value <0.01.
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Mutton products’ tenderness determines their acceptability 
and satisfaction among consumers (O'Quinn et al., 2018). In this 
context, SF represents an indicator that directly reflects a change 
in tenderness (Bendall, 1978). Furthermore, according to some 
studies, feedlot cattle tend to be more tender than pasture cattle 
(Wicks et al., 2019; Torrecilhas et al., 2021). Similarly, a previous 
study has shown that the muscle SF of White Tibetan sheep which 
had been raised indoors with composite forage diet was lower 
compared with those which had been raised through a traditional 
grazing regime (Zhang et al., 2021). Despite the above factors, 
meat tenderness is actually dependent on a number of other 
factors, including the collagen and fat content of muscular tissues, 
the length of sarcomeres and the rate of pH decline (Veiseth et al., 
2004). A rapid decrease in pH causes muscle contraction and thus, 
reduces muscle tenderness (Choi et al., 2005). However, breaking 
muscle fibers is easier to implement during the chewing process, 
especially with an increase in intramuscular fat content which is 
translated into a decrease in muscle SF (Chambaz et al., 2003). 
Therefore, the lower SF in SG compared with BG and CG in this 
study might be attributed to the slower rate of pH decline and a 
higher fat deposition in the LL.

Glycolysis is predominant in post-slaughtered muscle due to 
the cessation of blood circulation and the interruption of oxygen 
supply (Hou et al., 2020). The accumulation of lactic acid from this 
process is the main reason of the pH decline in muscles (Choe 
et al., 2008). Through the phosphorylation and transfer of carbon 
source, PTS reduces glucose phosphorylation, resulting in a 
reduction in cAMP (cyclic adenosine monophosphate) 
concentrations. As a result, this decreases glycogen metabolism by 
inhibiting the APK (cAMP-dependent protein kinase) signaling 
pathway and inactive glycogen phosphorylase’s phosphorylation 
(Kim et al., 2004). In this study, compared with BG and CG, PTS 
was significantly upregulated in SG, hence suggesting that 
glycogen metabolism was inhibited in this group. Additionally, 
hexokinase (HK), which converts glucose into D-glucose 
6-phosphate, is the first rate-limiting enzyme in the glycolytic 
pathway as the accumulation of D-glucose 6-phosphate decreases 
the activity of HK (Hingst et al., 2019). Furthermore, part of the 
glucose in the postmortem muscle is involved in the pentose 
phosphate pathway, with glucose-6-phosphate dehydrogenase 
(G6PD) being the key enzyme that transfers glucose metabolism 
to this pathway (Tang, 2019). In the present study, SG had a higher 
D-glucose 6-phosphate level compared with CG as well as an 
upregulated pentose phosphate pathway compared with BG. It 
was, therefore, speculated that SG could have inhibited glycolysis 
by decreasing HK’s activity and increasing G6PD’s activity in the 
LL to slow down the rate of pH decline.

Interestingly, the L* value, SF and WHC indexes (DL, CL, and 
CMP) were significantly linked with D-lactose and 
D-glucosaminic acid in this study, while SF and DL were 
negatively correlated with D-mannose 6-phosphate and D-glucose 
6-phosphate. A negative correlation was also noted between DL 
and D-erythrose 4-phosphate as well as between the L* value and 
D-glucose 6-phosphate. All these metabolites were involved in 

PTS (SG vs. the other two groups) and the pentose phosphate 
pathway (SG vs. BG). Overall, it is suggested that indoor feeding 
regimes could have regulated the rate of pH decline in the LL by 
inhibiting glycolysis, thereby improving the muscle color, SF and 
WHC of Black Tibetan sheep. In particular, these events were 
achieved by upregulating PTS (SG vs. the other two groups), the 
pentose phosphate pathway (SG vs. BG) and the D-glucose 
6-phosphate deposition level (SG vs. CG) in SG. However, further 
research (e.g., glycogen and glucose content, glycolytic potential, 
and enzyme activity in the LL) would still be required to support 
the above theory.

According to previous studies, an increase in carbohydrate 
metabolism can provide the host with more substrate and energy 
for fat synthesis in muscles (Smith et al., 2018; Du et al., 2021). 
Conversely, bile promotes the digestion and absorption of lipids 
by the liver and regulates cholesterol metabolism, thereby 
reducing fat deposition in muscle tissues (Boyer, 2013). In this 
context, thyroid hormones play an important role as they are 
involved in multiple metabolic pathways, including lipid 
catabolism, lipid anabolism and body weight regulation in 
mammalian systems (Sinha et al., 2019). Consequently, attenuated 
thyroid hormone signaling results in decreased lipid utilization by 
the liver, which in turn increases fat deposition in muscle tissues 
(Ferrandino et  al., 2017). This study found that the muscle 
metabolites involved in carbohydrate metabolism (maltotriose, 
D-lactose, and isomaltose), bile secretion (chenodeoxycholate and 
glutathione) and thyroid hormone synthesis (glutathione) were 
strongly correlated with fat content. As such, the upregulation of 
carbohydrate digestion and absorption (SG vs. the other two 
groups), starch and sucrose metabolism (SG vs. CG) and thyroid 
hormone synthesis (SG vs. CG), along with the downregulation of 
bile secretion (SG vs. CG), were potential indicators of fat 
deposition. At the same time, the L* value, SF and WHC indexes 
(DL, CL and CMP) were significantly associated with maltotriose, 
D-lactose, isomaltose and chenodeoxycholate in the current study. 
In particular, the L* value and SF were negatively correlated with 
D-glucose 6-phosphate and glutathione. Similarly, DL was 
negatively correlated with D-glucose 6-phosphate, while the L* 
value was positively correlated with L-carnitine. All of these 
metabolites are involved in metabolic pathways connected with fat 
deposition. Overall, it is suggested that indoor feeding regimes 
could have regulated the fat deposition process in the LL by 
upregulating carbohydrate digestion and absorption (SG vs. the 
other two groups), starch and sucrose metabolism (SG vs. CG) 
and thyroid hormone synthesis (SG vs. CG), while downregulating 
bile secretion (SG vs. CG) to improve muscle color, SF and WHC 
of Black Tibetan sheep.

The oxidative stability of muscle tissues mainly depends on 
the balance between antioxidants and oxidative mediators (Nair 
et  al., 2014), with the former consisting of non-enzymatic 
antioxidants as well as antioxidant enzymes (Wood and Enser, 
1997). Vitamin C (VC), also known as ascorbic acid, is a 
non-enzymatic antioxidant in animals. VC can effectively 
scavenge reactive oxygen species (ROS) and alleviate the 
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inhibitory effects of stress response on the activities of antioxidant 
enzymes, such as catalase (CAT) and glutathione peroxidase 
(GSH-Px), to enhance animals’ antioxidant and anti-stress 
capacity (Shojadoost et al., 2021). Taurine, as a sulfur-containing 
amino acid, can improve the antioxidant and anti-stress capacity 
of animals by regulating the enzymatic antioxidant defense system 
in cells (e.g., increasing the activities of CAT and GSH-Px in 
response to stress; Baliou et  al., 2021). Besides, taurine exerts 
antioxidant effects by activating various signaling pathways (e.g., 
Nrf2) in cells (Bai et al., 2016). It is worth noting that hypoxic 
environments can also induce the expression of hypoxia-inducible 
factor (HIF-1α) in humans and animals. HIF-1α regulates the 
activities of antioxidant enzymes [GSH-Px, heme oxygenase 
(HO−1), etc.], thereby increasing the antioxidant capacity and 
reducing the oxidative stress damage of the host (Yeligar et al., 
2010). Moreover, high expression of HIF-1α might also increase 
the expression of most antioxidant proteins in muscle tissues by 
enhancing the transcription and protein expression of the Nrf2 
gene, thereby improving the organisms’ antioxidant capacity 
(Yeligar et al., 2010). In this study, the downregulation of ascorbate 
and aldarate metabolism, taurine and hypotaurine metabolism as 
well as the HIF-1 signaling pathway suggested a decrease in the 
levels of ascorbate, taurine and HIF-1α in BG compared with SG 
and CG. At the same time, the a* value was negatively correlated 
with pyruvate, L-ascorbic acid and taurine, with a similar negative 
correlation noted between the b* value and taurine. All these 
metabolites were likely to be involved in ascorbate and aldarate 
metabolism, taurine and hypotaurine metabolism and HIF-1 
signaling pathway. Overall, it is suggested that pasture grazing 
with indoor feeding regimes could have reduced the antioxidant 
capacity of the LL by downregulating the above metabolic 
processes and signaling pathway, thereby negatively impacting 
muscle color. However, more evidence (e.g., antioxidant capacity, 
lipid oxidation degree, and hemoglobin content in the LL) would 
be required to ascertain this theory.

Amino acids are important ingredients that add flavor and 
nutritional value to mutton (Cai et  al., 2010). For example, 
branched-chain AAs (leucine, isoleucine, and valine) promote 
muscle growth by stimulating mRNA translation via mTORC1 
(mammalian target of rapamycin complex 1) signaling (Rohini 
et  al., 2018). Similarly, eucine, isoleucine and valine regulate 
carbohydrate and lipid metabolism, inhibit proteolysis and 
increase protein synthesis (Rohini et al., 2018), while arginine 
produces enzymes and proteins that oxidize substrates to regulate 
muscle oxidation (Wu, 2009). Furthermore, as a substrate, proline 
is used in the synthesis of pyruvate and glucose, which can 
subsequently be used to characterize muscle collagen content, 
while threonine gives mutton a sweet taste, making it more 
likeable to consumers (Madruga et al., 2010). Among their other 
functions, AAs further contribute to the meat’s aroma by 
interacting with carbonyl compounds during cooking (Dinh et al., 
2018). In this study, SG promoted the deposition of proline and 
arginine in the LL by upregulating the metabolism of these AAs 
compared with BG and CG. At the same time, BG reduced the 

deposition of branched-chain AAs in the LL by downregulating 
valine, leucine and isoleucine biosynthesis compared with SG and 
CG. In fact, there was a tendency for higher concentration of 
threonine in the LL of the SG group through the upregulation of 
glycine, serine and threonine metabolism. It was previously 
reported that stall feeding regimes could increase EAA deposition 
in sheep’s LL (Zhang et al., 2021), and interestingly, the similar 
result was observed in this study. Thus, an indoor feeding regime 
is more likely to enhance Black Tibetan sheep’s meat flavor and 
promote human health.

The composition and content of FAs are important indicators 
of the nutritional value of meat products. In addition, the UFAs 
present in mutton, especially n-3 PUFAs and n-6 PUFAs, are 
beneficial to human health (Simopoulos, 2008). Natural pasture 
grass can inhibit biohydrogenation in rumen and increase the 
PUFA levels in muscle tissues (Ponnampalam et al., 2016). This 
could actually justify a tendency for higher concentrations of n-3 
PUFAs in BG and n-6 PUFAs in CG as observed in this study. 
However, meat with high PUFA level is also more prone to lipid 
oxidation during storage and processing, resulting in rancidity, 
odor and the deterioration of meat color. Consequently, the meat’s 
edible quality and nutritional value are reduced, with their shelf 
life also shortened and altogether, these factors affect the market 
acceptance of meat (Scollan et al., 2014). For instance, Priolo et al. 
(2001) discovered that low oxidative stability of meat resulted in 
its pronounced browning. In the current study, increasing PUFA 
level in BG (n-3 PUFAs) and CG (n-6 PUFAs) might have 
impaired the oxidative stability of muscles and reduce meat 
quality. This could actually justify the lower b* value and better 
meat color observed for SG. An important determinant of meat’s 
nutritional value is its n–6/n–3 ratio, which assesses whether the 
meat is healthy for consumers (Simopoulos, 2002). In this context, 
mutton’s n–6/n–3 value needs to be  approximately four to 
maintain good cardiovascular health in human (Molendi-Coste 
et al., 2011). Moreover, the risk of diabetes in humans is directly 
proportional to the dietary C16:0/C18:1 ratio. Since decreasing the 
C16:0/C18:1 value improves insulin sensitivity in humans 
(Saglimbene et al., 2017), this could be an effective method to 
reduce the blood sugar concentration and control diabetes. Thus, 
although a tendency for higher concentrations of n–3 PUFAs in 
BG and n–6 PUFAs in CG was observed in this study, these 
characteristics actually increased the risk of lipid oxidation. 
Meanwhile, SG had a higher n–6/n–3 ratio closer to the 
recommended value as well as a lower C16:0/C18:1 ratio 
compared with BG. This confirmed the higher meat quality 
obtained from indoor feeding regimes.

Increasing numbers of studies have reported that changes in 
rumen microbiota associated with muscle metabolites can be used to 
explore the mechanism for improving the meat quality of ruminants 
under different feeding regimes (Zhang et al., 2022). In this study, all 
rumen samples were dominated by Firmicutes and Bacteroidetes as 
reported in previous findings (Cunha et al., 2011; Li et al., 2012). 
Firmicutes can promote fiber breakdown (Evans et al., 2011), while 
Bacteroidetes can help digest complex carbohydrates (Spence et al., 

56

https://doi.org/10.3389/fmicb.2022.1076675
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhang et al. 10.3389/fmicb.2022.1076675

Frontiers in Microbiology 16 frontiersin.org

2006). Furthermore, differences in rumen bacteria at the genus level 
between the three groups and their association with metabolite 
deposition in the LL were detected. In this study, Prevotella, the 
dominant genus in all samples, comprised 8.64–32.72% of all rumen 
bacteria and this was consistent with previous reports (Patel et al., 
2014; Xue et al., 2017). Prevotella was reported to play a significant 
role in the efficient utilization of hemicelluloses, starch degradation, 
and protein and peptide metabolism (Wallace et  al., 1997). For 
instance, in a study conducted by Zhou et al., Rikenellaceae RC9 gut 
group fermented carbohydrates or proteins, potentially improving the 
metabolism of lipids (Liyuan et al., 2018). Similarly, another study 
revealed that Succinivibrio, an amylolytic bacteria, fermented 
succinate into propionate to supply energy for the host (Zhang et al., 
2018). In addition, Selenomonas is capable of fermenting glucose to 
produce acetate and propionate, with Christensenellaceae R-7 group 
also involved in acetate production. Ruminococcus belongs to the 
Firmicutes phylum and mainly degrades fibrous substances, while 
Lactobacillus have been used as probiotics (Xu et  al., 2017). 
Unexpectedly, it was found that Black Tibetan sheep’s rumen from the 
SG group had a higher abundance of Firmicutes but a lower 
abundance of Bacteroidetes compared with BG and CG. In particular, 
indoor feeding regimes decreased the abundance of Prevotella 1 (vs. 
the other two groups), Lactobacillus (vs. the other two groups) and 
Rikenellaceae RC9 gut group (vs. BG), showed a tendency for lower 
abundance of Selenomonas 1 and Succinivibri, while increasing that 
of Methanobrevibacter, Ruminococcus 2, Quinella and [Eubacterium] 
coprostanoligenes group compared with BG and CG as well as that of 
Christensenellaceae R-7 group compared with BG. However, these 
results were inconsistent with previous findings (Wang et al., 2020a,b), 
and this could have been due to the differences between the 
ingredients of composite feedstuff used in this study and those used 
in other works.

Rumen bacteria may indirectly affect the muscle’s metabolite 
deposition by interacting with the host (Wang et al., 2021). It was 
found that some rumen bacteria were significantly correlated with the 
deposition of AAs and FAs as well as lipid metabolites such as 
L-carnitine, acetylcarnitine, linoleic acid, and linolenic acid in muscles 
(Wang et al., 2021). For instance, Huws et al. (2011) discovered that 
Prevotella was related to rumen lipid metabolism, while Wang et al. 
(2020a) discovered that Rikenellaceae RC9 gut group could modulate 
the metabolism of lipids, energy and glucose in the host because a 
high abundance of Rikenellaceae RC9 gut group in grazing sheep’s 
rumen could promote the deposition of glycodeoxycholic acid, alpha-
linolenic acid and glycocholic acid in mutton. Interestingly, the results 
of the current study were consistent with the above reports. Besides 
Selenomonas 1, all differential rumen bacterial genus were 
significantly correlated with muscle metabolites involved in the 
regulation of meat quality including maltotriose, D-lactose, pyruvate, 
D-erythrose 4-phosphate, L-ascorbic acid, D-glucosaminic acid, 
isomaltose, chenodeoxycholate, D-mannose 6-phosphate, taurine, 
D-glucose 6-phosphate, L-carnitine and glutathione. Moreover, 
Selenomonas 1, [Eubacterium] coprostanoligenes group, Prevotella 1, 
Quinella, Rikenellaceae RC9 gut group, Lactobacillus and 
Christensenellaceae R-7 group were significantly correlated with 
muscle FA and AA composition. More importantly though, 

predicting the rumen functions of Black Tibetan sheep under the 
three feeding regimes suggested that indoor feeding regimes 
promoted the metabolism of carbohydrates, AAs, lipids and other 
substances in the rumen. This was, in fact, consistent with the 
enrichment of metabolic pathways based on muscle DMs.

SCFAs are reportedly the end-products of fermentation 
performed by rumen microbiota (Saleem et al., 2013). At the 
same time, the rumen microbiome mainly provides substrates 
and energy, in the form of VFAs, to the host for muscle 
metabolism (Nathani et al., 2015). Hence, changes in dietary 
nutrient components not only modify the available 
fermentation substrates but also rumen SCFA profiles, which 
subsequently affect the metabolic pathways of rumen 
microbiota and the LL (Ghimire et  al., 2017). For example, 
Ruminiclostridium_6 and U29-B03 might participate in 
carbohydrate metabolism to produce VFAs, thereby facilitating 
IMF deposition to promote tenderness in muscles (Du et al., 
2021). In this study, changes in the rumen bacteria composition 
of Black Tibetan sheep could explain the higher concentrations 
of butyrate and valerate in the SG group, with these changes 
resulting in the upregulated metabolism of carbohydrates, AAs, 
lipids and other substances in the rumen and LL. Thus, it was 
proposed that composite forage diet could regulate metabolite 
deposition in the LL by altering the rumen microbiota 
composition as well as the SCFA profiles to improve meat 
quality (Figure 6). This is because a change in feeding regime 
induces a change in the amount of exercise, feed intake and 
dietary nutrient components, with these being the main factors 
that affect rumen microbial fermentation and muscle 
metabolite deposition (Chikwanha et al., 2018). In the present 
study, the tendency for higher concentrations of EAAs in the 
LL of the SG group were likely due to the high concentrations 
of EAAs in the composite forage, along with the higher protein 
utilization efficiency of rumen microbiota (Matthews et  al., 
2019). In addition, it was very likely that the tendency for 
higher concentrations of n-3 PUFAs and n-6 PUFAs in the BG 
and CG groups were due to the high concentrations of PUFAs 
in pasture grass as well as the low biohydrogenation of the 
ingested PUFAs (Fernandez-Turren et al., 2020). Finally, the 
significant differences in rumen microbiota composition 
between the three groups also reflected a change in feeding 
pattern or diet (Shabat et al., 2016). However, more studies 
would be  required to reveal the connection between diet 
components and the changes in rumen microbiota, muscle 
metabolome and rumen metabolites.

5. Conclusion

This study suggested that indoor feeding with composite forage 
diet can improve the muscle color, tenderness and WHC of Black 
Tibetan sheep by regulating AA, lipid and carbohydrate metabolism 
in muscle tissues. In addition, indoor feeding regimes also had a 
positive effect on the composition of FAs and AAs in the LL. Further 
analyses showed that indoor feeding regimes even affected the levels 
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of important metabolites (maltotriose, pyruvate, L-ascorbic acid, 
chenodeoxycholate, D-glucose 6-phosphate, glutathione, etc.), FAs, 
AAs and related metabolic pathways involved in regulating meat 
quality in Black Tibetan sheep’s LL. This was achieved through 
changes in the abundance of rumen bacteria (increased abundance 
of Christensenellaceae R-7 group, [Eubacterium] coprostanoligenes 
group, Methanobrevibacter, Ruminococcus 2 and Quinella, decreased 
abundance of Lactobacillus, Prevotella 1 and Rikenellaceae RC9 gut 
group, and the tendency for decreased abundance of Selenomonas 1 
and Succinivibrio). Altogether, the results suggested that indoor 
feeding regimes can improve the overall quality of Black Tibetan 
sheep’s meat.
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FIGURE 6

Hypothesized scheme pathways and potential mechanisms related to the changes of rumen microbiota, muscle metabolome and meat quality. 
Blue and red colors indicate significantly downregulated and upregulated metabolic pathways in each comparison, respectively. Expression levels 
of AAs, FAs, metabolites and bacteria in SG, BG, and CG were presented based on heatmaps. Red represents high expression and blue represents 
low expression. Complete heatmap analysis for these expression levels is provided in Supplementary Figure S1. pHd, the extent of pH decline 
(within 24 h after slaughter); SF, shear force; WHC, water holding capability.
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Effects of milk replacer feeding 
level on growth performance, 
rumen development and the 
ruminal bacterial community in 
lambs
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Feeding with a suitable level of milk replacer (MR) can improve the survival rate 

and stimulate the growth potential of early lambs. However, feeding excessive 

MR might be detrimental to rumen development and microbial colonization. 

Herein, we investigated the effects of feeding different levels of MR on rumen 

digestive function and ruminal microorganisms. Fourteen healthy male Hu 

lambs with similar birth weights and detailed pedigree records were divided 

into two groups to receive low (2% of average body weight per day) and high 

(4% of average body weight per day) levels of MR. We analyzed the effects of 

the MR feeding level on growth performance, fiber degradation rates, rumen 

fermentation parameters, enzyme activities and rumen histomorphology. 

We found that feeding with a high level of MR improved the average daily gain 

of early lambs, but decreased the starter intake, rumen weight and papillae 

length. We also analyzed the effects of the MR feeding level on the rumen 

microbiota using 16S-rRNA amplicon sequencing data. The results showed 

that high a MR feeding level increased the rumen microbial diversity but 

decreased the abundance of many carbohydrate degrading bacteria. Several 

bacterial genera with significant differences correlated positively with rumen 

cellulase activity and the acid detergent fiber degradation rate. Our results 

suggested that a high level of MR could improve the growth performance of 

early lambs in the short term; however, in the long term, it would be detrimental 

to rumen development and have adverse effects on the adaptation process of 

the microbiota to solid feed.
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1. Introduction

Artificial rearing of lambs using milk replacer (MR) is widely 
applied in sheep husbandry because of insufficient milk secretion 
of ewes, mastitis, postpartum paralysis and other reasons 
(Belanche et al., 2019; McCoard et al., 2020; Arshad et al., 2021; 
Mialon et al., 2021). Artificial feeding to make up for the lack of 
breast milk can increase the survival rate of lambs, shorten the 
breeding cycle of ewes, and improve animal welfare. In China, Hu 
sheep constitute an important livestock for lamb production 
because of their excellent prolificacy, rapid growth, and ability to 
adapt to poor-quality feeds and diverse environments (Yue, 1996; 
He et al., 2019). However, multiparous ewes also easily lead to 
insufficient breastmilk for lambs. Artificial rearing is important 
for the utilization of surplus lambs from dairy sheep systems, and 
lambs from meat sheep operations that are not able to be naturally 
reared to generate additional revenue from meat production 
(McCoard et al., 2020). Therefore, the rational utilization of MR 
significant to improve the survival rate and growth performance 
of lambs.

MR is an artificial milk produced by replacing milk protein 
with non-milk protein based on the nutritional standards of breast 
milk (Li et al., 2021). The nutritional components and physical 
form of MR are similar to breast milk, and its quality is not easily 
affected by the external environment (Toral et al., 2015). Evidence 
suggests that feeding lambs with MR could accelerate growth 
performance, has long-term benefits for sheep health (Zhang 
et al., 2019), enhance immunity, reduce the stress reaction caused 
by sudden changes of diets (Amdi et al., 2021), and affect post-
weaning starter intake and average daily gain (Chapman et al., 
2016). The beneficial effects of MR administration in early-
weaning lambs also function via regulating their rumen 
microbiota (Bhatt et al., 2009).

However, high levels of MR might be detrimental to rumen 
development in early lambs and affect their rumen microbiota. The 
rumen of a newborn ruminant is not completely developed and 
does not contain a fully established microflora (Ekiz et al., 2016); 
early lambs rumen function is similar to monogastric animals 
(Longenbach and Heinrichs, 1998). The period from birth to 
2 months of age is a critical stage of rumen development, 
representing a time window to regulate microbial colonization in 
lambs, and the feeding strategy in the first few weeks of life has 
been reported to affect rumen development (Carballo et al., 2019). 
Although little research has been conducted on the effects of MR 
feeding level on the rumen development, excessive intake of MR 
might reduce the intake of starter feed, which is essential for rumen 
development. Reports suggested that feeding high levels of MR 
could reduce post-weaning starter digestibility, especially for NDF 
(neutral detergent fiber) and ADF (acid detergent fiber; Terré et al., 
2006; Hill et al., 2010). Low digestibility in young ruminants fed 
large quantities of MR is likely to be associated with suboptimal 
development of the rumen (Hill et al., 2016). These changes might 
be closely related to the rumen microbiota. Furman et al. proposed 
that both deterministic effects, driven by age and diet, and 

stochastic effects, driven by early colonization events, shape the 
composition of the rumen microbiome throughout life (Furman 
et al., 2020). MR is usually fed quantitatively in artificially reared 
lambs, and the feeding level varies greatly in different farms. 
Therefore, it is important to clarify the effect of the MR level on the 
rumen microbiota and its relationship with lamb development, and 
to balance rumen development and microbiota colonization using 
an appropriate feeding MR level. In recent years, several studies 
have examined the length of MR feeding period on rumen 
fermentation and microbial diversity (Carballo et al., 2019; Zhang 
et al., 2019; Mao et al., 2021), but relatively few have been directed 
at assessing how MR feeding level can affect rumen development. 
The appropriate MR level for lambs and the effect of feeding MR 
on rumen development and microbial colonization remains unclear.

Thus, in the present study, we hypothesized that feeding early 
lambs with intensive MR would affect rumen function and the 
rumen microbiota through changes in feed structure and intake, 
thereby affecting performance. We  analyzed the growth 
performance and starter intake of lambs fed with different levels of 
MR, and evaluated the development and functionality of the rumen 
via ruminal fiber degradation rates, rumen weight, fermentation 
parameters, enzyme activities and rumen histomorphology. 
Furthermore, we employed 16S rRNA sequencing to explore the 
effect of the MR feeding level on the rumen microbiota and its 
relationship with rumen function and development. A detailed 
understanding of the regulation of early rumen development 
(function, morphology, and colonization) could provide the basis 
for the rational use of early nutritional regulation strategies to 
improve the productivity and health of lambs.

2. Materials and methods

2.1. Experimental design and animal 
handling

The experimental animals were selected from a commercial 
sheep farm (Minqin Zhongtian Sheep Industry Co. Ltd., Gansu, 
China), and 14 Hu male lambs with detailed pedigree records 
were randomly divided into two groups according to the principle 
of similar body weight (mean ± SD: 3.29 ± 0.68 kg). They were 
divided into the low MR feeding level group (L, 2% of average 
body weight per day). The L group received a traditional MR 
feeding quantity, which was 2% of average body weight per day, 
following the feeding guidelines of producer (Beijing Precision 
Animal Nutrition Research Center, Beijing, China; Yue et al., 
2011). The H group received an intensive MR feeding quantity at 
4% of average body weight per day, which has been reported to 
have a great impact on the growth performance of early lambs 
(Zhang et al., 2019). The MR contains 96.91% dry matter (DM), 
23.22% protein, and 13.20% fat. All lambs were kept indoors with 
ewes to ensure adequate colostrum intake for 3 days after birth, 
from 3 days old for training to consuming MR, and to 7 days old 
to completely replace breast milk with MR and start feeding with 
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the same starter. The daily MR was subdivided in three parts, 
dissolved in five times the weight of warm water (40 ± 1°C) and 
was artificially fed at 09:00, 15:00, and 21:00. All experimental 
lambs were reared in single cages (1.2 m × 1 m × 1 m; 1.2 m3) with 
free access to the diet [the formula of the diet met the 
requirements of the Standards for Feeding Sheep and Goats for 
Meat issued by China (NYT816-2004)] and water. The diet 
formula and nutritional composition are shown in Table  1 
(Huang et al., 2022). The experimental lambs were slaughtered 
and sampled at 49 days old.

2.2. Measurement of growth 
performance and starter diet intake

We first examined the effect of the MR feeding level on the 
growth performance and starter intake of lambs. All lambs were 
weighed at birth and then weighed every 7 days to calculate the 
average body weight and average daily gain, and to adjust the MR 
feeding scale. Starting from 7 days old, the starter intake of each 
lamb was recorded daily as the difference between offered and 
refused feed, and the average intake was calculated.

2.3. Sample collection

All the experimental lambs were slaughtered at 49 days old 
after a fasting period of 12 h. After the rumen contents were mixed 
evenly, the rumen pH was measured immediately using an acidity 
meter (Sartorius PB-10, Sartorius Biotech Inc., Gottingen, 
Germany), the mixed rumen contents were collected in sterile 
tubes and stored at-80°C for rumen microbial and fiber 
degradation rate analysis. The contents were filtered through four 
layers of sterilized medical gauze, packed in cryovials, and stored 
in-20°C refrigerator for ruminal fermentation and enzymic activity 
analysis. After sampling, the rumen was weighed, segments of the 
ruminal tissue were collected at the location of cranial ventral sac 
and fixed in 4% paraformaldehyde for morphology measurements.

2.4. Measurement of the rumen fiber 
degradation rate

To better understand how the MR feeding level affected rumen 
function in lambs, we  examined the ruminal NDF and ADF 
degradation rates after a 12 h fast. The rumen degradation rates of 
neutral detergent fiber (NDF) and acid detergent fiber (ADF) after 
12 h of fasting were determined using the acid-insoluble ash 
method (Keulen and Young, 1977). The rumen contents and 
starter were dried at 65°C for 8 h, and then the contents of NDF, 
ADF, and acid-insoluble ash were determined, respectively. The 
NDF and ADF were determined following the method of Van 
Soest et  al. (1991), and acid infusible ash was determined 
according to the method reported by Soltani et al. (2020). The 
degradation rates of NDF and ADF were evaluated using the acid-
insoluble ash as internal markers and were calculated according to 
the indirect digestibility method (Keulen and Young, 1977). The 
calculation of the NDF or ADF degradation rate was as follows:

NDF or ADF degradation rate (%) = [1−(A/B) × (FB/FA)] × 100,
where A was the acid-insoluble ash concentrations in the 

starter, B was the acid-insoluble ash concentrations in the rumen 
contents, FA was the NDF or ADF concentrations in the starter, 
and FB was the NDF or ADF concentrations in the rumen contents.

2.5. Measurement of the rumen 
metabolic phenotypes and digestive 
enzymatic activity

Determination of volatile fatty acids (VFA) used 
metaphosphorylated rumen fluid and a gas chromatographic 
method (Zhang Y. et  al., 2021). For VFA determination, the 
supernatant was carefully collected and filtered through a 0.45-μm 
syringe filter. The clear supernatant was transferred to a vial for 
gas chromatography (GC). The VFA values were determined using 
a TRACE-1300 series GC ultra-gas chromatograph (Thermo 
Scientific, Milan, Italy). Total ruminal nitrogen, ammonia 
nitrogen, urea nitrogen, the enzymatic activity of cellulase and 

TABLE 1 Ingredients and chemical composition of starter diet and 
milk replacer (air-dried basis).

Items Starter1 Milk replacer

Ingredients [%]

Alfalfa meal 18.50

Corn 21.00

Extruded corn 22.30

Bran 6.00

Soybean meal 21.50

Extruded soybean 4.00

Corn gluten meal 5.00

Limestone 0.30

Premix2 1.00

NaCl 0.40

Total 100.00

Chemical composition

DM (%) 90.96 96.91

DE (MJ·kg−1) 13.01 /

CP (%) 19.50 23.22

Fat (%) 1.33 13.20

Starch (%) 33.10 0.00

NDF (%) 18.87 0.00

ADF (%) 8.60 0.00

1The starter was pelleted. 2Premix provided the following per kg of the starter: 25 mg Fe 
as FeSO4⋅H2O; 40 mg Zn as ZnSO4⋅H2O; 8 mg Cu as CuSO4⋅5H2O; 40 mg Mn as 
MnSO4⋅H2O; 0.3 mg I as KI; 0.2 mg Se as Na2SeO3; 0.1 mg Co as CoCl2; 940 IU vitamin 
A;111 IU vitamin D;20 IU vitamin E, and; 0.02 mg vitamin B12.
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FIGURE 1

Schematic diagram of histological sections and determination of rumen tissue (HE staining).

protease were determined using commercial assay kits (Jiancheng 
Bioengineering Institute, Nanjing, China) according to the 
manufacturer’s instructions.

2.6. Measurement of histomorphology in 
the rumen

Rumen specimens were embedded in paraffin, sectioned and 
stained with hematoxylin–eosin. In triplicate, 5 intact well-
oriented papillae were selected for each ruminal cross section. 
Papillae length, papillae width and muscle layer thickness were 
determined using an image analysis system (Motic Image Plus 2.0, 
Motic China Group Co. Ltd., Xiamen, China). Papillae length was 
measured from the apex to the base of the papilla along its axis, 
papillae width was measured at bottom of papillae height and 
muscle layer thickness was measured from the junction between 
the submucosal and muscular layers to that between the muscular 
layer and the tunica serosa (Figure 1).

2.7. DNA extraction and high-throughput 
sequencing

Total DNA of rumen contents was extracted using an Omega 
E.Z.N.A. Stoll DNA kit (Omega Bio-Tek, Winooski, VT, 
United  States). The sequencing process was the same as that 
detailed our previous study (Li et al., 2022). DNA quality and 
quantity were assessed using a NanoDrop 2000 spectrophotometer 
(NanoDrop Technologies Inc., Wilmington, DE, United States). 
The DNA was diluted to 50 ng/μl and amplicons were prepared for 

high throughput sequencing. PCR was used to amplify the V3–V4 
regions of the 16S rRNA gene using the universal primers 341-F 
(50-CCTAYGGGRBGCASCAG-30) and 806-R 
(50-GGACTACNNGGGTATCTAAT-30). The reactions consisted 
of an initial incubation at 98°C for 3 min; followed by 21 cycles of 
95°C for 30 s, 55°C for 45 s, and 72°C for 1 min; and a final 
extension step at 72°C for 7 min. Bar-coded amplicons were mixed 
at equimolar ratios, used for Illumina paired-end library 
preparation and cluster generation, and sequenced on an Illumina 
Hiseq2500 instrument (San Diego, CA, United States) to generate 
250 bp paired-end reads.

2.8. Sequence and statistical analysis

Paired-end reads were merged using FLASH (V1.2.7),1 and 
the merged sequences were termed raw tags. The raw tags were 
filtered through a quality control pipeline using the 
Quantitative Insight into Microbial Ecology (QIIME) tool kit. 
The effective tags were assigned to operational taxonomic units 
(OTUs) with a 97% identity threshold using the Uparse 
(v7.0.1001),2 and taxonomy was assigned using SILVA3 in 
mothur with a 0.80 confidence threshold. Alpha diversity 
analysis was applied to assess the complexity of species 
diversity for a sample by using four indices: Chao1, Shannon, 
Simpson, ACE, and Observed species. These indices were 

1 http://ccb.jhu.edu/software/FLASH/

2 http://drive5.com/uparse/

3 http://www.arb-silva.de/
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calculated using QIIME (Version 1.8.0). Beta diversity analysis 
was used to evaluate differences in species complexity in the 
samples. Beta diversity was calculated using principal 
coordinates analysis (PCoA) and cluster analysis in the QIIME 
software (Version 1.8.0).

The data for body weight (BW), average daily gain (ADG), 
starter intake, rumen degradation rate of fiber, rumen metabolic 
phenotypes, digestive enzymatic activity, rumen histomorphology, 
microbial alpha diversity values, and the bacterial abundance were 
analyzed statistically using t-tests in the SPSS software (version 
25.0; IBM Corp., Armonk, NY, United  States). Spearman 
correlation coefficients were used to evaluate the relationships 
between the most abundant genera and rumen function-related 
parameters using the R software (version 4.1.1). Statistical 
significance was set at p < 0.05, and p < 0.001 indicated an 
extremely significant difference.

3. Results

3.1. Body weight, average daily gain, and 
starter intake

There was no significant difference (p > 0.05) in BW between 
the groups; however, there was significant difference (p < 0.05) in 
the ADG at 7–14 and 14–21 day and starter intake (SI) at 
42–49 day. In addition, the trend lines of BW and ADG were 
higher in the H group than in the L group, whereas the SI showed 
the opposite trend (Figure 2).

3.2. Ruminal fiber degradation rate

There were no significant differences in the NDF and ADF 
degradation rates between the groups (p > 0.05), nor were the 
contents of NDF and ADF different in the rumen digesta (Table 2).

3.3. Rumen weight, pH, fermentation 
parameters, and enzyme activities

The rumen weight of the L group was significantly higher than 
that of the H group (p = 0.019); however, there was no significant 
effect on other indices in the rumen of the lambs (p > 0.05; 
Table 3).

3.4. Ruminal histomorphology

The rumen papillae length of the L group was significantly 
higher than that of the H group (p < 0.01); however, there were no 
significant effects on rumen papillae width and muscle layer 
thickness of the lambs (both p > 0.05; Table 4).

3.5. Ruminal microbiota diversity and 
community structure

The present study used 16S rRNA gene sequencing of rumen 
samples to compare the differences in the rumen microbiota 
between the H and L groups. The rarefaction curves showed that 
adequate sequencing depth was achieved, and the number of 
observed species was close to saturation (Supplementary Figure S1A). 
The total number of OTUs was 870, with 635 shared OTUs 
detectable across the groups; with 176 and 59 endemic species in the 
H and L groups, respectively (Supplementary Figure S1B). The 
Shannon (p = 0.042) and Chao1 (p = 0.047) indices significantly 
increased as the MR level increased from 2 to 4%; however, there 
was no significant change in the other indices (p > 0.05; Table 5).

Based on PCoA analysis (Figures 3A,B), there was clustering 
in the unweighted UniFrac measurements according to the L and 
H MR levels. However, the ANOSIM analysis based on Bary-
Curtis showed an insignificant difference between groups 
(p = 0.574; Figure 3C).

The dominant flora (Figure  4) in the rumen (relative 
level > 5%) were Proteobacteria, Firmicutes, and Bacteroidetes at 
the phylum level. The relative abundance of Fibrobacteres 
(p = 0.033) decreased significantly, and the relative abundance of 
Synergistetes (p = 0.005), Euryarchaeota (p = 0.012), and 
Verrucomicrobia (p = 0.038) increased significantly with the 
increasing MR feeding level.

The dominant flora (Table  6) in the rumen (relative 
level > 5%) in group L were Succinivibrionaceae_UCG-001, 
Succinivibrio, Prevotella_7, Prevotella_1, Oribacterium, and 
Lachnospiraceae_NK3A20_group, and the dominant flora in the 
rumen in group H were Succinivibrionaceae_UCG-001, 
Succinivibrio, Prevotella_7, Prevotella_1, and Oribacterium. 
Among them, Succinivibrionaceae_UCG-001 was the first largest 
flora, accounting for 15.21 and 18.24% in L and H groups, 
respectively, and Succinivibrio is the second largest flora, 
accounting for 8.88 and 14.37% in L and H groups, respectively. 
The relative abundance of Lachnospiraceae_NK3A20_group 
(p = 0.007), Succiniclasticum (p = 0.035), and Ruminococcus_1 
(p = 0.034) was significantly higher in the L group, and the relative 
abundance of Ruminococcaceae_UCG-014, Moryella, and 
Eubacterium_nodatum_group in the L group exhibited tended to 
be higher than that in the H group (p < 0.1).

3.6. Correlation analysis of rumen 
weight, pH, fermentation parameters, 
enzyme activity, ruminal 
histomorphology and microorganisms

Correlation analyses of the relative abundances of the top 30 
genus-level taxonomic composition and rumen weight, pH, 
fermentation parameters, enzyme activity, and rumen fiber 
degradation were performed (Figure 5). The results showed that 
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the relative abundance of Christensenellaceae_R-7_group 
(p = 0.002), Lachnospiraceae_XPB1014_group (p = 0.001), 
Prevotellaceae_UCG-003 (p = 0.01), Phocaeicola (p = 0.001), 
Ruminococcaceae_UCG-014 (p = 0.008), Moryella (p = 0.01), and 
Treponema_2 (p = 0.015) correlated positively with cellulase 
activity, whereas the abundance of Succinivibrionaceae_UCG-001 
(p = 0.03) correlated negatively with cellulase activity. The relative 
abundance of Ruminococcaceae_NK4A214_group (p = 0.023), 
Christensenellaceae_R-7_group (p = 0.004), Lachnospiraceae_
XPB1014_group (p = 0.005), Prevotellaceae_UCG-003 (p = 0.004), 
Phocaeicola (p = 0.005), Ruminococcaceae_UCG-014 (p = 0.042), 
Moryella (p = 0.01), and Treponema_2 (p = 0.003) Ruminobacter 

(p = 0.002) correlated negatively with muscle layer thickness. The 
relative abundance of Lachnospiraceae_NK3A20_group (p = 0.047), 
Ruminococcaceae_UCG.014 (p = 0.042), Moryella (p = 0.041) 
correlated negatively with papillae length. Succinivibrio correlated 
positively with the ADF degradation rate (p = 0.039) and the total 
VFA concentration (p = 0.024), whereas the NDF (p = 0.02) and 
ADF (p = 0.042) degradation rates correlated positively with 
Sharpea. The valerate (p = 0.004) concentration and rumen weight 
(p = 0.016) correlated positively with Prevotella_7. The propionate 
concentration correlated negatively with Prevotella_1 (p < 0.017) 
and Roseburia (p = 0.041). The isovalerate concentration 
(p = 0.001), isobutyrate concentration (p = 0.023), and pH 
(p = 0.07) correlated positively with Prevotella_1. Total nitrogen 
correlated negatively correlated with Fibrobacter and Roseburia 
(both p = 0.04). Protease correlated positively with Eubacterium_
nodatum_group (p = 0.035) and Ruminococcaceae_
NK4A214_group (p = 0.049), whereas it correlated negatively with 
Roseburia (p = 0.023).

4. Discussion

To obtain a higher price for lambs and more income from a 
flock, it is essential to have the minimum loss of lambs and 
optimum growth during the neonatal phase (Poonia et al., 2015). 

A

B C

FIGURE 2

Effects of MR levels of on body weight (A), average daily gain (B), and starter intake (C). H: high MR feeding level group, fed MR at 4% DM/kg of 
average body weight per day; L: low MR feeding level group, fed MR at 2% DM/kg of average body weight/d. * in the same column indicates a 
significant difference between two groups (p < 0.05).

TABLE 2 Effects of MR levels of on fiber degradation rate of lambs (%).

Index* Groups SEM p Value

L H

NDF 57.20 56.8 2.70 0.915

ADF 39.60 40.60 2.10 0.746

NDFD 53.70 53.20 3.20 0.913

ADFD 30.10 26.20 5.30 0.614

*NDF-rumen neutral detergent fiber content; ADF-rumen acid detergent fiber content; 
NDFD-degradation rate of NDF; and ADFD - degradation rate of ADF; H: high MR 
feeding level group, fed MR at 4% DM/kg of average body weight per day; L: low MR 
feeding level group, fed MR at 2% DM/kg of average body weight per day.
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Meanwhile, appropriate feeding strategies to promote rumen 
development and microbiota establishment might be beneficial to 
the performance of lambs in the later period. Despite the 
accumulated knowledge regarding nutritional regulatory 
strategies during the early life of ruminants, the effects of the MR 
feeding level on rumen development, microbial colonization, and 
the regulatory mechanisms of host-microbial interactions in 
pre-ruminants are largely unknown.

Up to 3 weeks old, the growth performance of lambs was 
significantly improved by the higher level of MR feeding, although 
the low-level feeding group had a higher starter feed intake. The 
intake of solid feed in lambs before 3 weeks old is low, and the 

digestion and utilization efficiency of plant-based feed was much 
lower than that of MR (Li et al., 2022). Thus, at this stage, milk or 
MR provides most of the nutrients needed for growth and 
development, and the better bioavailability of protein and energy 
along with minerals, enzymes, and growth factors results in 
increased weight gains (Lee et al., 2009). Studies have also shown 
that high levels of MR can increase the ADG of lambs before 
weaning (Zhang et al., 2019). After the were 4 weeks old, with the 
rapid improvement of starter intake and digestive function, the 
effect of the MR feeding level on daily gain was no longer 
significant, indicating that the development of digestive function 
and the increase of starter intake are very important for the 
transition from liquid milk to plant feed in young lambs.

It should be noted that although high levels of MR feeding 
improved the growth performance of early lambs, it had adverse 
effects on rumen development. In the present study, the rumen 
weight and papillae length at 49 days old was significantly lower in 
the high feeding level group, and the lower intake of starter was 
the main factor limiting rumen development. Studies have shown 
that feeding large volumes of milk delays solid feed intake, which 
might compromise rumen development before and during 
weaning (Jasper and Weary, 2002). An adequate starter intake can 
stimulate the development of the rumen, which is necessary to 
establish the rumen microbiota (Khan et al., 2016). In early lambs, 
MR bypasses the rumen to the abomasum (Zhang et al., 2019), 
therefore, the solid feed that enters the rumen is the decisive factor 
for rumen fermentation parameters. Interestingly, we did not find 
any differences in the main rumen fermentation parameters, 
enzyme activities, and fiber degradation rates between the groups 
in the present study. Considering that the two groups of lambs 
have the same diet composition, these results indicated that the 
composition of the starter diet was more important for rumen 
fermentation function than the starter intake.

Interestingly, we  found that the MR feeding level had a 
profound influence on the rumen microbiota, which was reflected 
in the α-diversity, β-diversity, and taxa abundance. In this study, 
despite the increasing of starter intake, the Shannon and Chao1 
indices of the rumen microbiota decreased in L group. Although 
highly diverse microbiota is generally considered beneficial for 
host health and is regarded as a sign of a mature gut (Konopka, 

TABLE 3 Effects of MR levels on the rumen weight, pH, fermentation 
parameters and enzyme activities of lambs.

Index Groups SEM p Value

L H

Rumen weight (g) 244.56a 160.49b 21.90 0.019

PH 6.56 6.70 0.07 0.207

Total VFA* (mmol/L) 65.39 51.17 8.14 0.240

Acetate (%) 50.58 52.89 1.57 0.319

Propionate (%) 32.89 29.52 1.47 0.132

Isobutyrate (%) 2.73 3.58 0.29 0.062

Butyrate (%) 6.64 6.75 0.60 0.898

Isovalerate (%) 4.29 4.88 0.60 0.500

Valerate (%) 2.86 2.38 0.36 0.369

Cellulase (U/mg 

protein)

72.58 114.53 33.17 0.389

Protease (U/mg 

protein)

0.54 0.52 0.17 0.939

Total nitrogen (mg/

ml)

4724.96 5111.40 390.47 0.497

Ammonia nitrogen 

(mg/ml)

96.49 100.98 4.90 0.530

Urea nitrogen (mg/

ml)

35.37 34.12 5.35 0.871

*The sum of all individual volatile fatty acids (VFA). In the same row, different small 
letter superscripts indicate a significant difference (p < 0.05), H: high MR feeding level 
group, fed MR at 4% DM/kg of average body weight per day; L: low MR feeding level 
group, fed MR at 2% DM/kg of average body weight per day.

TABLE 4 Effects of MR levels on the rumen ruminal histomorphology 
of lambs.

Index Groups SEM p Value

L H

Papillae length 1964.36a 1032.59b 173.66 < 0.010

Papillae width 422.04 440.29 41.47 0.668

Muscle layer thickness 941.43 948.10 110.83 0.953

In the same row, different small letter superscripts indicate a significant difference 
(p < 0.05), H: high MR feeding level group, fed MR at 4% DM/kg of average body weight 
per day; L: low MR feeding level group, fed MR at 2% DM/kg of average body weight/d.

TABLE 5 Rumen microbial richness and diversity indexes.

Index Groups SEM p Value

L H

Observed 374.57 436.43 25.58 0.113

Shannon 4.61b 5.11a 0.16 0.042

Simpson 0.89 0.91 0.01 0.245

Chao1 406.24b 476.61a 22.44 0.047

ACE 411.87 481.28 22.53 0.500

In the same row, different small letter superscripts indicate a significant difference 
(p < 0.05), H: high MR feeding level group, fed MR at 4% DM/kg of average body weight 
per day; L: low MR feeding level group, fed MR at 2% DM/kg of average body weight per 
day.
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FIGURE 4

Relative abundance of the top 10 rumen microbial compositions at the phylum level. H: high MR feeding level group, fed MR at 4% DM/kg of 
average body weight per day; L: low MR feeding level group, fed MR at 2% DM/kg of average body weight per day. * indicates a significant 
difference (p < 0.05), and ** indicates an extremely significant difference (p < 0.01) between two groups.

2009; Le Chatelier et al., 2013), many studies have indicated that 
early starter intake decreased the ruminal bacterial diversity 
(Meale et  al., 2016; Wang et  al., 2016; Li et  al., 2020). These 
findings were consistent with the results obtained from this study. 
We found that many bacteria genera and species disappeared in L 
group. The main reason may be that the increased starter intake 
promotes the establishment of predominant microflora and the 
depletion of transient bacterial species and genera. With the 
increase of plant-based feed intake, carbohydrate degrading 
bacteria occupied the widest niche, which suppressed the 
colonization of foreign flora, and most of the ‘disappeared’ bacteria 
are aerobic bacteria or bacteria without fermentation function 

(Wang et al., 2016). Besides, on average, the phyla Proteobacteria, 
Firmicutes, and Bacteroidetes were predominant in all samples. 
These findings agreed with previous studies on the ruminal 
microbiota (Morgavi et al., 2015). Proteobacteria are a large group 
of bacteria that ferment carbohydrates to ethanol, playing an 
important role in rumen metabolism, such as the formation and 
fermentation of biofilms (Zeng et al., 2017). Firmicutes represent 
the core bacterial component that is predominant within the 
rumen, mainly comprising diverse fibrolytic and cellulolytic 
bacterial genera. Bacteroidetes express relatively large numbers of 
genes encoding carbohydrate-active enzymes; thus, promoting the 
breakdown of structural polysaccharides in the rumen and also 

A B C

FIGURE 3

Rumen microbial OTU development. (A) Unweighted UniFrac and (B) Weighted UniFrac distances based on the relative abundance of microbial 
OTUs, (C) Bary-Curtis Anosim analysis. H: high MR feeding level group, fed MR at 4% DM/kg of average body weight per day; L: low MR feeding 
level group, fed MR at 2% DM/kg of average body weight per day.
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fermenting amino acids into acetate (Zhang Y. K. et al., 2021). 
Notably, the high MR feeding level decreased the relative 
abundance of Fibrobacteres, which were reported as major 
bacterial degraders of lignocellulosic material in the herbivore gut 
(Ransom-Jones et al., 2012). High MR feeding level decreased the 
starter intake, and the reduced available substrates may be the 
main reason for the reduction of lignocellulosic degrading 
bacteria. Besides, the high MR feeding level increased the relative 
abundance of Synergistetes, Euryarchaeota, and Verrucomicrobia, 
which have been reported to be associated with inflammation in 

the gastrointestinal epithelium (Forterre et al., 2014; Sichert et al., 
2020; McCracken and Nathalia Garcia, 2021), suggesting that 
excessive feeding of MR might have adverse effects on 
gastrointestinal health by altering the microbiota.

In particular, we found that the MR feeding level affected the 
abundance of many carbohydrate-degrading bacteria. The 
abundance of Lachnospiraceae_NK3A20_group, Succiniclasticum, 
Ruminococcus_1, Ruminococcaceae_UCG-014, and Moryella 
decreased with the increasing MR level. Lachnospiraceae ferment 
diverse plant polysaccharides to short-chain fatty acids and 

TABLE 6 Genus-level taxonomic composition of the top 30 rumen microbial communities (%).

Genus Groups SEM p Value

L H

Succinivibrionaceae_UCG-001 15.21 18.24 2.99 0.632

Succinivibrio 8.88 14.37 3.31 0.430

Prevotella_7 6.03 10.29 1.74 0.234

Prevotella_1 9.48 5.40 1.78 0.267

Oribacterium 7.15 7.40 1.18 0.922

Lachnospiraceae_NK3A20_group 5.56a 3.05b 0.51 0.007

Ruminobacter 3.67 2.85 2.10 0.855

Succiniclasticum 3.98a 1.97b 0.56 0.035

Treponema_2 3.40 1.88 0.78 0.352

Fibrobacter 0.74 3.70 1.29 0.268

Sphaerochaeta 2.64 1.61 0.42 0.237

Ruminococcus_1 2.97a 1.15b 0.44 0.034

Succinivibrionaceae_UCG-002 0.02 2.69 1.30 0.325

Megasphaera 0.76 1.93 0.44 0.196

Dialister 0.24 2.18 0.86 0.274

Ruminococcaceae_UCG-014 1.65 0.72 0.25 0.065

Selenomonas 0.91 1.15 0.22 0.600

Rikenellaceae_RC9_gut_group 0.79 1.23 0.41 0.611

Mitsuokella 0.44 1.37 0.37 0.228

Roseburia 0.77 0.93 0.16 0.636

Syntrophococcus 0.93 0.56 0.13 0.154

Ruminococcaceae_NK4A214_group 1.01 0.41 0.20 0.139

Sharpea 0.72 0.54 0.22 0.701

Ruminococcus_2 0.61 0.40 0.11 0.374

Moryella 0.72 0.16 0.16 0.074

Eubacterium_nodatum_group 0.70 0.16 0.15 0.076

Prevotellaceae_UCG-001 0.37 0.38 0.08 0.956

Lachnospiraceae_XPB1014_group 0.61 0.02 0.27 0.281

Pyramidobacter 0.46 0.16 0.10 0.131

Erysipelotrichaceae_UCG-004 0.05 0.55 0.22 0.282

Other 0.07a 0.04b 0.01 0.012

In the same row, different small letter superscripts indicate a significant difference (P < 0.05), and H-high MR feeding level group and L-low MR feeding level group, H: high MR feeding 
level group, fed MR at 4% DM/kg of average body weight per day; L: low MR feeding level group, fed MR at 2% DM/kg of average body weight per day.
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FIGURE 5

Correlation between the top 30 genus-level taxonomic compositions and rumen weight, pH, fermentation parameters, and enzyme activity. 
*p < 0.05, **p < 0.01.

alcohols (Boutard et al., 2014). Succiniclasticum, which ferment 
succinate quantitatively to propionate, were isolated from a high 
dilution of rumen ingesta obtained from a dairy cow fed a 
production diet containing grass silage as the main roughage 
source (Van Gylswyk, 1995). Ruminococcus_1 plays an important 
role in plant fiber degradation (Devillard et al., 2004). Moryella 
has been reported to be associated with cellulose or its metabolites 
(Tian et al., 2019). A key deterministic factor framing the process 
of microbial succession is diet, especially because the abundance 
of certain bacteria changes in response to a fiber-based diet 
(Furman et al., 2020). The pre-ruminant rumen microbiota is 
highly active and ready to ferment a solid diet from the first week 
of life (Malmuthuge et al., 2019), and the increased abundance of 
certain important fiber degrading bacteria might be an adaptive 
mechanism of the rumen microbiota in response to increased 
solid diet intake. Typically, under ad libitum feed intake, as the 
starter intake increases, the rate of digesta passage from the rumen 
increases and nutrient digestibility decreases (Bourquin et  al., 
1990). In this study, the starter intake was significantly lower in 
the high MR feeding level group; however, the rumen degradation 
rates of NDF and ADF did not increased, which mighty be related 
to the decreased abundance of these carbohydrate-
degrading bacteria.

We further analyzed the relationship between rumen 
fermentation parameters and bacterial abundance, and found that 
many bacterial genera with significant differences, such as 
Ruminococcaceae_UCG-014 and Moryella, correlated significantly 

and positively with rumen cellulase activity, and Succinivibrio 
correlated positively with rumen ADF degradation rate and the 
total VFA concentration. Considering the small sample size and 
the vast differences in microbiome composition between the 
different groups, we cannot infer specific links through correlation 
due to large fluctuations in the microbiome between groups. This 
would likely yield inaccurate correlations due to strong habitat 
filtering (Berry and Widder, 2014) and the heteroscedasticity of 
the data. Although the correlation relationship does not 
necessarily indicate a direct causal effect, the observed multiple 
significant correlations between relative abundances of microbial 
taxa and rumen fermentation parameters provide some insight 
into potential host-microbiotic interactions in the rumen, 
suggesting that changes in the microbiota, especially the 
abundance of carbohydrate-degrading bacteria, may be  the 
mechanisms for the rumen to adapt to changes in food structure 
and starter intake and can affect rumen function. There has been 
a study indicating that VFAs produced by the early microbiome 
were associated with the rumen tissue metabolism and the 
development of the epithelium with the host transcriptome and 
microRNAome (Malmuthuge et  al., 2019). However, further 
studies are needed to determine the long-term consequences of 
the adverse effects of a high MR feeding level on rumen weight 
and the microbiota of lambs. A suitable balance between 
promoting rumen development and enhancing weight gain in 
early stage needs to be determined by selecting appropriate levels 
of MR feeding.
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5. Conclusion

Increasing the feeding level of MR from 2 to 4% of the body 
weight of lambs significantly increased the weight gain, but 
decreased the intake of starter and had adverse effects on rumen 
development. A high MR feeding level increased the rumen 
microbial diversity, but decreased the abundance of many rumen 
carbohydrate catabolizing bacteria. This study provides new 
insights into the regulation of early rumen development (function, 
morphology, and microbial colonization) of lambs. The results 
suggests that the adverse effect of excessive MR feeding on rumen 
development and the microbiota should not be ignored; and a 
suitable balance between promoting rumen development and 
enhancing weight gain in the early stage needs to be identified by 
selecting appropriate levels of MR feeding.
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Litter size influences rumen 
microbiota and fermentation 
efficiency, thus determining host 
early growth in goats
Dangdang Wang , Guangfu Tang , Junjian Yu , Yuanyuan Li , 
Yannan Wang , Luyu Chen , Xinjian Lei , Yangchun Cao * and 
Junhu Yao *

College of Animal Science and Technology, Northwest A&F University, Yangling, China

Introduction: Multiple litters are accompanied by low birth weight, low survival rates, 
and growth rates in goats during early life. Regulating rumen microbiota structure 
can indirectly or directly affect host metabolism and animal growth. However, the 
relationship between high litter size and rumen microbiome, rumen fermentation, 
and growth performance in goat kids is unclear.

Methods: In the present study, thirty 6-month-old, female goats were investigated, of 
which 10 goats were randomly chosen from single, twin and triplet goats respectively, 
and their birth weight was recorded. From birth, all goats were subjected to the same 
feed and management practices. Individual weaning and youth body weight were 
measured, and the rumen fluid samples were collected to characterize the bacterial 
communities and to determine the ruminal volatile fatty acids (VFA), free amino acids 
(AA), and free fatty acids (FA) concentration of those young goats.

Results and Discussion: Compared with the single and twin goats, triplet goats 
have lower weaning and youth body weight and average daily gain (ADG). Ruminal 
propionate, butyrate, and total VFA were decreased in triplet goats. Meanwhile, 
ruminal AA, such as branched chain amino acids (BCAA), essential amino acids 
(EAA), unsaturated fatty acids (UFA), and monounsaturated fatty acids (MUFA) were 
decreased, while saturated fatty acids (SFA) and odd and branched chain fatty 
acids (OBCFA) were increased in triplet goats. Our results also revealed that litter 
size significantly affected the rumen bacterial communities, and triplet goats had 
a lower the Firmicutes: Bacteroidota ratio, the abundance of Firmicutes phylum, 
Rikenellaceae family, and Rikenellaceae RC9 gut group, and had a higher proportion 
of Prevotellaceae family, and several genera of Prevotellaceae, such as Prevotella, and 
unclassified f Prevotellaceae. Furthermore, Spearman’s correlation network analysis 
showed that the changes in the rumen bacteria were associated with changes in 
rumen metabolites. In conclusion, this study revealed that high litter size could bring 
disturbances to the microbial communities and decrease the rumen fermentation 
efficiency and growth performance, which can be utilized to better understand 
variation in microbial ecology that will improve growth performance in triplet goats.

KEYWORDS

multiple litters, rumen microbiome, rumen fermentation, growth performance, goat

Introduction

The goat is one of the oldest domesticated animal species, and more than 1,000 breeds of goats 
around the world (MacHugh and Bradley, 2001; Lai et al., 2016). It provides a range of products and 
plays economically important roles in human productive activity (Haenlein, 2004; Pulina et al., 
2018). In the goat industry, litter size is one of the most important economic traits (Akpa et al., 2011), 
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and improvement of the reproductive traits are associated with large 
profits for farmers. However, the number of fetuses in the litter could 
affect the fetal growth rates and subsequent birth weight of goats 
(Gootwine et al., 2007; Zhang et al., 2008). Moreover, lambs born in 
multi-fetus litters have lower pre- and postnatal survival rates of the 
goats (Christley et  al., 2003). Therefore, the detrimental impact of 
multiple litters on the birth weight and growth performance of goat kids 
should be more thoroughly studied.

Trillions of microbes colonize in the rumen and play crucial roles 
on metabolism and ruminant growth. This microbial cohort contains 
cellulolytic, hemicellulolytic, amylolytic, proteolytic, and lipolytic 
species, which ferment feedstuff to yield volatile fatty acids (VFA), free 
fatty acids (FA), and bacteria protein (O’Hara et  al., 2020). Those 
products of rumen microbial fermentation can meet most of the host’s 
energy and nutrition needs (Matthews et al., 2019). Recent studies found 
that the presence of a microbiome in the gut of fetal lambs (Bi et al., 
2021), and maternal gut and reproductive tract microbiome may affect 
the fetal microbiome and health (Rowe et al., 2020; Hummel et al., 
2021). Furthermore, studies also found that modulating the pregnant 
sow’s microbiome could improve reproductive efficiency (Jiang et al., 
2019) and piglet survival rate (Ma et al., 2020). However, little is known 
regarding the impact of litter size on early life programming of rumen 
microbiome and its implication for goat growth.

In this study, a total of 30 newborn female kids were selected from 
30 litters, one female kid per litter. Ten were randomly selected from 
single (litter size = 1[LZ1]), twins (litter size = 2[LZ2]), and triplets (litter 
size = 3[LZ3]) for sampling, respectively. The aim of this study was to (1) 
evaluate the effects of litter size on weaning and youth growth 
performance of goat kids, (2) investigate the impact of litter size on 
rumen fermentation [VFA, amino acids (AA), and FA] and rumen 
microbial communities of young goats, and (3) reveal the relationship 
between the litter size related rumen microbiota and microbial 
metabolites, and growth performance traits of young goats.

Materials and methods

Ethics statement

In the present study, all animal procedures were approved by the 
Institutional Animal Care and Use Committee of Northwest 
A&F University.

Animals and sample collection

Field experiment were performed at a Saanen goat farm in Baoji, 
Shaanxi (34°41′N, 109°09′E). Thirty ewes delivering in 1 week (third 
birth), including 10 ewes producing single, 10 ewes producing twins, 
and 10 ewes producing triplets, with each litter including at least one 
female newborn, were selected. After born, one female kid was chosen 
from each litter, 30 female kids in total, were randomly selected from 
these 30 litters for sampling. Briefly, 10 female kids were randomly 
selected from single, twins, and triplets, respectively, and named as LZ1, 
LZ2, and LZ3. And the birth weight of those kids was weighed within 
12 h after birth. And then, all kids were transferred to the kid barn with 
bottle-feeding of mixed milk collected from ewes. During pre-weaning 
phase (~90 days old), all goats were feed milk, alfalfa hay, and 
concentration mixture. After weaning, the goats were fed TMR with a 
60:40 forage to concentration ratio. The animals were fed three times 

daily at 0730, 1300, and 1900 h. Water was available ad libitum. The 
detailed feeding programs and ingredient compositions are shown in 
Supplementary Table S1.

The body weight, wither height, body length, and heart girth of 
weaning and 6-month-old (188.9 ± 0.4 days old, mean ± SE) of those 
three group goats were measured. And the rumen fluid sample of those 
young goats were collected via esophageal tube before morning feeding. 
Briefly, the first ~50 ml of rumen fluid was discarded to avoid saliva 
contamination, and the text 30 ml rumen fluid strained through four 
layers of sterile cheesecloth under a constant flux of CO2. Then the 
rumen fluid was aliquoted and stored at −80°C for further analysis.

Dry matter intake measurements

The feed intake of all goats was measured 1 week before sampling 
(171.9 ± 0.4 days old). In brief, feed offered to and refused by each goat 
was recorded continuously for 7 days. The feed samples were dried at 
65°C for 48 h to obtain dry matter content of ration. Daily dry matter 
intake (DMI) per goat was calculated by multiplying daily as-fed intake 
by dry matter content of ration.

Ruminal VFA assay

Ruminal VFA (acetate, propionate, butyrate, valerate, isobutyrate, 
and isovalerate) analysis were performed through separation and 
quantification by a GC (Agilent 7820A, Santa Clara, CA, United States) 
with a capillary column (AE-FFAP of 30 m × 0.25 mm × 0.33 μm; ATECH 
Technologies Co., Lanzhou, China; Li et  al., 2014). Briefly, thawed 
rumen fluid samples were centrifuged for 10 min at 13,500 rpm at 
4°C. To remove the protein, a 1.5 ml supernatant was mixed with 300 μl 
25%w/v metaphosphoric solution. After standing for 4 h at 4°C, the 
mixture was centrifuged for 10 min at 13,500 rpm at 4°C. Then 1 ml 
supernatant was moved into 200 μl 25% crotonic acid, and the mixture 
was collected into an EP tube passed through a 0.45-μm filter.

Ruminal free AA assay

The detection of ruminal free amino acids abundance were 
conducted using LC–MS/MS (Exion LC AC, QTRAP 5500, AB SCIEX, 
Framingham, MA, United States) according to method described as 
previously described (Chen et al., 2022). In brief, in order to precipitate 
proteins rumen fluid samples were mixed through with sulfosalicylic 
acid (10%, wt/vol) and centrifuged at 3,000 × g for 10 min at 4°C. Then 
the supernatant fluid was collected and filtered through a 0.45-μm filter.

Ruminal FA assay

Ruminal fatty acids composition was analyzed using the method of 
Sun and Gibbs (2012). The freeze-dried sample (0.3–0.4 g) was 
methylated with 4 ml of 0.5 mol/L NaOH/methanol for 15 min at 
50°C. Then the mixture was added 4 ml 2% HCl/methanol (v/v) and 
vortexed for 5 min, followed by a water bath (50°C) for 60 min. The 
extract was dissolved in 2 ml of heptane and then introduced to the GC 
(Agilent Technologies 7820A GC system, Santa Clara, CA, 
United States) equipped with a fused silica capillary column (SP-2560, 
100 m × 0.25 mm × 0.2 μm; Supelco Inc., Bellefonte, PA, United States).
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Bacterial DNA extraction and PCR 
amplification

The total DNA was extracted using the QIAamp DNA Stool Mini 
kit (QIAGEN, Germany) according to the manufacturer’s protocol. The 
DNA concentration was determined by using a Nanodrop-2000 
(Thermo Fisher Scientific, United States), and the purity was monitored 
on 1% agarose gel electrophoresis. The DNA was stored at −80°C until 
further processing. The amplicon library preparation was performed by 
polymerase chain reaction amplification of the V3-V4 region of the 16S 
rRNA gene using the primer pairs: 338F (5′-ACTCCTACGGGAG 
GCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). 
The PCR program was carried as previously described (Xue et al., 2018). 
Paired-end (2 × 300 bp) sequencing was performed on Illumina platform 
(Illumina, United States) according to the standard protocols (Caporaso 
et al., 2012).

16S rRNA sequencing analysis

The raw sequences were merged with FLASH (v1.2.11; Magoč and 
Salzberg, 2011) and quality filtered with fastp (0.19.6; Chen et al., 2018). 
Sequences were demultiplexing using QIIME2 v2021.8, and the 
construction of an amplicon sequence variant (ASV) table using 
DADA2 (Callahan et al., 2016). Bacterial 16S ASVs were assigned a 
taxonomy using the SILVA database v138 as the reference.

The alpha diversity diversities of the bacterial communities were 
determined using various diversity indices (Sobs, ACE, Chao 1, 
Shannon, Simpson) and calculated using the procedures within QIIME 
2. The NMDS (non-metric multidimensional scaling) graphs were 
performed based on Bray-Curtis distance and statistical significance was 
determined using analysis of similarities (ANOSIM) with 999 
permutations at the ASV level.

Statistical analysis

Differential DMI, growth performance traits (body weight, ADG, 
wither height, body length, and heart girth), and ruminal metabolites 
(VFA, AA, and FA) were tested by one-way ANOVA among three groups, 
and Student’s t-test was used between two groups. Orthogonal polynomials 
were used to determine the linear effects of increasing the litter size.

The taxa with different relative abundances among those three 
groups were identified by a Kruskal–Wallis test, and Wilcoxon rank-sum 
test was used between two groups with a false discovery rate (FDR) 
value <0.05 to correct the p values. The differences were statistically 
significant at p < 0.05 or a tendency of difference at p < 0.10. Spearman’s 
rank correlation coefficients were used to examine the correlations 
between bacterial abundance and rumen metabolites concentrations.

Results

Growth performance

In the present study, although there was no significant difference in 
birth weight between these three groups (p > 0.05). Numerically, the LZ3 
group (2.94 ± 0.20 kg) with lower birth weight compared to LZ1 
(3.21 ± 0.14 kg) and LZ2 (3.20 ± 0.12 kg) group (Supplementary Figure S1A).

The growth performance traits were shown in Figure 1. With the 
increased litter size, the weaning weight, ADG, and wither height of goat 
kids were linearly decreased (p < 0.05). Moreover, compared to the LZ1 
group, the weaning weight, ADG, and wither height were significantly 
lower in LZ3 group (t-test, p < 0.05).

And, there was no significant difference in DMI between the three 
groups (p = 0.729, Supplementary Figure S1B) at the youth period. 
With the increased litter size, the youth body weight, and ADG of 
young goats were linearly decreased (p < 0.05), the body length and 
heart girth had a tendency to decrease (p < 0.1). Furthermore, compare 
to the LZ1 group, LZ3 group had a lower body weight, ADG, heart 
girth (t-test, p < 0.05), and body length (t-test, p = 0.093) at the 
youth period.

Ruminal fermentation parameters

As shown in Table 1, with the increased litter size, the concentration 
of ruminal propionate, total VFA of young goats were linearly decreased 
(p < 0.05), the ruminal butyrate concertation had a tendency to decrease 
(p = 0.098). In addition, compare to the LZ1 group, LZ3 group had a 
lower propionate, total VFA (t-test, p < 0.05), and butyrate concentration 
(t-test, p = 0.093).

Then the difference in ruminal AA and FA were identified between 
the three groups. We found that the concentration of some essential 
amino acids (EAA), such as His, Trp, Lys, Phe, Val and total EAA 
concentration, were linearly decreased with the increased litter size 
(Table  2, p < 0.05). In addition, compared to the LZ1 group, the 
concentration of His, Cys, Val, Trp, Phe, Lys, and total EAA were 
significantly decreased in LZ3 group (t-student, p < 0.05), and the 
concentration of some AA, such as Leu, Pro, and total branched chain 
amino acids (BCAA) of LZ3 group, tended to be decreased than LZ1 
group (t-student, p < 0.1).

As shown in Table 3, the proportion of iso C14:0, anteiso C15:0, 
C15:0, saturated fatty acids (SFA), odd and branched chain fatty acids 
(OBCFA) and the ratio of SFA to UFA were linearly increased with the 
increased litter size (p < 0.05). And the proportion of C16:0, C18:1, 
C18:1t11, C18:1c9, unsaturated fatty acids (UFA) and monounsaturated 
fatty acids (MUFA) were linearly decreased with the increased litter size 
(p < 0.05). In addition, we  found that the proportion of iso C14:0, 
anteiso C15:0, C15:0, OBCFA were significantly increased and C16:0, 
C18:1t11, C18:1c9, C18:1, and MUFA were significantly decreased in 
the LZ3 group compared to the LZ1 group.

Together, our results revealed that with the increased litter size, the 
growth performance and rumen fermentation efficiency were 
linearly decreased.

Ruminal microbial diversity and structure

Based on the above results, the difference in rumen microbiota 
between LZ3 group and LZ1, LZ2 group were identified, to evaluate 
whether alterations of ruminal fermentative capacity were influence by 
rumen microbiota.

After size filtering, quality control, and chimera removal using the 
QIIME 2 pipeline, an average of 45,662 reads were generated for bacteria 
from a total 1,369,847 quality reads from 30 rumen fluid samples, with 
an average length of 416 bp. The calculated Good’s coverage exceeded 
99.9% for all samples.
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To compare bacterial community diversity across different groups, 
alpha-diversity and beta-diversity were evaluated. There were no 
significant differences in Sobs index, Ace index, Chao 1 index, Shannon 
index, and Simpson index among the three groups (Table 4, p > 0.05). 
And there were no significant difference in alpha-diversity indices 
between LZ1 and LZ3 group (p > 0.05). In a beta-diversity analysis 
(NMDS based on Bray-Curtis), the LZ1 and LZ2 group were clustered 
together and could not be distinguished (p = 0.477), whereas the LZ3 

group was clearly distinguished from the LZ1 and LZ2 group (Figure 2, 
p < 0.05).

Ruminal microbial composition

In total, 21 phyla, 32 classes, 71 orders, 120 families, and 237 genera 
were identified. More specifically, Firmicutes (50.2%), Bacteraioidota 

A

B

FIGURE 1

Effect of litter size on growth performance of weaning (A) and young (B) goats. Data are presented as mean± SEM, #p < 0.1, *p < 0.05, **p < 0.01.

TABLE 1 Effect of litter size on ruminal VFA (mM) concentration of young goats.

Items

Groups

SEM ANOVA Linear

T-test

LZ1 LZ2 LZ3
LZ1 vs. 

LZ2
LZ1 vs. 

LZ3
LZ2 vs. 

LZ3

Acetate 65.41 61.94 60.81 1.711 0.533 0.296 0.453 0.136 0.821

Propionate 23.32 18.44 15.85 1.244 0.041 0.015 0.084 0.030 0.679

Isobutyrate 0.83 0.82 0.74 0.040 0.571 0.317 0.839 0.376 0.378

Butyrate 10.89 9.99 8.41 0.587 0.255 0.098 0.546 0.093 0.279

Isovalerate 1.48 1.56 1.35 0.074 0.566 0.562 0.652 0.472 0.346

Valerate 0.95 0.86 0.84 0.038 0.487 0.268 0.335 0.252 0.872

Total VFA 102.89 93.59 88.01 2.981 0.058 0.019 0.140 0.021 0.343

Different letters (a, b) within a row means values with significantly different (p < 0.05). LZ1, single goat; LZ2, twin goats; LZ3, triplet goats; SEM, standard error of mean; VFA, volatile fatty acids.
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(43.1%), and Patescibacteria (3.4%) were the predominant phyla. The 
abundance of Firmicutes in LZ3 group was significantly lower than LZ2 
group, while the abundance of Bacteraioidota in LZ3 group was 
significantly higher compared to LZ1 and LZ2 group (p < 0.05). 
Meanwhile, the Firmicutes: Bacteraioidota ratio was significantly 
decreased in the LZ3 group (Supplementary Figure S2, p < 0.05).

As shown in Figure 3, Prevotellaceae (24.8%) was the most abundant 
family in LZ3 group. While, F082 was the most abundant family in LZ1 
(13.7%) and LZ2 (11.5%) group. Prevotellaceae abundance in LZ3 group 
was significantly higher than that in LZ1 and LZ2 group (p < 0.05). 
Conversely, the relative abundance of Rikenellaceae in LZ3 group was 
significantly lower than that in LZ1 group (p < 0.05). At the genus level, 
norank f F082 (11.6%), Prevotella (10.9%), Ruminococcus (9.6%), 
Rikenellaceae RC9 gut group (8.5%), Christensenellaceae R-7 group 
(6.8%), Oscillospiraceae NK4A214 group (6.6%), norank f Muribaculaceae 
(4.6%), Candidatus Saccharimonas (3.4%), unclassified c Clostridia 
(2.6%), and unclassified f Selenomonadaceae (2.5%) were the dominant 
(Figure 4). The abundance of Prevotella, unclassified f Prevotella and 
Prevotellaceae UCG-001 in LZ3 group were significantly higher than that 
in LZ1 and LZ2 group (p < 0.05). Succiiniclasticum abundance in the LZ3 
group were significantly higher than that in LZ1 group (p < 0.05). 
Conversely, the abundance of Rikenellaceae RC9 group and unclassified 
c Clostridia were significantly lower than that in LZ1 or LZ2 group 
(p < 0.05).

The correlation between ruminal 
metabolites and ruminal microbiota.

As shown in Figure  5A, those LZ3 enriched bacteria were 
negatively correlated with ruminal VFA concentration and growth 
performance traits of young goats. For example, the relative 
abundance of Prevotellaceae UCG-001 was negatively correlated 
with ADG, wither height, and ruminal butyrate concentration 
(p < 0.05). The relative abundance of Prevotella, and 
Succinniclasticum were negatively correlated with ruminal 
propionate, butyrate, valerate, and total VFA concentration 
(p < 0.05). And Rikenellaceae RC9 gut group had a significantly 
positively correlated with ruminal isobutyrate and butyrate 
concentration (p < 0.05).

And then, we analyzed the correlation between ruminal AA, FA, 
and litter size related bacteria genera (Figures  5B,C). The results 
showed that those LZ3 enriched bacteria were significantly negatively 
correlated with ruminal AA, UFA, and MUFA, such as Prevotella and 
ruminal BCAA, total EAA, anteiso C15:0, and OBCFA were 
negatively correlated but positively correlated with C18:1t11, UFA, 
and MUFA (p < 0.05). unclassified f Prevotellaceae were significantly 
negatively associated with almost all ruminal AA, such as Leu, His 
and total BCAA, and C18:1t11 but positively associated with OBCFA 
(p < 0.05).

TABLE 2 Effect of litter size on ruminal free AAs (μmol/L) concentration of young goats.

Items

Groups

SEM ANOVA Linear

T-test

LZ1 LZ2 LZ3
LZ1 vs. 

LZ2
LZ1 vs. 

LZ3
LZ2 vs. 

LZ3

Asp 676.37 648.45 477.92 50.957 0.383 0.192 0.844 0.178 0.196

Glu 493.67 386.59 308.05 43.990 0.365 0.168 0.432 0.197 0.400

Ser 510.03 350.57 272.34 41.714 0.111 0.042 0.172 0.052 0.347

His 218.90 151.60 88.51 20.520 0.079 0.026 0.248 0.015 0.131

Gly 623.72 435.52 314.51 54.070 0.121 0.044 0.221 0.05 0.221

Thr 312.16 238.87 180.60 31.639 0.165 0.064 0.192 0.09 0.499

Arg 55.66 73.68 69.06 7.211 0.629 0.482 0.335 0.539 0.860

Ala 1241.27 842.05 689.11 103.339 0.139 0.056 0.182 0.063 0.412

Tyr 325.64 247.81 184.84 25.144 0.142 0.051 0.271 0.059 0.203

Cys 103.17 71.43 50.32 8.397 0.074 0.025 0.169 0.022 0.236

Val 498.42 400.84 304.39 43.533 0.119 0.043 0.216 0.042 0.253

Met 228.32 199.71 147.64 22.096 0.253 0.102 0.399 0.106 0.264

Trp 52.81a 54.77a 25.69b 4.886 0.039 0.022 0.765 0.007 0.017

Phe 223.70 193.13 142.13 18.803 0.140 0.050 0.296 0.045 0.189

Ile 409.59 371.27 279.01 38.193 0.284 0.117 0.443 0.116 0.270

Leu 520.57 442.25 349.68 43.029 0.168 0.064 0.269 0.058 0.287

Lys 1146.40 907.48 691.25 100.219 0.109 0.039 0.199 0.043 0.236

Pro 182.17 124.67 116.13 11.297 0.070 0.036 0.054 0.058 0.783

BCAA 1541.47 1214.36 933.08 115.570 0.184 0.069 0.318 0.056 0.268

EAA 3971.65 3033.60 2277.97 294.093 0.125 0.044 0.254 0.040 0.226

NEAA 4155.95 3107.08 2413.21 314.136 0.140 0.052 0.236 0.055 0.277

Different letters (a, b) within a row means values with significantly different (p < 0.05). LZ1, single goat; LZ2, twin goats; LZ3, triplet goats; SEM, standard error of mean; Asp., aspartic acid; Glu, 
glutamic acid; Ser, serine; His, histidine; Gly, glycine; Thr, threonine; Cys, cysteine; Val, valine; Met, methionine; Trp, tryptophan; Phe, phenylalanine; Ile, Isoleucine; Leu, leucine; Lys, lysine; Pro, 
proline; BCAA, branched chain amino acids; EAA, essential amino acids; NEAA, non-essential amino acids.

78

https://doi.org/10.3389/fmicb.2023.1098813
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fmicb.2023.1098813

Frontiers in Microbiology 06 frontiersin.org

Discussion

Litter size is a critical and complicated economic trait within the 
goat industry. Small ruminants have a great frequency of multiple 
births, and past research has shown that the average litter size in goats 
varies from 1.30 to 2.37 (de Lima et al., 2020). However, few studies 

focus on the effect of high fertility on rumen fermentation and growth 
performance of offspring. In the present study, we  investigated the 
relationship between litter size and rumen fermentation, microbiota 
community, and growth performance of young goats. We found that 
LZ3 goats (triplets) have lower growth performance and rumen 
fermentation efficiency. Moreover, rumen microbiota structure and 

TABLE 3 Effect of litter size on ruminal FAs (g/100 g of total FAs, relative abundance >0.1%) of young goats.

Items

Groups

SEM ANOVA Linear

T-test

LZ1 LZ2 LZ3
LZ1 vs. 

LZ2
LZ1 vs. 

LZ3
LZ2 vs. 

LZ3

C12:0 1.19 1.38 1.66 0.133 0.438 0.207 0.491 0.193 0.501

iso-C14:0 0.75 1.28 1.32 0.110 0.060 0.036 0.046 0.008 0.898

C14:0 3.72 3.70 4.63 0.339 0.523 0.356 0.976 0.343 0.369

iso-C15:0 2.07 2.84 2.64 0.166 0.121 0.132 0.053 0.109 0.676

anteiso-C15:0 4.38b 6.12a 5.87a 0.270 0.013 0.024 0.003 0.018 0.739

C15:0 1.96 2.47 2.60 0.126 0.106 0.048 0.073 0.033 0.719

C16:0iso 2.14 2.48 2.73 0.178 0.456 0.217 0.401 0.225 0.62

C16:0 43.66 40.35 40.55 0.704 0.083 0.061 0.061 0.037 0.913

anteiso-C17:0 2.46 2.46 2.31 0.075 0.741 0.506 0.998 0.201 0.556

C18:0 5.45 7.57 7.05 0.499 0.204 0.194 0.094 0.081 0.741

C18:1t11 3.84a 2.96b 2.26b 0.175 0.001 <0.001 0.015 0.002 0.074

C18:1c9 14.57a 11.29b 10.97b 0.516 0.005 0.003 0.002 0.009 0.789

C18:1c11 2.88 1.59 2.99 0.289 0.084 0.912 0.014 0.902 0.089

C18:2cis9,12 5.62 5.04 5.34 0.367 0.799 0.728 0.501 0.771 0.768

C18:1 21.26a 16.90b 17.49b 0.604 0.002 0.003 <0.001 0.015 0.646

SFA 71.25b 75.60a 74.71a 0.676 0.010 0.018 0.003 0.052 0.558

UFA 28.75a 24.40b 25.29b 0.676 0.010 0.018 0.003 0.052 0.558

SFA/UFA 2.52b 3.05a 3.03a 0.096 0.027 0.020 0.005 0.054 0.949

SCFA 0.35 0.78 0.51 0.085 0.089 0.295 0.046 0.172 0.33

MCFA 62.22 64.26 63.94 0.773 0.517 0.364 0.253 0.356 0.897

LCFA 37.43 34.96 35.27 0.762 0.354 0.244 0.139 0.268 0.895

MUFA 22.80a 17.97b 18.60b 0.601 <0.001 0.001 <0.001 0.005 0.623

PUFA 6.50 6.43 6.68 0.300 0.947 0.846 0.915 0.818 0.756

OBCFA 15.33 18.98 19.44 0.833 0.082 0.043 0.053 0.034 0.842

Different letters (a, b) within a row means values with significantly different (p < 0.05). LZ1, single goat; LZ2, twin goats; LZ3, triplet goats; SEM, standard error of mean; SFA, saturated fatty acids; 
UFA, unsaturated fatty acids; SCFA, short chain fatty acids; MCFA, medium chain fatty acids; LCFA, long chain fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; 
OBCFA, odd and branched chain fatty acids.

TABLE 4 Alpha-diversity comparisons in the rumen microbiota among the different groups.

Index

Groups

SEM
Kruskal–Wallis 

test

Wilcoxon rank sum test

LZ1 LZ2 LZ3
LZ1 vs. 

LZ2
LZ1 vs. 

LZ3
LZ2 vs. 

LZ3

Sobs 566.5 611.5 645.6 21.92 0.309 0.341 0.119 0.676

Ace 571.2 616 650.7 22.21 0.309 0.341 0.119 0.676

Chao1 571.5 615.2 650.1 22.26 0.309 0.341 0.119 0.676

Shannon 5.11 5.3 5.31 0.080 0.487 0.309 0.305 0.909

Simpson 0.025 0.016 0.02 0.003 0.321 0.108 0.790 0.425

LZ1, single goat; LZ2, twin goats; LZ3, triplet goats; SEM, standard error of mean.
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composition between LZ3 group and LZ1, LZ2 group were different. 
And these differences in rumen microbiome were associated with a 
decrease in rumen metabolites, such as propionate, total VFA, 
and EAA.

Rumen microbiota plays a fundamentally important role in the 
development of rumen function and metabolism at the host. Previous 
studies confirmed the correlations of ruminal microbial features with 
the ruminants’ phenotypic characteristics, such as rumen fermentation 
products (Kamke et al., 2016; Wallace et al., 2019), feed efficiency (Myer 
et  al., 2015; Shabat et  al., 2016; Xue M.-Y. et  al., 2022), and milk 
production (Jami et al., 2014; Xue et al., 2020). According to our current 
study, triplet kids lead to significant alterations in the microbiota 
structure of rumen, which had lower pre-weaning and youth 
growth performance.

Similar to previous studies (Jami et al., 2013; Li et al., 2019; Tong 
et al., 2022), we also observed that Firmicutes, and Bacteraioidota were 
the predominant bacterial phylum in the ruminal ecosystem. The 
abundance of Firmicutes, Bacteraioidota, and the ratio of Firmicutes to 
Bacteraioidota were different in different litter sizes. The phyla 
Firmicutes and Bacteraioidota were known for polysaccharide 

FIGURE 2

Non-metric multidimensional scaling plot based on ASV level to 
identify differences in microbial community structure among different 
groups.

A B C

FIGURE 3

Compositions of the rumen microbiota among the different groups at family level. (A) Relative abundance of major family, (B) Prevotellaceae, 
(C) Rikenellaceae. Data are presented as mean ± SEM, *p < 0.05, **p < 0.01.

A B C D

E F G

FIGURE 4

Composition of the rumen microbiota among the different groups at genus level. (A) Relative abundance of major genus, (B) Prevotella, (C) unclassified f 
Prevotellaceae, (D) Prevotellaceae UCG-001, (E) Succiniclasticum, (F) Rikenellaceae RC9 gut group, (G) unclassified c Clostridia. Data are presented as 
mean ± SEM, #p < 0.1, *p < 0.05.
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A

B

C

FIGURE 5

Heatmap showing association between growth performance, ruminal metabolites and rumen microbiota of young goats. The relationship between rumen 
microbiota and growth performance, rumen VFA (A), AA (B), and FA (C) of young goats. The color gradient represents the values of correlation coefficients. 
Red and blue indicate positive and negative correlations, respectively. #p < 0.1, *p < 0.05, **p < 0.01.

fermentation. And Wang et al. (2019) found that an improved intestinal 
Firmicutes: Bacteraioidota ratio could allow the host to absorb more 
energy from the diet and to store energy.

Moreover, we found that rumen fermentation products, such as 
total VFA, propionate, butyrate, EAA, and BCAA concentrations, 
which were decreased in triplet goats, had negatively associated with 
those members of Prevotellaceae family. Rumen VFA and EAA are the 
major energy and nutrients for animal growth, health and production 
(Maeng et al., 1976; Van Houtert, 1993; Xue et al., 2019). His and Trp 
were the limiting AA for growing goats (Onodera, 2003; Ma et al., 
2010), and some cell experiments demonstrated that the addition of His 
activated the mTOR pathway, which up-regulated phosphorylation of 
the downstream protein and ultimately prompted protein synthesis 
(Appuhamy et  al., 2012). In the current study, the abundance of 
Prevotellaceae family and several genera of it, such as Prevotella, 
unclassified f Prevotellaceae, Prevotellaceae UCG-001, were higher in 
triplet goats. Prevotella species had a documented role in metabolism 
of carbohydrates, such as hemicellulose, starch, xylan, and pectin 
(Kabel et al., 2011; De Filippis et al., 2019), and nitrogen (Kim et al., 
2017). Recent studies suggested the abundance of Prevotellaceae family 
was negatively correlated with feed efficiency in ruminants (Paz et al., 
2018; Zhang et  al., 2021). Rumen Prevotella, and Prevotellaceae 
UCG-001 abundance were reported to be negatively correlated with 
propionate and AA concentrations (Bi et al., 2018; Tong et al., 2020; Liu 

et  al., 2022; Xue B. et  al., 2022), and higher in inefficient animals 
(Carberry et al., 2012; Mccann et al., 2014).

Dietary lipid plays an important role in rumen metabolism and 
animal production. Moreover, dietary FA are extensively hydrogenated 
and isomerized by rumen microbes. These transformations directly 
determine milk and meat FA composition, which is a criterion of the 
nutritional quality of the products (Chilliard et al., 2007). We observed 
that ruminal OBCFA and its main constituent FA, anteiso C15:0, were 
higher in triplet goats. OBCFA are synthesized by ruminal bacteria using 
the precursors, such as propionate, valerate, BCAA, and incorporated in 
their cell membrane (Vlaeminck et al., 2006). A previous study showed 
that rumen cellulolytic bacteria contain relatively high amounts of 
OBCFA (Fievez et al., 2012). This is consistent with our finding that 
those members of Prevotellaceae family (mainly cellulolytic bacteria), 
which were enriched in the rumen of triplet goats, were positively 
associated with OBCFA. Therefore, these triplets enriched bacteria may 
produce less ruminal VFA, and AA, and utilize more propionate, and 
BCAA to produce OBCFA, which leads to less energy and nutrient 
supply for animal growth in triplet goats.

Ruminal butyrate concentration, the proportion of C16:0, C18:1 
components (such as C18:1, C18:1t11, and C18:1c9), and MUFA were 
lower in triplet goats. UFA, especially MUFA, have taxic effects on rumen 
methanogenic archaea, which lead to the reduction of methane production 
(Beauchemin et al., 2008). An in vitro study found that oleic acid (C18:1c9) 
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supplementation in diet can reduce methane production (Wu et al., 2016). 
Moreover, the results showed that the abundance of Rikenellaceae RC9 gut 
group was lower in the rumen of triplet goats, which were positively 
correlated with ruminal butyrate, C16:0, C18:1t11, and negatively 
correlated with ruminal anteiso C15:0 and OBCFA. Rikenellaceae RC9 gut 
group can reportedly degrade structural carbohydrates and starch in the 
rumen (Asma et al., 2013), and be involved in the production of VFA 
(Graf, 2014) and the scavenging of H2. A recent study found that the 
Rikenellaceae RC9 gut group abundance was associated with an increase of 
the feed efficiency trait (Andrade et al., 2022). These bacteria may play 
roles in rumen fermentation and animal growth. Based on the results, it 
would be  promising to develop probiotics that promote the “single-
enriched” and inhibit the “triplets-enriched” bacterial taxa to improve 
rumen efficiency and growth rates in young goats.

Conclusion

In conclusion, the present study disclosed the differences in rumen 
microbiota composition, rumen fermentation, and growth performance 
between single, twin, and triplet goats. Our study revealed that triplet 
goats have lower growth performance and rumen fermentation 
efficiency. The Prevotellaceae family, and several genera of 
Prevotellaceae, such as Prevotella, were higher in the rumen of triplet 
goats, whereas the abundance of Rikenellaceae RC9 gut group was lower 
in the rumen of triplet goats. Our results revealed the change in rumen 
microbiome composition may affect the rumen metabolism, thus 
slowing the growth rates in triplet goats. Overall, our study generated 
relevant information for manipulating rumen microbiome and 
improving rumen function that will increase the feed efficiency and 
growth performance in goats.
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Effect of dietary biochanin A on
lactation performance, antioxidant
capacity, rumen fermentation and
rumen microbiome of dairy goat
Qingbiao Xu1,2,3†, Yanjun Li1†, Wenjuan Du1, Nan Zheng1,
Jiaqi Wang1* and Shengguo Zhao1*
1State Key Laboratory of Animal Nutrition, Institute of Animal Sciences, Chinese Academy of Agricultural
Sciences, Beijing, China, 2College of Animal Sciences and Technology, Huazhong Agricultural University,
Wuhan, China, 3MoE Key Laboratory of Molecular Animal Nutrition, College of Animal Sciences, Zhejiang
University, Hangzhou, China

Biochanin A (BCA), an isoflavone phytoestrogen, is a secondary metabolite produced

mainly in leguminous plants. The objective of this study was to evaluate the effect

of BCA on lactation performance, nitrogen metabolism, and the health of dairy goat.

Thirty mid-lactation Saanen dairy goats were divided into three groups randomly:

control, 2 g/d BCA group, and 6 g/d BCA group. After 36 days of feeding, 30 dairy

goats were transferred to individual metabolic cages. Subsequently, milk yield, feed

intake, total feces, and urine excretion were recorded and samples were collected

continuously for 3 days. Blood and ruminal fluid samples were collected over the

subsequent 4 days. Milk yield, milk protein, fat content, and the feed conversion

ratio of dairy goat were significantly increased by the BCA treatment. The levels

of serum 17β-estradiol, growth hormone, insulin-like growth factor 1, glutathione

peroxidase activity, and total antioxidant capacity were also increased significantly

by BCA, indicating that BCA enhanced the antioxidant capacity of dairy goat. Amino

acid degradation was significantly inhibited, while the ammonia nitrogen content was

reduced significantly by BCA. Total volatile fatty acids was significantly increased by

BCA supplementation. In addition, the relative abundance of Verrucomicrobiota was

decreased significantly. However, the growth of nitrogen metabolism and cellulolytic

bacteria was significantly increased under BCA treatment, including Prevotella sp.,

Treponema sp., Ruminococcus flavefaciens, and Ruminobacter amylophilus. In

conclusion, supplementation with BCA improved the milk production performance,

nitrogen metabolism, rumen fermentation and antioxidant capacity, and regulated

the rumen microbiome of dairy goat.

KEYWORDS

antioxidant capacity, biochanin A, dairy goat, lactation performance, rumen microbiome,
ruminal fermentation

Introduction

Biochanin A (BCA), an isoflavone phytoestrogen with various functions (Wenjin et al.,
2021), is a secondary metabolite produced mainly in leguminous plants such as red clover
and chickpea (Křížová et al., 2019). The BCA content in red clover (Trifolium pratense L.)
leaves during the flowering stage ranges from 4.57 to 6.86 mg/g dry matter (DM), with an
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average concentration of 5.76 mg/g DM, which accounts for
approximately 40% of the total isoflavones (Lemeziene et al., 2015).
Chickpea (Cicer arietinum L.) sprouts contain lower concentration of
BCA than red clover, with a maximum concentration of 2.34 mg/g
DM (Gao et al., 2015). Sonication of peanuts (Arachis hypogaea) in
80% aqueous ethanol yielded a BCA content of 0.964 mg/100 g DM
(Chukwumah et al., 2009). Young plants of Astragalus glycyphyllos L.
and Astragalus cicer L. had BCA contents of 8.81 and 11.4 mg/100 g
DM, respectively (Butkute et al., 2018). Other natural sources of BCA
include alfalfa (Kagan et al., 2015) and soybeans (Hu et al., 2021).
Recent studies have demonstrated that BCA possesses numerous
biological properties, such as anti-inflammatory, anti-microbial, and
antioxidant activities (Jalaludeen et al., 2016; Sadri et al., 2017).
Furthermore, BCA has been shown to be a potential drug for
protection against osteoporosis (Lee and Choi, 2005), prevention and
treatment of atherosclerotic cardiovascular disease (Yu et al., 2020),
and alleviation of symptoms in postmenopausal women (Galal et al.,
2018). Therefore, BCA is an important source of novel health foods
and natural products.

Hyper-ammonia-producing bacteria (HAB) play a vital role in
amino acid (AA) deamination in the rumen (Flythe and Kagan, 2010).
In vitro, BCA was shown to possess antimicrobial activity against
HAB isolated from the rumen fluid of bovines and caprines; however,
it has to act synergistically with other heat-stable antibacterial
compounds to inhibit HAB growth (Flythe and Kagan, 2010; Flythe
et al., 2013). In addition, BCA exhibited selective antimicrobial
activity against amylolytic and cellulolytic bacteria, and increased
Lactobacilli, decreased gram-positive cocci, and directly inhibited the
growth of Fibrobacter succinogenes S85, Ruminococcus flavefaciens

TABLE 1 Ingredient and chemical composition of total mixed diet
fed to dairy goats.

Ingredient
composition

% of DM Chemical
composition

% of DM

Oat grass 11.42 NEL
2 (Mcal/kg) 1.92

Alfalfa hay 30.06 DM 80.76

Steam-flaked corn 13.49 ADF 28.77

Soybean meal 12.13 NDF 48.70

Cottonseed meal 1.49 CP 16.83

Dried distiller’s grains 1.49 Ether extract 2.52

Bran 6.02 – –

Wheat shorts 0.60 – –

Preminx1 1.49 – –

Sprayed corn bran 1.50 – –

Corn gluten meal 0.84 – –

Cron bran 6.01 – –

Yeast 3.84 – –

Corn silage 8.97 – –

NaHCO3 0.21 – –

Mycotoxin adsorbent 0.19 – –

Urea 0.25 – –

1The premix provided the following per kg of diets: vitamin A 650 K international unit (IU),
vitamin D 350 K IU, vitamin E 4,000 IU, Zn 2,500 mg, Cu 200 mg, Mn 1,200 mg.
2NEL = lactation net energy, as calculated with reference to nutrient requirements of dairy cattle
(NRC) (2007) nutrient requirements of goats.

8, and Ruminococcus albus 8 (Harlow et al., 2017b, 2018). These
results were attributed to the enhancement of the activities of
native rumen antimicrobials (e.g., bacteriocins) by BCA (Flythe
et al., 2013; Harlow et al., 2017b). Studies have also shown that
BCA can inhibit lactic acid production and increase lactate-utilizing
bacteria and lactic acid metabolism, thereby ameliorating pH decline,
promoting rumen fermentation, and increasing the concentrations
of acetate, propionate, and total volatile fatty acids (VFAs) (Harlow
et al., 2017b, 2018). Furthermore, BCA could be a substitute for
antibiotics, such as monensin, for reducing rumen acidosis (Harlow
et al., 2017c, 2021). Supplementing steers fed dried distillers’ grains
(DDG) with BCA improved crude protein (CP) digestibility of DDG
and increased average daily gain, as the addition of BCA decreased
ammonia production and improved the quality of absorbed protein
by inhibiting HAB (Flythe et al., 2013; Harlow et al., 2017a). Similar
results were observed with red clover whereby the average daily gain
depended on the interaction between BCA and other isoflavones
(Harlow et al., 2020).

In our lab, it was observed that BCA inhibited the activity of
proteolytic and ureolytic bacteria and improved the efficiency of
microbial protein synthesis (Liu et al., 2020). Therefore, BCA is
hypothesized to be a potential novel urease inhibitor. However, to
date, there is limited information on the in vivo effects of BCA on
dairy livestock. Therefore, the objective of this study was to evaluate
the effects of BCA on production performance, health, and rumen
microbiome of dairy goats.

Materials and methods

Animal management

Animal experiments were approved by the Animal Care and
Use Committee of the Institute of Animal Science of the Chinese
Academy of Agricultural Sciences (approval no. IAS2020-97).
Thirty mid-lactation health Saanen dairy goats (body weights of
63.5 ± 5.6 kg at 147 ± 3 d of lactation) from Weihe Dairy
Farm (Qiangyang, China) were randomly divided into three groups
(n = 10): basal diet group (control), basal diet with 2 g/d BCA per
goat group (BL), and basal diet with 6 g/d BCA per goat group
(BH). To make sure the 6 g/d group indeed ingested 6 g/d BCA
a day per goat, BCA was mixed with a small amount of basic diet
and fed to each goat separately every morning. After each goat had
finished all the basic diet with BCA, the left diet would be given
to them. The doses used were based on previous report (Harlow
et al., 2017c). The duration of the experiment was 50 d in autumn
(September–November), with 43 d permitted for diet acclimatization
and 7 d allocated for sample collection. The dairy goats were placed
in individual metabolic cages on day 36 of the acclimatization period.
The goats were fed, ad libitum, a basal diet and total mixed diet
(TMR), and were allowed approximately 5% orts twice a day at 08:00
and 14:30. Dairy goats were milked twice daily, at 07:00 and 18:00.
The dietary ingredients (% DM) and chemical composition (% DM)
of TMR are shown in Table 1.

Sample collection

During days 44–46 of the experimental period, the feed intake
of each goat was recorded daily. Samples of TMR and orts were
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collected and stored at –20◦C until further analysis. The dairy milk
yields obtained from all the goats were recorded from day 44 to
46 of the experimental period. Milk samples were collected at 07:00
and 18:00 and mixed at a ratio of 1:1. A 40 mL subsample of milk
was transferred to vials preserved with 2-bromo-2-nitropropane-1-
3-diol and stored at 4◦C for composition analysis. Approximately
80 mL subsamples, without any treatment, were stored in two 50 mL
centrifuge tubes at –20◦C. Urine and fecal samples were collected
daily from days 44 to 46 of the experimental period. The urine was
collected in a plastic container containing 200 mL of diluted sulfuric
acid which was used to maintain the pH at <3. Urine volumes were
recorded daily, with 5% of the urine samples stored in vials. Urine
samples from each goat were mixed for three consecutive days and
stored at –20◦C until nitrogen balance and purine derivative analysis
were performed. The total fecal output of each goat was collected
into large metal nets that were placed under the metabolic cages and
weighed daily. A 5% aliquot of each goat feces was transferred into
self-sealed plastic bags daily, mixed for three consecutive days, and
stored at –20◦C until chemical analysis was performed.

On days 47 and 48 of the experimental period, approximately 1 h
after the morning feed, blood samples were collected from the jugular
vein using 10 mL vacutainer tubes containing sodium heparin. The
tubes were immediately centrifuged at 3,500 × g at 4◦C for 15 min
to separate the plasma (Mendowski et al., 2020). The plasma samples
were transferred to 2 mL centrifuge tubes to determine the plasma
antioxidant capacity, biochemical parameters, and endocrine indices.
On days 49 and 50, rumen fluid samples were collected through
the ruminal cannula via suction using a hose 1 h after the morning
feed (Mendowski et al., 2020). Rumen fluid was filtered through
four layers of cheesecloth, and the pH was determined immediately.
A 10 mL subsample of ruminal fluid was acidified immediately using
2 mL of metaphosphoric acid (25%, m/v) to determine the VFA, and
ammonia-nitrogen (NH3-N) contents. A 40 mL subsample without
metaphosphoric acid was collected into a 50 mL centrifuge tube
and stored at –20◦C for ruminal bacterial diversity analysis. All the
samples of every goat and data point was included in the analysis.

Sample analysis

Samples of TMR, orts, and feces were dried at 65◦C in a forced-air
oven to a constant weight to measure the DM, CP, ether extract, acid
detergent fiber (ADF), and neutral detergent fiber (NDF) contents
by wet chemistry. The DM was determined using a forced-air oven
(AOAC method 930.15). The nitrogen content was determined using
a Kjeldahl auto-analyzer (VELP DK20, Usmate, Italy), and the CP was
calculated as N × 6.25 (AOAC method 990.03). The ether extract
content was determined using the AOAC International method
920.39 (AOAC method 920.39). The ADF and NDF contents were
measured according to a previously described method (Van Soest
et al., 1991). Milk subsamples preserved in 2-bromo-2-nitropropane-
1-3-diol were analyzed for true protein, fat, lactose, and total milk
solids using infrared spectroscopy (Foss FT 120, Denmark). The
nitrogen content in the milk, fecal, and urine samples was determined
using the Kjeldahl method (AOAC method 990.39). The NH3-N
concentration in rumen fluids and urine was measured using a
phenol-hypochlorite assay. The rumen AA contents were determined
as previously described (Liu et al., 2020). In the rumen fluid preserved
with metaphosphoric acid, the VFA content was analyzed using gas
chromatography (Agilent 7890A, USA). The allantoin, xanthine, uric

acid, and hypoxanthine contents in the urine samples were measured
as previously described (Chen and Gomes, 1992).

The total protein, albumin, globulin, creatinine, and β-
hydroxybutyric acid content and the activities of alanine and
aspartate aminotransferase in the plasma of dairy goats were analyzed
using a Beckman AU680 Automatic Biochemical Analyzer (Beckman
Coulter Inc., FL, USA). The total AA content, NH3 concentration,
glutathione peroxidase (GSH-Px), superoxide dismutase (SOD),
catalase, and total antioxidant capacity (T-AOC) in plasma were
quantified using total AA (A026-1-1), blood ammonia (A086-1),
GSH-Px (A005-1), SOD (A001-3-2), catalase (A007-1-1), and T-AOC
(A01502-1) assay kits from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China), respectively. The levels of growth
hormone, prolactin, estradiol, and insulin in plasma were determined
using a DFM-96 Gamma Radioimmunoassay Counter (Zhongheng
Electromechanical Technology Development Co., Ltd, Hefei, China).
Insulin-like growth factor 1 (IGF-1) was determined using a bovine
IGF-1 ELISA kit (Shanghai Ketao Biotechnology Co. LTD, Shanghai,
China) according to the manufacturer’s instructions.

The total DNA of rumen microorganisms was extracted using
the hexadecyltrimethylammonium bromide method and measured
using Nanodrop One (Thermo Scientific, MA, USA). The sequencing
library was constructed using the MGIEasy kit (BGI, China) and the
BGISEQ-500, with read lengths of 2 × 100 base pairs (bp), was used
to sequence the libraries. Quality control analysis of the original data
was performed using the TrimGalore software to remove low-quality
reads with lengths less than 50 bp and average base mass less than
20 (Mehdipour et al., 2020). The relevant data were then compared
with the host (sheep, alfalfa, corn, and soybean) database using BM
Tagger to remove the host data (Uritskiy et al., 2018). The sequence
was then annotated with the species using the Kraken 2 software
(Kopylova et al., 2012) and the GTDB-r89 database (Waschulin et al.,
2022). The relative abundance of species was analyzed by principal
component analysis and the diversity analysis was performed using
MicrobiomeAnalyst (Chong et al., 2020). The species composition
and community structure of the rumen microbiome were tested for
significance using linear discriminant analysis effect size analysis.

Calculations and statistical analysis

Feed conversion ratio was calculated as previously described
(Sears et al., 2020) using the following equation:

Feed conversion ratio (%) = 3.5% FCM/DM intake;
3.5% FCM = [0.4324×milk yield (kg)] + [16.216×milk fat yield

(kg)],

where FCM = fat-corrected milk; DM = dry matter.
Data were analyzed using the GLM model of SAS v.9.4 (SAS

Institute Inc., Cary, NC, USA) as follows:

Y ij = µ + Bi + Tj + εij,

where Yij = dependent variable; µ = overall mean; Bi = fixed effect of
random block (i = 1 to 5); Tj = fixed effect of BCA level (0, 2, or 6 g);
and εij = experimental error.

Differences among treatments were considered significant at
P < 0.05, based on Tukey’s multiple comparisons of SAS v.9.4 (SAS
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Institute Inc., Cary, NC, USA). Results were expressed as least squares
means and the means± standard error of the mean (SEM).

Results

Intake, milk yield and composition, and
feed conversion ratio

Milk yield in BH was 25.34%, which was significantly greater than
that in control group (P = 0.04), however no significant difference was
observed between the control and BL groups (P = 0.70; Table 2). Milk
protein and total solid contents were increased significantly in BH by
9.73 and 6.38% (P < 0.01), respectively. The feed conversion ratios of
dairy goats in BL and BH were increased significantly by 34.92 and
31.75% (P < 0.01), respectively. However, body weight, dry matter
intake (DMI), milk fat, and lactose contents were not significantly
affected by BCA supplementation.

Rumen fermentation parameters

As shown in Table 3, the total VFA, acetate, propionate, butyrate,
valerate, and isovalerate contents in the rumen of dairy goats
were increased significantly with BCA supplementation (P < 0.05).
However, the pH and NH3-N concentration in the rumen were
decreased significantly with BCA supplementation (P < 0.05).

Antioxidant capacity and endocrine
indexes in plasma

The GSH-Px activity in plasma was significantly increased with
the increase in BCA treatment (Table 4), with GSH-Px in BL
increasing by 14.83% and BH increasing by 44.81% (P = 0.02). The

TABLE 2 Effects of biochanin A on body weight, dry matter intake, milk
yield, and composition.

Items Treatments SEM P-value

Control BL BH

Body weight, kg 66.67 65.32 65.17 1.10 0.860

Dry matter intake,
kg/d

1.88 1.45 1.90 0.10 0.119

Milk yield, kg/d 1.46b 1.40b 1.83a 0.076 0.028

Milk composition, % – – – – –

Protein 3.64b 4.01ab 4.32a 0.096 0.020

Fat 4.39 4.74 4.73 0.096 0.326

Lactose 4.50 4.59 4.72 0.038 0.072

Total solid 12.54b 13.34ab 13.76a 0.176 0.021

Feed conversion
ratio1 , %

0.63b 0.85a 0.83a 0.030 0.043

a−bDifferent lowercase letters in row represent significant differences (P < 0.05).
1Feed conversion ratio (%) = 3.5% FCM/dry matter intake; 3.5% FCM = [0.515 × milk yield
(kg)] + [13.86×milk fat yield (kg)].
Means within a row without a common superscript lowercase letter differ significantly
(P < 0.05, n = 10).

T-AOC in BH was significantly higher (P = 0.03) than that in BL.
However, SOD and catalase activities were not significantly affected
by BCA supplementation. Furthermore, the total protein, albumin,
globulin, uric acid, creatinine, and β-hydroxybutyric acid contents,
in addition to the alanine and aspartate aminotransferase activities,
were not significantly affected by BCA supplementation (Table 5).

The levels of 17β-estradiol and growth hormone in the plasma of
dairy goats in the BH group were significantly higher than those in
the BL group (P < 0.05; Table 6). The IGF-1 content was significantly
increased by BCA supplementation (P < 0.05). Compared with
control, the IGF-1 content in BL and BH was increased by 28.26 and
26.79%, respectively. However, plasma prolactin and insulin levels
were not significantly affected by BCA supplementation.

Rumen microbiome

Rumen microbial diversity was not significantly affected by BCA
supplementation (Figure 1A). However, the relative abundance of
microbial flora was influenced by BCA supplementation (Figure 1B).
The quantity of Verrucomicrobiota bacteria was significantly
decreased, while that of nitrogen metabolism and cellulolytic bacteria
was significantly increased, including Prevotella sp., Treponema sp.,
Ruminococcus flavefaciens, and Ruminobacter amylophilus (P < 0.05;
Figure 1C). Thus, BCA regulated the flora of the rumen microbiome,
promoting nitrogen metabolic efficiency in the rumen of dairy goats.

TABLE 3 Effects of biochanin A on rumen fermentation of dairy goats.

Items Treatments SEM P-value

Control BL BH

pH 6.71a 6.23b 6.38b 0.065 0.011

Total volatile fatty
acids, mmol/L

68.7b 96.2a 91.3a 3.05 <0.001

Acetate, mmol/L 44.6b 64.6a 58.7a 2.07 <0.001

Propionate, mmol/L 14.6b 20.1a 18.6ab 0.867 0.037

Butyrate, mmol/L 7.34b 9.34ab 10.92a 0.505 0.009

Isobutyrate 0.60ab 0.45b 0.73a 0.040 0.008

Valerate 0.94b 1.08b 1.42a 0.076 0.026

Isovalerate 0.71b 0.64b 0.95a 0.045 0.006

NH3-N, mg/dL 20.4a 17.1b 16.7b 0.484 0.004

Means within a row without a common superscript lowercase letter differ significantly
(P < 0.05, n = 10).

TABLE 4 Effects of biochanin A on antioxidant capacity of plasma.

Items Treatments SEM P-value

Control BL BH

Superoxide dismutase,
U/mL

20.71 22.46 19.23 0.649 0.184

Glutathione peroxidase,
U/mL

577b 662ab 836a 37.9 0.020

Catalase, U/mL 2.22 2.34 1.86 0.177 0.269

Total antioxidant
capacity, mmol/L

0.55ab 0.53b 0.59a 0.011 0.035

Means within a row without a common superscript lowercase letter differ significantly (P < 0.05,
n = 10).
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Discussion

Currently, few studies have investigated the influence of BCA on
the growth and production performance of dairy goats and cows.
Supplementation of steers with BCA (6.3 g/d) exhibited an increase
in the average daily gain. The reduction in ammonia concentration
was attributed to BCA, which inhibited HAB fermentation of AA
deamination (Harlow et al., 2017c). Steers supplemented with 0.91 kg
of red clover hay (equivalent to 0.9–1.4 g BCA) and 1.51 kg DDG
also exhibited daily gain (Harlow et al., 2020). When the grass silage
was replaced with red and white clover silage, the DMI was increased
by 1.2 and 1.3 kg, respectively, and the milk yield was increased by
1.5 and 2.2 kg/d, respectively (Steinshamn, 2010). In this study, milk
yield and composition were increased when dairy goats were fed
BCA. Similarly, supplementation with flavonoid-rich plant extracts
improved the milk yield of dairy cows; however, flavonoids from
different sources have different effects (Gessner et al., 2015; Zhan
et al., 2017). Alfalfa flavonoid extract increased milk lactose synthesis
and secretion by reducing the milk fat and protein content (Zhan
et al., 2017). However, soy isoflavone supplementation reduced milk
production (Kasparovska et al., 2016). These varying results could
be caused by extracts from different sources containing different
types and amounts of flavonoids. The expression of milk protein and
lactose synthesis-related genes were inhibited by BCA and genistein,
however, they were upregulated by formononetin and daidzein, and
the metabolite of BCA, p-ethylphenol (Tsugami et al., 2017).

TABLE 5 Effects of biochanin A on the changes of plasma
biochemical parameters.

Items Treatments SEM P-value

Control BL BH

Total protein, g/L 84.60 84.32 81.86 0.799 0.343

Albumin, g/L 33.40 32.08 33.59 0.490 0.433

Globulin, g/L 51.19 52.25 48.26 0.96 0.232

Alanine
aminotransferase,
U/L

15.76 16.47 13.36 1.06 0.477

Aspartate
aminotransferase,
U/L

112 126 89.5 6.96 0.081

Uric acid, µmol/L 0.90 2.69 2.85 0.473 0.127

Creatinine,
µmol/L

36.33 33.66 36.40 0.95 0.360

β-hydroxybutyric
acid, mmol/L

0.32 0.37 0.34 0.016 0.552

TABLE 6 Effects of biochanin A on endocrine indexes of plasma.

Items Treatments SEM P-value

Control BL BH

17β-estradiol, pg/mL 321ab 282b 381a 14.51 0.003

Prolactin, µIU/mL 72.81 49.82 62.12 4.79 0.208

Growth hormone, ng/mL 1.02ab 0.85b 1.27a 0.072 0.027

Insulin, µIU/mL 18.80 16.79 20.21 0.810 0.114

Insulin-like growth factor
1, ng/mL

140b 180a 178a 6.61 0.020

Means within a row without a common superscript lowercase letter differ significantly
(P < 0.05, n = 10).

The nitrogen intake of dairy goats was not significantly affected
by BCA addition; however, urine secretion was increased with BCA
addition. Urinary nitrogen excretion remained constant. BCA could
delay the rate of urea hydrolysis in the rumen, thereby allowing
for more urea to be used by rumen microorganisms for microbial
protein synthesis. Furthermore, BCA reduced the degradation of
proteins and AAs in the rumen by inhibiting the activity of
proteolytic bacteria (Liu et al., 2020) and hyper-ammonia-producing
bacteria (Harlow et al., 2017c). BCA supplementation increased milk
yield, indicating that dietary N utilization efficiency was improved
(Harlow et al., 2017c; Pereira et al., 2020). Fewer non-degradable
rumen proteins increased protein utilization and produced more
milk protein (Morales et al., 2010). In another study, the acetate,
propionate, and total VFA contents increased, and pH was decreased
by BCA supplementation, which affected cellulose fermentation by
rumen cellulolytic bacteria (Harlow et al., 2018). Similar results
were obtained when BCA was added to a corn diet fermented by
amylolytic bacteria; BCA increased the activity of lactic acid-utilizing
bacteria and reduced the starch degradation rate (Harlow et al., 2021).
However, the VFA content remained unchanged when no dietary
supplements were added to the artificial medium (Liu et al., 2020).
In contrast to these studies, all the VFA contents were increased by
BCA in this study, which may be caused by different fermentation
substrates (Harlow et al., 2020, 2021). In addition, the total VFAs and
propionate contents in the rumen were also increased by replacing
corn silage with different proportions of red clover (Castro-Montoya
et al., 2018). Thus, the increase in VFAs by BCA was dependent on
the fermentation substrate.

In this study, rumen ammonia nitrogen concentration was
linearly decreased with increasing BCA. The hydrolysis rate of
urea was decreased, which ultimately resulted in the inhibition
of AA degradation by BCA (Liu et al., 2020). The inhibition of
AA degradation by BCA was mainly achieved by inhibiting the
growth of hyper-ammonia-producing bacteria, which ferment AAs
into ammonia in the rumen (Harlow et al., 2017c). Hyper-ammonia
bacterial growth was reduced not inhibited by BCA through the
enhancement, by rumen microorganisms, of antibacterial activity of
bacteriocin, which reduced the ammonia nitrogen content rather
than exerting an inhibitory effect, thereby indicating that BCA
had synergistic antibacterial activity (Flythe et al., 2013). Crude
red clover phenolic extracts also inhibited the growth of hyper-
ammonia-producing bacteria (Clostridium sticklandii SR) (Kagan
and Flythe, 2012), increased bypass protein, and promoted the by
reducing protein nitrogen loss (Harlow et al., 2017c). Therefore,
BCA promoted growth of steers rumen fermentation and increased
microbial protein production. In addition, the SOD, GSH-Px, and
catalase are the main antioxidant enzymes in animals. Serum GSH-
Px activity reflected oxidative stress and contributed to oxidative
defense in animals (Tuzun et al., 2002). The activities of SOD and
GSH-Px were enhanced by BCA through inhibiting nicotinamide
adenine dinucleotide phosphate and malondialdehyde production
(Yu et al., 2019). In addition, BCA prevented oxidative stress by
enhancing the total antioxidant status and the levels of SOD and
catalase (Jalaludeen et al., 2016; Sadri et al., 2017). Isoflavone BCA
is activating a novel nuclear factor erythroid 2-related factor 2-
antioxidant response element activator and can protect against
oxidative damage (Yu et al., 2019). Flavonoid extracts containing
BCA had a similar effect on improving the antioxidant capacity
of livestock and poultry. In chickens supplemented with soybean
isoflavone, increased T-AOC and SOD levels in the plasma were
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FIGURE 1

Effect of biochanin A (BCA) on the structure of rumen microbiome of dairy goats (n = 7, mean ± SEM). (A) Diversity (Shannon index) analysis of rumen
microbiome. (B) Principal component analysis of rumen microbiome. (C) Linear discriminant analysis (LDA) Effect Size analysis of rumen microbial
differential flora in genus level. Ctrl, control group; BL, low level BCA group; BH, high level BCA group.

reported (Jiang et al., 2007). Dietary supplementation with flavonoids
from Scutellaria baicalensis Georgi enhanced the antioxidative
ability of broilers (Liao et al., 2018). The activities of SOD and
GSH-Px were also increased by feeding alfalfa flavone extract
to dairy cows (Zhan et al., 2017). The GSH-Px activity was
increased with an increase in BCA supplementation, indicating
that BCA can improve the antioxidant performance of dairy

goats by enhancing T-AOC and the activities of antioxidant
enzymes.

Plasma biochemical parameters reflected the metabolism of
nutrients and health conditions of the animal body (Wang et al.,
2011). No differences were observed in the total protein, albumin,
globulin, uric acid, creatinine, and β-hydroxybutyric acid contents,
suggesting that BCA had no effect on the health of dairy goats.
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Alanine and aspartate aminotransferase are vital indices of liver
function, reflecting the permeability and metabolic function of
liver cells (Li et al., 2017). Increases in alanine and aspartate
aminotransferase activities were caused by damage to the integrity
of the hepatic membrane architecture (Kotyzova et al., 2013). In
this study, although there is no significant difference, aspartate
aminotransferase activity had a decreased trend in the BH group,
indicating that a high dose of BCA may have a hepatoprotective effect
in dairy goats, and this trend was also observed in a previous study in
rats (Breikaa et al., 2013). PUN and NH3-N were the final protein
metabolites that reflected AA metabolism (Li et al., 2017). PUN
concentrations reached a peak approximately 2 h after feeding, then
gradually decreased, reverting to normal levels at 6 h (Sinclair et al.,
2012). A similar trend was observed in the NH3-N concentrations,
which may have resulted from the decreased hepatic clearance of
NH3-N (Ludden et al., 2000). Soybean isoflavone, an isoflavone
phytoestrogen, is a physiological regulator of the reproductive and
nutritional processes of the body through the neuroendocrine system
to improve the production performance of animals (Jiang et al.,
2007). Isoflavone promoted the development of mammary glands,
increased milk yield, and accelerated animal growth by inducing
changes in endogenous hormone levels in blood, such as prolactin,
growth hormone, and IGF-1 (Tsugami et al., 2017). In this study,
BCA treatment significantly increased the levels of 17β-estradiol,
growth hormone, and IGF-1. Similarly, the levels of 17β-estradiol,
growth hormone, and prolactin in the plasma of mid-lactation dairy
cows were also increased by soybean isoflavone daidzein (Tsugami
et al., 2017). These hormones can regulate the lactation of dairy goats
and the structural development of mammary gland, and estradiol
and IGF-1 can regulate mammary epithelial cells by binding to
estrogen receptor and maintaining its expression (Tsugami et al.,
2017). However, there are limited reports on the effects of BCA on the
endocrine system of animals; therefore, further studies are required to
explore the underlying mechanisms.

In this study, the flora structure of the rumen microbiome
was modulated by BCA supplementation, which promoted nitrogen
metabolic efficiency in the rumen. Similarly, in another study, the
abundance of Bacteroidetes was increased by isoflavone-enriched
feed, resulting in a high nitrogen metabolic efficiency in the rumen
(Kasparovska et al., 2016). Rumen microbial diversity was not
significantly affected, whereas the abundance of rumen microbiota
was significantly affected by red clover isoflavones (Melchior et al.,
2018). These results indicated that the nitrogen metabolic efficiency
in the rumen was improved by BCA treatment by modulating
the structure of the rumen microbiome. In this study, the flora
of nitrogen metabolism and cellulolytic bacteria in rumen was
regulated by BCA, and these rumen microbiota can promote nitrogen
metabolic efficiency of dairy goats, resulting in enhancing feed
conversion and increasing VFA production. As we know, acetate
and butyrate are the precursors of milk fat, and propionate is
the precursor of lactose in milk. Therefore, the increased VFA
led to the improvement in milk production. In addition, reduced
ammonia can be used by rumen microbes, and the increase of
microbial protein can increase the milk protein, also leading to the
increased feed conversion and VFA production. Additionally, in
health dairy goats, the improvement in antioxidative capacity can
enhance their resistance of pathogen and diseases, which is beneficial
to the health of goats. Moreover, unchanged plasma biochemical
parameters indicated that BCA had no side effects on the immune
and health of dairy goats. The altered endocrine indexes indicated

BCA can increased the production performance of dairy goat through
hormone to some extent, including 17β-estradiol, GH, and IGF-1.

Conclusion

Milk production performance, nitrogen metabolism, and the
feed conversion ratio of dairy goats were improved by BCA
supplementation. Rumen AA degradation were inhibited, whereas
VFAs were increased with BCA supplementation, indicating that
rumen fermentation was promoted. Antioxidant performance
(GSH-Px activity and T-AOC) and endocrine hormones levels
(prolactin, growth hormone, and IGF-1) were also increased
by BCA supplementation. The relative abundance of rumen
microbiota were also affected by BCA supplementation, such as
decreased Verrucomicrobiota and increased nitrogen metabolism
and cellulolytic bacteria, including Prevotella sp., Treponema sp.,
Ruminococcus flavefaciens, and Ruminobacter amylophilus. Thus,
dairy goat supplemented with BCA at a concentration of 6 g/day per
goat can improve its performance and health status.
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Fermented cottonseed and 
rapeseed meals outperform 
soybean meal in improving 
performance, rumen 
fermentation, and bacterial 
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Background: This study examined the effects of substituting cottonseed meal 
(CSM) or rapeseed meal (RSM) for soybean meal (SBM) on Hu sheep performance, 
rumen fermentation, and bacterial composition. 51 four-month-old indigenous 
male Hu sheep with starting body weights of 22.51 ± 2.84 kg and similar origins 
were randomly assigned to three treatments; (1) non-fermented total mixed 
ration (TMR) with SBM (CK), (2) fermented TMR containing CSM (F-CSM group), 
and (3) fermented TMR containing RSM (F-RSM group).

Results: The three groups’ intake of dry matter differed significantly (p < 0.05). In 
terms of average daily gain, the F-RSM group outperformed the CK and F-CSM 
groups (p < 0.05). The pH of the rumen was substantially lower in the CK group 
than in the F-CSM and F-RSM groups (p < 0.05), and the F-CSM group had greater 
amounts of volatile fatty acids (VFA) than the F-RSM and CK groups. In comparison 
to the CK group, the microbial crude protein yield was significantly higher in the 
F-CSM and F-RSM groups (p < 0.05). The F-CSM group significantly outperformed 
the F-RSM group of pepsin and cellulose enzyme activity (p < 0.05). The relative 
abundance of Bacteroidetes was greater in the CK and F-RSM groups compared 
to the F-CSM group (p < 0.05). In comparison to the other groups, Firmicutes were 
less abundant in the CK group (p < 0.05). Prevotella was present in a higher relative 
abundance in the F-CSM and F-RSM groups than in the CK group (p < 0.05). 
Prevotella was greater in relative abundance in the F-CSM and F-RSM groups than 
in the CK group (p < 0.05). The relative abundances of Veillonellaceae_UCG-001 
and Lachnospiraceae_XPB1014 correlated with rumen butyric acid content and 
NH3-N content (p < 0.05). Gene function prediction revealed that replacing SBM 
with F-CSM or F-RSM in the diet of Hu sheep can promote glycan biosynthesis 
and metabolism.

Conclusion: The replacement of F-CSM and F-RSM for SBM has an influence 
on the richness and diversity of rumen bacteria at the phylum and genus levels. 
Replacement of SBM with F-CSM increased VFA yield and further promoted the 
performance of Hu sheep.
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1. Introduction

The worldwide population is forecast to spread 9.7 billion (Olimid 
and Olimid, 2019), while universal need for meat and milk is expected 
to grow by 57 and 48%, respectively (Alexandratos and Bruinsma, 
2012). As an outcome, it is estimated that livestock production will 
rise by 21% between 2010 and 2025 (Mottet et al., 2017). The universal 
need for livestock protein for human nourishment is increasing 
exponentially, increasing the price of animal feed concentrates 
(Tufarelli et al., 2018). To overcome the problem, it is vital to adopt 
different sources of feed and strategies using of alternative feeding 
methods. By-products are the sole viable option for making low-cost 
feed ingredients; they are generated during food processing and 
production and thus are not appropriate for human consumption (Xu 
et al., 2007). In ruminant diets, CSM and RSM may be appropriate 
alternatives to SBM as they are less expensive and relatively more 
widely accessible regionally (Zeng, 2020).

China has a large supply of CSM and has long been measured as 
a reasonable alternative to SBM (Wang et al., 2017). As a by-product 
of cottonseed oil manufacturing, CSM exhibits a crude protein content 
of 34–40%, crude fibre content of 11%, vitamin B, and organic 
phosphorus, among other nutrients (Zhang et al., 2018). However, due 
of the presence of Free gossypol (FG), a poisonous that may 
significantly influence animal development and reproductive and 
digestive development, as well as cause anomalies in internal organs, 
the use of CSM in animal diets is restricted (Francis et  al., 2001; 
Robinson et al., 2001). Cotton-rich feed is a common source of protein 
for ruminants, particularly in cotton-growing regions such as India, 
China, and the United States, where it is used to replace soybean meal 
(SBM) (Heuze et al., 2015). However, CSM is now a cost-effective 
source of high protein (Nie et al., 2015). RSM, a by-product of the 
rapeseed oil industry, has a high protein concentration and a well-
balanced amino acid composition (Wanasundara et  al., 2017; 
Ashayerizadeh et  al., 2018), making RSM appropriate for use in 
livestock feed. Nonetheless, because of the presence of glucosinolates 
(Huisman and Tolman, 1992; Tripathi and Mishra, 2007) and other 
anti-nutritional factors, RSM can poison animals and impair their 
development (Nagalakshmi et al., 2003). As a result, there is a limited 
usage of CSM and RSM in livestock diets.

Several approaches had been used to decrease the anti-nutritiona 
factors of CSM, such as calcium hydroxide (Nagalakshmi et al., 2003), 
chemical treatment with ferrous sulfate (Barrett et  al., 1997), and 
microbial fermentation (Weng and Sun, 2006). To reduce the anti-
nutritional factors of RSM, methods such as inactivation of 
myrosinase, solvent extraction, steam removal, and liquidation have 
been applied. Still, such methods also have some disadvantages 
including loss of protein, high expense, commercial relative 
unimportance, and environmental pollution (Pal and Walia, 2001). 
Among the different methods, microbial fermentation can help in 
increasing crude protein and other nutritional content, reduce toxin 
content, and maintain stomach microbial stability of the plants 

(McSweeney et  al., 2001; Xu et  al., 2020). Furthermore, our 
preliminary study showed that the nutritious value of CSM and RSM 
can be increased by microbial fermentation, while the anti-nutritional 
factors (FG and glucosinolate) in them can be reduced.

The diverse and adaptable rumen microbiota, which includes 
bacteria, archaea, fungus, protozoa, and viruses, allows for the 
utilization of a variety of food materials, including recalcitrant plant 
wall elements, and the production of assimilable energy and nutrients 
needed by ruminants (Kolver et al., 2001). Undoubtedly, the rumen 
microbiome also allows for nutritional manipulations. In fact, 
functions of the rumen microbiota and a number of the production 
phenotypes of ruminants are linked (Zhang et al., 2017; Li et al., 2019; 
Zhang Y. et al., 2020). VFAs, which supply 70% of the required energy, 
can be produced by ruminants from solid diet. The microbes in the 
rumen enable this (Anantasook et al., 2013; Khan et al., 2016). The 
variations in feed efficiency among individual cattle can be primarily 
attributed to rumen bacteria and VFAs (Liang et al., 2017; Zhou et al., 
2018; Zhang Y. X. et al., 2020). In a study by Zhang et al. (2018), the 
amount of FG and total gossypol in fermented CSM fell by 78 and 
49%, respectively, under the best fermentation conditions in 
comparison to the control. These results indicate that rumen bacteria 
have considerable capacity to digest gossypol, which helps to explain 
why ruminants have a high tolerance for gossypol (Tang et al., 2018). 
However, the microbes involved in such rumen fermentation are not 
known. Moreover, the impact of CSM and RSM on rumen 
fermentation and rumen microorganisms has only been studied by a 
few researchers. Therefore, this study’s objective was to determine 
whether replacement of SBM with F-CSM or F-RSM affected growth 
performance, rumen fermentation and bacterial composition in 
Hu sheep.

2. Methods and materials

2.1. Ethics committee approval

The experiment was conducted in compliance with the Guidelines 
for Experimental Animals (2006) established by the Ministry of 
Science and Technology (Beijing, China), and it was given the 
go-ahead by the Chinese Academy of Agricultural Sciences’ Animal 
Ethics Committee (AEC-CAAS-20190517).

2.2. Animals, diets, and experimental 
design

51 four-month-old native male Hu sheep with ancestries that were 
identical and an initial weight of 22.51 ± 2.84 kg were acquired from 
China’s Inner Mongolia autonomous region. The Hu sheep were 
divided into three groups (17 Hu sheep each) using a single-factor 
randomized block design: CK group, F-CSM group, and F-RSM 
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group. Subsequently, they were fed the total mixed ration (TMR). A 
stall (3 m × 1.5 m) equipped with individual feed and water buckets 
was utilized to maintain the Hu sheep. Unrestricted access to TMR 
and clean water was given to the Hu sheep.

Along with SBM, CSM, or RSM meals, wheat bran, maize, and 
corn stalks were used in the TMR formulation. Additionally, urea, 
premixed vitamins, and fat powder were added. The dietary feed was 
formulated according to the guidelines for meeting the nutrient 
requirements of sheep and allowing them to gain 300 g per day (NRC, 
2007). Table  1 is a list of the TMRs’ components and chemical 
composition. Based on our previous studies (Yusuf et  al., 2021), 
F-CSM was prepared with a 50% moisture content and a 1:5 mixture 
of microbial strains (1.0 × 109 CFU/kg DM (dry matter) of Bacillus 
clausii and 5.0 × 109 CFU/kg DM of Saccharomyces cariocanus). F-RSM 
was also prepared with a 50% moisture content and a mixture of 
microbial strains (1.0 × 1010 CFU/kg DM of B. clausii and 
5.0 × 1010 CFU/kg DM of S. cariocanus). In a 500 kg fermenter 

machine, the mixture was fermented (Model SSJX-WH-3.0; 
Shengshun Machinery Manufacturing Co., Ltd., Shenyang, China) for 
60 h at 32°C (F-CSM group) or 28°C (F-RSM group). Following 
fermentation, the mixture was uniformly mixed with whole corn 
silage before being bagged in plastic. Every 3 days, TMR (CK group) 
without fermentation was mixed.

During July to October of 2021, the experiment was conducted at 
the Chinese Academy of Agricultural Sciences’ Nankou Experimental 
Pilot Test Base (China’s Beijing). The study lasted for 97 days, including 
10 days for adaptation, 80 days for the feeding trial, and 7 days for the 
apparent digestion trial. At 07:00 and 17:00 each day, ad libitum 
feedings were given, with the delivered amount adjusted considering 
a nearly 10% refusal rate.

2.3. Sample collection and analyze

2.3.1. Growth performance
During all feeding periods, the diets and ort samples of individual 

Hu sheep were harvested daily to calculate the nutrient intake. The 
initial and final body weights were measured before the morning feed 
on the start and finish days. Afterwards, the dry matter intake (DMI), 
average daily gain (ADG) and feed conversion ratio (FCR) were 
calculated (Hassan et al., 2022a).

2.3.2. Rumen fermentation and enzyme activity
At the end of the experiment, 2 h after the morning feeding, using 

an oral stomach tube, rumen fluid was taken (Anscitech Co., Wuhan, 
Hubei, China). A sample of rumen fluid (1.0 ml) and 0.3 ml of 25% 
metaphosphoric acid were mixed and stored at-20°C.till the VFA, 
microbial crude protein (MCP) and ammonia nitrogen (NH3-N) 
concentrations were investigated. The pH of rumen fluid was quickly 
determined using a portable pH detector (Testo-206-pH, Testo Co., 
Germany). The VFA concentration was determined using an Agilent 
Technology-78-90A gas chromatograph (Agilent Technologies, 
Waldbronn, Germany) coupled to an attached silica vessel column 
(30 mm × 0.25 mm × 0.25 μm film thickness; SP-3420A; Beifenrili 
Analyzer Associates, Beijing, China). A modified colorimetric 
technique was used to measure the NH3-N content (Chaney and 
Marbach, 1962). The microbial protein component of the rumen fluid 
was identified using an updated colourimetric technique at 595 nm 
(Verdouw et al., 1978). Utilizing materials acquired from the Chinese 
company Nanjing Jiancheng Institute of Biological Engineering Co., 
we determined the activities of amylase (CNPG3 method), pepsin 
(A080-1), and cellulase (A) in rumen fluid. The main instruments 
used were an HWS-12 water bath (Shanghai Blue Pard Instruments 
Co., Ltd.), a 721 spectrophotometer, a thermostat, and a PL-6906 
microplate meter (Shanghai Youke Instrument Co., Ltd).

2.3.3. DNA extraction and 16S rRNA 
pyrosequencing

The V3-V4 region of the 16S rDNA was amplified using 
specific primers with a barcode; the primer sequences  
were 338F: ACTCCTACGGGAGGCAGCAG; and 806R: 
GGACTACHVGGGTWTCTAAT. DNA was extracted using the kit 
(Omega Biotek, Norcross, GA, United States). By using 1% agarose 
gel electrophoresis to identify PCR products, they were then purified 
using the Agencourt AMPure XP nucleic acid purification kit. Equal 

TABLE 1 Ingredients and chemical composition of the TMRs.

Groups1

Items CK1 F-CSM F-RSM

Ingredients (% of 

DM)

Corn 34 33.55 33.48

Wheat bran 12 12 12

Soybean meal 10 0 0

Cottonseed meal 0 10 0

Rapeseed meal 0 0 10

Fat powder 0 0.3 0.3

Urea 0 0.15 0.22

Whole corn silage 20 20 20

Corn stalk 20 20 20

Premix2 4 4 4

Total 100 100 100

Chemical 

compositions (% of 

DM)3

Dry matter (fresh 

basis)

55.85 56.86 56.9

Crude protein 13.98 14.66 13.82

Eether extract 3.07 3.43 3.53

Neutral detergent 

fiber

27.66 26.15 27.74

Acid detergent fiber 18.04 17.28 15.74

Ash 7.99 8.07 8.65

Calcium 1.07 1.11 1.15

Phosphours 0.46 0.52 0.46

1CK, total mixed ration with soyabean meal; FTMR-CSM, fermented total mixed ration with 
cottonseed meal; FTMR-RSM, fermented total mixed ration with rapeseed meal. 
2Premix provide following per kg to the total mixed rations: Vitamins A, 10000 IU; Vitamin 
D3,2,500 IU; Vitamin E,50 IU; Fe, 90 mg; Cu, 12.5 mg; Mn, 30 mg; Zn, 100 mg; Se, 0.3 mg; I, 
1.0 mg; Co, 0.5 mg. 
3All the value are measured.
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quantities of the purified amplified products were mixed, and the “Y” 
shaped connection was connected. Magnetic bead screening was 
used to remove the connector’s self-connecting parts. The library 
template was enriched by PCR amplification to generate single-
stranded DNA fragments, and MiSeq was used to construct and 
sequence the library.

2.3.4. Sequence analysis
As stated previously, sequencing data was analyzed using the 

Quantitative Insights into Microbial Ecology (QIIME, v1.8.0) pipeline 
(Caporaso et al., 2010). In brief, raw sequencing reads that exactly 
matched the barcodes on the samples tested were assigned to them 
and identified as valid sequences. Low-quality sequences were 
detected by the following parameters: length of 150 bp, average Phred 
scores of 20, ambiguous bases, and > 8 bp of mononucleotide 
repetitions. FLASH was used to assemble paired-end reads (Magoc 
and Salzberg, 2011). Following chimera identification, UCLUST was 
used to group the remaining high-quality sequences into operational 
taxonomic units (OTUs) with 97% sequence identity. Using the 
default parameters, we selected a representative sample sequence from 
each OTU. By comparing the representative sequence set to the 
Greengenes Database and selecting the best hit, BLAST was used to 
classify OTUs. Each OTU’s abundance and taxonomy were then 
recorded in an OTU table for each sample. OTUs with less than 
0.001% sequence content across all samples were discarded. A typical, 
rounded rarefied OTU table to even out sample-to-sample sequencing 
depth differences. We  calculated richness estimates and diversity 
indices using the QIIME v1.8, including Shannon, Simpson, Chao 1, 
Observed species, Goods coverage, and PD entire tree. We obtained 
the species classification information corresponding to each OTU by 
annotating specific information for the communities at various levels 
and comparing OTU representative sequences using BLAST (2.6.0+). 
We used linear discriminant analysis (LDA) effect size analysis to 
identify species with significant differences in abundance among 
groups (Langille et al., 2013). TThe first method for identifying species 
with statistically significant differences in abundance among groups 

was the analysis of variance (ANOVA) test. The Wilcoxon rank-sum 
method was then used to investigate group differences. For the 
purpose of data reduction and an investigation of the significance of 
significant phenotypic differences between species, the algebraic linear 
discriminant analysis score was set to 3.0. To compare all samples, 
we used Principal Coordinates Analysis (PCoA) based on weighted 
UniFrac distances, and a distance-based matrices analysis was 
performed to identify sample differences.

2.3.5. Microbial function prediction
To estimate the functions of the rumen microbial community, 

we  used the Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States (PICRUSt v2.0.01). The 
abundance of each functional category was determined using data on 
the functional orthologues, pathways, and enzyme commission 
numbers collected in accordance with the analysis module of the 
Kyoto Encyclopedia of Genes and Genomes (Langille et al., 2013).

2.3.6. Statistical analysis
All data were represented using the mean standard deviation. A 

randomized complete block design with repeated measurements was 
utilized to analyze the data on rumen fermentation parameters. The 
Kruskal-Wallis technique in the R program was used to analyze the 
differences in alpha diversity, relative abundance at the phylum, family, 
and genus levels, and microbiota function among the three groups (v 
4.0.3). The “ape” and “ggplot2” packages in R (v 4.0.3) were used to 
display PCoA, Venn, column, and linear discriminant analysis effect size 
(LEfSe) data, respectively. Using R (v 4.0.3), package “corrplot,” 
we investigated the relationship between the top 20 genera in all data 
(based on Spearman’s coefficient). The “igraph” package of the R (v 4.0.3) 
language was used to show the network of the top 20 genera. At P 0.05, 
all results related to intergroup differences were statistically significant.

3. Results

3.1. Effect on feed intake and performance

The Hu sheep in the CK, F-CSM, and F-RSM groups exhibited 
ADG of 192.10 g/d, 210.12 g/d, and 226.03 g/d, respectively; Compared 
to the CK group, Hu sheep ADG in F-RSM group significantly higher 
than CK and F-CSM group (p  <  0.05). The F-CSM group had 
significantly higher DMI than the F-RSM and CK groups (p < 0.05). 
Additionally, the difference between both the FCR in the CK and 
F-CSM groups and the F-RSM group was statistically significant 
(p < 0.05; Table 2).

3.2. Effect on rumen fermentation

In comparison to the CK group, the pH of the rumen fluid was 
considerably lower in the F-CSM and F-RSM groups (p < 0.05; 
Table 3). Total VFA, acetate, propionate, and butyrate concentrations 
differed (p < 0.05) among the groups, with the F-CSM group having 
higher concentrations than the F-RSM and CK groups. However, the 

1 http://galaxy.morganlangille.com

TABLE 2 Effects of the diets on growth performance of Hu sheep.

Items Groups SEM p 
value

CK1 F-CSM F-RSM

Initial 

weight (kg)

22.7 22.3 22.4 0.40 0.83

Final weight 

(kg)

39.7b 42.0ab 43.2a 0.67 0.40

Average 

daily gain 

(g/d)

192.1b 210.1ab 226.0a 0.03 0.03

Dry matter 

intake (g/d)

970.1c 1140.0a 1110.1b 0.04 <0.01

Feed 

conversion 

rate, feed/

gain

5.4a 5.1a 4.9b 0.08 0.02

1CK, total mixed ration with soyabean meal; F-CSM, fermented total mixed ration with 
cottonseed meal; F-RSM, Fermented total mixed ration with rapeseed meal. 
a,b,cValues with different superscripts within the same row differ (p < 0.05).
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F-CSM group exhibited a higher proportion of propionate than that 
exhibited by the CK and F-RSM groups (p < 0.05). When compared to 
the CK group, the F-CSM and F-RSM groups had substantially greater 
NH3-N contents and MCP concentrations, respectively (p < 0.05).

3.3. Effect on enzyme activity

The enzyme activities in each group are shown in Table 4. Adding 
different proteins to the TMR did not affect rumen α-amylase activity 
(p > 0.05). Pepsin and cellulose activities in the F-CSM group were 
substantially greater than those in the F-RSM group (p < 0.05). There 
was no significant difference between the CK and F-CSM groups 
(p > 0.05).

3.4. Effect on the composition of microbial 
community OTU

The OUT rank curve graphic gradually stabilized, indicating that 
the test samples’ high coverage (Figure  1). A total of 1,831,937 

high-quality reads were obtained, for a sample size of 76,330 reads, 
composed the rumen microbiota. Nucleotide sequence identification 
(97%) resulted in a total of 2,285 OTUs (Figure 1A). Among these, 
1,448 OTUs (63.37%) were shared among samples from different 
groups. There were no dietary effects observed, and PCoA analysis 
based on Weighted UniFrac or Bray–Curtis dissimilarity revealed that 
the rumen liquid fraction was not completely differentiated from 
other liquids (Figure 1B).

3.5. Effect on ruminal bacterial alpha 
diversity

Analysis of alpha diversity (Figure 2) showed that the F-CSM 
group had numerically higher Shannon and community richness 
(Chao) indices than those in the CK and F-RSM groups; however, the 
differences were not significantly different (p > 0.05). The detected 
species were not substantially different among groups (p > 0.05). The 
Simpson index showed no discernible differences between the three 
groups (p > 0.05).

3.6. Effect on ruminal bacteria at phylum 
and genus levels

Seventeen bacterial phyla were found among all treatments, with 
Bacteroidota, Firmicutes, and Proteobacteria being the three most 
predominant. In comparison to that in the F-CSM group (58.72%), in 
the CK and F-RSM groups, the relative abundance of Bacteroidetes was 
greater (71.41 and 79.89%, respectively; p < 0.05). Firmicutes showed 
lower abundance in the CK group (18.30%) than in the F-CSM and 
F-RSM groups (p < 0.05). There were 195 diverse microbial genera 
found among all groups, but only 14 of them were determined to 
be the “major genera” since they each accounted for more than 0.5% 
of the total sequences through at least one treatment (Figure 3). Except 
for the genera Prevotella and Christensenellaceae_R-7 (p < 0.05), no 
interaction (p > 0.05) was found for any bacterial abundance at the 
genus level. When compared to the CK group, Prevotella was more 
abundant in the F-CSM and F-RSM groups (p < 0.05), but the TMR 
type had no influence on their relative abundance (Figures 4, 5).

3.7. Effect on inferred functional pathways

In Table 5, the top 20 metabolic pathways are listed. The TMR type 
had a significant effect on 8 out of the 20 pathways. F-CSM and F-RSM 
exhibited higher (p < 0.05) relative abundance of the functions related 
to terpenoid, polyketide, lipid, and folding and transcription-
associated metabolisms, despite the fact that there was no discernible 
difference between the two groups (p > 0.05).

3.8. Relationship between VFA and rumen 
microbial diversity

The relationship between the fermentation-related parameters 
and the relative abundance of the top 20 bacterial genera is shown in 
Figure 6. The relative abundances of Veillonellaceae_UCG-001 and 

TABLE 3 Effects of the diets on ruminal fermentation parameters of Hu 
sheep.

Items Groups SEM p 
value

CK1 F-CSM F-RSM

pH 6.4a 5.9b 6.0b 0.08 0.03

Total VFA 

(mmol/L)

79.6b 116.9a 62.9b 6.10 0.01

Acetate (%) 70.5b 70.7b 71.8a 4.34 0.01

Propionate 

(%)

15.9b 18.3a 16.5b 1.35 0.01

Butyrate (%) 13.6ab 11.0a 11.7b 0.82 0.02

A/P 4.4a 3.9b 4.3a 0.22 0.02

NH3-N 

(mmol/L)

4.9b 7.1a 7.1a 0.5 0.05

MCP 

(mg/100 ml)

3.1b 4.7ab 4.8a 0.4 0.04

VFA: volatile fatty acid; NH3-N: Ammonia nitrogen; MCP: microbial crude protein; A/P: a 
ratio of acetate to propionate. 
1CK, total mixed ration with soyabean meal; F-CSM, fermented total mixed ration with 
cottonseed meal; F-RSM, fermented total mixed ration with rapeseed meal. 
a,b,cValues with different superscripts within the same row differ (p < 0.05).

TABLE 4 Effects of the diets on ruminal enzyme activity of Hu sheep.

Items Groups SEM p 
value

CK1 F-CSM F-RSM

Alpha-

Amylase(U/g)

38.6 40.8 35.3 0.97 0.06

Pepsin (U/mg) 14.4ab 15.5a 13.2b 0.39 0.04

Cellulose (U/

mg)

2.3ab 2.6a 1.9b 0.12 0.04

1CK, total mixed ration with soyabean meal; F-CSM, fermented total mixed ration with 
cottonseed meal; F-RSM, Fermented total mixed ration with rapeseed meal. 
a,b,cValues with different superscripts within the same row differ (p < 0.05).
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Lachnospiraceae_XPB1014 correlated with rumen fermentation and 
NH3-N content (p < 0.05). While the relative abundance of 
Lachnospiraceae_XPB1014 negatively correlated with NH3-N 
concentration (r = 0.53), the relative abundance of Veillonellaceae_
UCG-001 positively correlated with butyric acid content (r = 0.72).

4. Discussion

Due to the presence of anti-nutritional factors and the 
characteristics of the available substrates, diet composition has a 
significant impact on nutrient utilization and gastrointestinal 

A

B

FIGURE 1

Effects of the diets on rumen microbiota of Hu sheep (A) Composition of rumen microbiota from Hu sheep fed three diets (OTU-level analysis). 
(B) PCoA analysis of rumen microbiota from Hu sheep fed different diets (%); CK, non-fermented group; F-CSM, fermented cotton seed meal TMR; 
F-RSM, fermented rapeseed meal TMR.
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physiology (Kiaie et  al., 2014; Kim et  al., 2017). Although it is 
generally recognized that TMR fermentation with microorganisms 
improves feed quality, there is an energy cost and a dry matter loss 
(Liang et  al., 2017). Microbial fermentation can significantly 
reduce anti-nutritional factor content while improving palatability 
and nutritional value. CSM contains FG, while RSM contains 
glucosinolates, which affect the palatability and nutritional value 
of feed, reduce the production performance of animals, and also 
harm physical organs such as the liver and thyroid, greatly limiting 
its popularization and application in production. Hu et al. (2010) 
found that replacing SBM with 10% fermented CSM significantly 

increased the weight gain of sheep and reduced meat production 
costs. In a study by Xu et al. (2020), fermented feed partly breaks 
down the protein into the minor peptides & free amino acids, that 
imparts a pleasant acidic aroma to the feeds, enhances palatability 
as well as increases diet digestibility, which finally changes growth 
performance (Xu et al., 2020). However, our study showed that the 
F-CSM or F-RSM diet increased the overall body weight and daily 
weight gain in Hu sheep.

Rumen pH is the result of the interaction between VFAs in rumen 
digesta and buffer salts in saliva, absorption of VFAs by the rumen 
epithelium, and excretion of rumen digesta (Segata et al., 2011). It has 
an important impact on the rumen microbiota, rumen fermentation 
products, and rumen function, and is the most direct manifestation of 
rumen physiological conditions (Feng, 2004). Rumen pH is closely 
related to dietary composition and nutrient composition, and can 
comprehensively reflect the production, absorption, discharge, and 
neutralization of rumen microorganisms, metabolites, and organic 
acids (Nagaraja and Titgemeyer, 2007). The ruminal fluid pH varied 
from 5.93 to 6.39, which was within the normal range (Gilani et al., 
2005), and among the groups, there was no significant different. These 
results indicate that various beneficial components contained in the 
fermented mixed meals were conducive to maintaining the stability of 
rumen pH, which could partially or completely replace SBM in the diet.

The VFAs produced during fermentation in the rumen are used 
as a source of energy in ruminants. VFAs produced by rumen 
fermentation, can provide up to 80% of the body’s energy and serve 
as the primary source of carbon for the proliferation of rumen 
microbes (Zhou et al., 2018). Acetic acid is the main precursor for 
milk fat synthesis, whereas propionic acid synthesizes the glucose 
required by the body through gluconeogenesis. As a result, 
propionic acid fermentation can provide the body more energy, 
which is beneficial for improving animal productivity and feed 
utilization (Spears et al., 2004). Studies have shown that microbial 
fermented feed can regulate rumen fermentation mode (Guo, 
2016). Zhang Z. (2017) found that microbial fermented feed could 

FIGURE 2

Effects of the diets on rumen alpha diversity of Hu sheep. CK, non-
fermented group; F-CSM, fermented cotton seed meal TMR; F-RSM, 
fermented rapeseed meal TMR.

FIGURE 3

Effects of the diets on compositional profifiles of rumen microbiota of Hu sheep (Phylum level; %). CK, non-fermented group; F-CSM, fermented 
cotton seed meal TMR; F-RSM, fermented rapeseed meal TMR.
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significantly increase the contents of T-VFA, acetic acid and 
propionic acid and the ratio of acetate to propionate in the rumen 
of dairy cows through in vitro experiments, Guo (2016) also 
obtained similar results, and Chen et  al. (2015) reported that 
fermented feed could increase the contents of rumen VFA, acetic 
acid and propionic acid. However, it had no significant effect on the 
ratio of acetate to propionate. Meanwhile, Li Z. et al. (2015) found 

that fermented feed could increase the content of rumen VFA of 
sheep and reduce the ratio of acetate to propionate. The present 
results show that rumen VFA concentration was the highest and the 
acetate/propionate ratio was the lowest in the animals fed with 
F-CSM. The F-CSM group showed lower VFA concentration than 
the F-RSM and CK groups. These results indicate that the 
substitution of fermented TMR contain CSM for SBM in Hu sheep 

FIGURE 4

Effects of the diets on compositional profifiles of rumen microbiota of Hu sheep (Genus level; %); CK, non-fermented group; F-CSM, fermented 
Cotton seed meal TMR; F-RSM, fermented Rapeseed meal TMR.

FIGURE 5

Effect of potential biomarkers was defined by LEfSe at Hu sheep rumen liquite (log10); CK, non-fermented group; F-CSM, fermented Cotton seed meal 
TMR; F-RSM, fermented Rapeseed meal TMR.
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diet is beneficial to the transformation of rumen fermentation type 
into propionic acid fermentation type and improve energy 
utilization efficiency.

The NH3-N concentration reflects the rate of decomposition of 
nitrogen-containing substances to produce NH3 and the uptake and 
utilization of NH3 by rumen microorganisms. A maximum concentration 
over 5 mg/dl can satisfy the needs of rumen microbial development. The 
NH3-N concentration in the rumen is essential for protein degradation 
and microbial protein synthesis (Li M. S. et al., 2015). In this experiment 
the replacement of SBM with F-CSM or F-RSM had a significant effect on 
rumen NH3-N content; however, the rumen NH3-N content was 
7.09 mmol/l and 7.11 mmol/l, respectively, in the F-CSM and F-RSM 
groups, which is within the normal physiological range of rumen NH3-N 
(6–30 mg/d L; Yang et al., 2001). In our study, the diversity and richness 
of rumen bacteria did not significantly change when SBM was replaced 
with F-CSM or F-RSM in the diet of Hu sheep.

Rumen microorganisms decompose and utilize various secreted 
enzymes. Enzyme activity directly reflects the decomposition 
efficiency of feed nutrients in the rumen and determines the utilization 
efficiency of feed nutrients by animals. In this study, the activities of 
pepsin and cellulose in rumen fluid increased after replacing SBM 
with F-CSM. This may be because fermented TMR changes the pH of 
rumen fluid and provides favourable conditions for the reaction of 
digestive enzymes, thus improving the activity of digestive enzymes 
(Bowman and Asplund, 1988). In the F-RSM group, enzyme activity 
decreased. This could be the result of the anti-nutritional factors in 
RSM (Hassan et al., 2022b).

Researchers (Diao et al., 2013; Zhang et al., 2016; Zhou et al., 2017; 
Bi et al., 2018; Guo et al., 2021; Liu et al., 2021; Lu et al., 2021) have 
shown that the two dominant phyla in ruminants are Bacteroidetes 
and Firmicutes. The two most frequent taxa discovered in this study 
were Bacteroidetes and Firmicutes; the findings are consistent with 
other studies. In this study, we  found that Prevotella and 
Christensenellaceae R-7 were successively dominant at the genus level. 
Studies have shown that Bacteroides plays an important role in the 
degradation of non-fibrous substances, and Firmicutes mainly 
participate in the decomposition of fibrous substances (Evans et al., 
2011), while non-fibrous substances produce propionic acid after 
rumen fermentation, while cellulose substances mainly produce acetic 
acid after degradation (Li et  al., 2017). Our study the relative 
abundances of Bacteroidetes and Firmicutes in the F-CSM and F-RSM 
groups were greater than those in the CK group. These results indicate 
that fermented TMR can promote the growth and proliferation of 
Bacteroidetes in rumen, accelerate the degradation of non-fiber 
substances in diet, produce more propionic acid, provide more energy 
for the body, and promote the growth of animals.

The most abundant genus of Bacteroidetes is Prevotella (Zou et al., 
2019). It participates in the metabolism of various microorganisms, 
has a high hemicellulose degradation ability, and can adapt to different 
dietary structures (Wolff et al., 2017). Prevotella is important in the 
degradation of crude protein, starch, xylan, and pectin (Li Z. et al., 
2015; Jami et al., 2013). Prevotella relative abundance in the rumen 
was significantly greater in the F-CSM and F-RSM groups in this 
study. This suggests that F-CSM and F-RSM can replace SBM and help 
Hu sheep in improved nutrient absorption and digestion, thereby 
improving feed conversion rate. Veillonellaceae belongs to the phylum 

TABLE 5 Effect of feeding different diets on predominant predicted gene 
pathways in the different ruminal ecological niches of growing Hu sheep.

Indices Groups SEM p 
value

CK1 F-CSM F-RSM

Carbohydrate 

metabolism

14.3 14.4 14.5 0.08 0.85

Metabolism of 

cofactors and 

vitamins

14.1 14.8 14.7 0.13 0.11

Amino acid 

metabolism

13.2 12.9 13.1 0.05 0.14

Metabolism of 

terpenoids and 

polyketides

8.9a 8.1b 8.3b 0.12 0.03

Metabolism of 

other amino 

acids

6.9 6.9 6.8 0.07 0.86

Replication and 

repair

6.3 6.4 6.4 0.03 0.67

Glycan 

biosynthesis and 

metabolism

5.7b 6.7a 6.3a 0.07 0.04

Energy 

metabolism

5.9 5.9 5.9 0.03 0.27

Lipid metabolism 4.2a 3.7b 3.9b 0.08 0.01

Translation 3.5 3.4 3.5 0.02 0.29

Folding, sorting 

and degradation

3.0a 2.8b 2.9b 0.03 0.01

Biosynthesis of 

other secondary 

metabolites

2.6 2.9 2.9 0.05 0.07

Nucleotide 

metabolism

2.2 2.2 2.2 0.02 0.17

Cell motility 2.0a 1.0b 1.5ab 0.15 0.02

Cell growth and 

death

1.7 1.8 1.8 0.14 0.08

Xenobiotics 

biodegradation 

and metabolism

1.5 2.1 1.7 0.19 0.24

Membrane 

transport

1.4a 1.3b 1.3b 0.03 0.05

Transcription 1.2b 1.3a 1.2a 0.01 0.05

Transport and 

catabolism

0.3 0.4 0.3 0.01 0.06

Signal 

transduction

0.3a 0.2b 0.2b 0.01 0.02

a,bMeans with different superscripts within a same row differ (p < 0.05). 1CK, total mixed 
ration with soyabean meal; F-CSM, fermented total mixed ration with cottonseed meal; 
F-RSM, Fermented total mixed ration with rapeseed meal.
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Firmicutes and can degrade and utilize cellulose (Long et al., 2022). 
We also found that the proportion of butyric acid was significantly 
positively correlated with the relative abundance of Veillonellaceae 
UCG-001. This indicated that Veillonellaceae_UCG-001 was related to 
rumen VFA metabolism, which is consistent with the results of 
Thoetkiattikul et al. (2013). These results indicate that F-CSM and 
F-RSM can promote the growth of microorganisms, maintain 
intestinal structure and function, and regulate immunity in Hu sheep. 
Lachnospiraceae_XPB1014’s relative abundance and NH3-N content 
showed a negative correlation. These findings suggest a relationship 
between NH3-N concentrations and rumen bacteria in Hu sheep. 
Therefore, replacing SBM with F-CSM or F-RSM likely influenced the 
VFA and NH3-N contents, and ultimately impacted the rumen 
microbiota. Microbiota functional properties affect host-microbiome 
interaction (Lin et al., 2019; Zeng, 2020). The gene function prediction 
results showed that F-CSM and F-RSM can replace SBM in the diet of 
Hu sheep and have an important influence on their metabolism. 
Particularly, it promoted glycan biosynthesis and metabolism, 
indicating that F-CSM and F-RSM contributed to the maturation and 
stability of Hu sheep rumen microflora.

5. Conclusion

Substituting SBM with F-CSM or F-RSM in the diet of Hu sheep 
is beneficial for the conversion of microbiota from rumen fermentation 
type to propionic acid fermentation type and improving energy 
utilization efficiency. No negative effects were observed on rumen 

microbiota, and substituting SBM with F-CSM resulted in the 
best effect.
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FIGURE 6

Effects of the diets on correlation between the top 20 relative 
abundances of genera, rumen VFA and enzyme activity mpositional 
profifiles of Hu sheep. *p < 0.05; **p < 0.01.
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Comparative analysis of 
macroalgae supplementation on 
the rumen microbial community: 
Asparagopsis taxiformis inhibits 
major ruminal methanogenic, 
fibrolytic, and volatile fatty 
acid-producing microbes in vitro
Eóin O’Hara , Stephanie A. Terry , Paul Moote , 
Karen A. Beauchemin , Tim A. McAllister , D. Wade Abbott  and 
Robert J. Gruninger *

Lethbridge Research and Development Centre, Agriculture and Agri-Food Canada, Lethbridge, AB, 
Canada

Seaweeds have received a great deal of attention recently for their potential 
as methane-suppressing feed additives in ruminants. To date, Asparagopsis 
taxiformis has proven a potent enteric methane inhibitor, but it is a priority to 
identify local seaweed varieties that hold similar properties. It is essential that any 
methane inhibitor does not compromise the function of the rumen microbiome. 
In this study, we conducted an in vitro experiment using the RUSITEC system to 
evaluate the impact of three red seaweeds, A. taxiformis, Palmaria mollis, and 
Mazzaella japonica, on rumen prokaryotic communities. 16S rRNA sequencing 
showed that A. taxiformis had a profound effect on the microbiome, particularly 
on methanogens. Weighted Unifrac distances showed significant separation of 
A. taxiformis samples from the control and other seaweeds (p < 0.05). Neither 
P. mollis nor M. japonica had a substantial effect on the microbiome (p > 0.05). 
A. taxiformis reduced the abundance of all major archaeal species (p < 0.05), 
leading to an almost total disappearance of the methanogens. Prominent fiber-
degrading and volatile fatty acid (VFA)-producing bacteria including Fibrobacter 
and Ruminococcus were also inhibited by A. taxiformis (p < 0.05), as were other 
genera involved in propionate production. The relative abundance of several 
other bacteria including Prevotella, Bifidobacterium, Succinivibrio, Ruminobacter, 
and unclassified Lachnospiraceae were increased by A. taxiformis suggesting that 
the rumen microbiome adapted to an initial perturbation. Our study provides 
baseline knowledge of microbial dynamics in response to seaweed feeding over 
an extended period and suggests that feeding A. taxiformis to cattle to reduce 
methane may directly, or indirectly, inhibit important fiber-degrading and VFA-
producing bacteria.
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1. Introduction

To combat the ongoing climate change crisis, international 
legislative agreements have mandated limits on global warming to 
1.5°C and 2°C by 2030 and 2050, respectively (Arndt et al., 2022), 
targets which are unlikely to be met if global food systems continue 
business as usual practices (Clark et  al., 2020). Food production 
industries are significant sources of anthropogenic carbon, 
contributing around 30% of total greenhouse gas (GHG) emissions 
annually, with livestock responsible for ~30% of this total (Arndt et al., 
2022). Methane (CH4) is produced as a normal by-product of 
microbial feed digestion in the rumen and is the principal source of 
carbon emissions from livestock (IPCC, 2018). CH4 has a 100-year 
global warming potential at least 28-times greater than that of CO2, 
and enteric methanogenesis contributes around 40% of all livestock 
GHG emissions (Gerber et al., 2013). In addition to the environmental 
impacts, ruminal methanogenesis reduces the dietary energy available 
to the animal by up to 12%; developing effective CH4 mitigation 
strategies is attractive from both environmental and economic 
perspectives (Johnson and Johnson, 1995).

Vaccination, selective breeding, dietary manipulation, and 
improvements in feed efficiency have all been examined for their 
efficacy in CH4 mitigation, with varying results (Gerber et al., 2013). 
The addition of certain seaweed species and their by-products to the 
diets of ruminant livestock has been extensively investigated and 
presents a promising and renewable approach to mitigate enteric CH4 
emissions (Abbott et  al., 2020). Several species of red and brown 
macroalgae are known to inhibit microbial methanogenesis when 
included as a feed additive in the diet of ruminants (Machado et al., 
2014, 2016a, 2018; Roque et al., 2019). Among them, the bromoform 
containing red seaweed Asparagopsis taxiformis has been shown to 
have anti-methanogenic properties and can reduce CH4 production 
by over 95% in vitro and in vivo (Machado et al., 2016b; Roque et al., 
2019, 2021; Terry et  al., 2022). A. taxiformis is native to warm 
temperate waters and considered invasive elsewhere; therefore, the 
identification of local varieties of seaweeds that can favorably impact 
rumen function is a great priority. In addition to the potential role of 
seaweeds to reduce enteric CH4 emissions, there is also evidence that 
other bioactive compounds present in seaweeds may confer other 
benefits such as improved gut health and pathogen suppression 
(Belanche et al., 2016; Zhou et al., 2018).

Recently we  examined the effects of three red seaweeds, 
A. taxiformis, Mazzaella japonica, and Palmaria mollis, on microbial 
fermentation and CH4 production in a simulated rumen environment 
over 21 days (Terry et al., 2022). In this experiment, rapid changes in 
gas production and fermentation parameters were observed during 
the first four days that seaweed was supplemented as the system 
adapted to the additive (days 8–11). This period was followed by an 
intermediate phase (days 12–16) in which small changes in the system 
were observed, and a stable phase (days 17–21) when the system had 
stabilized (Terry et al., 2022). The inclusion of A. taxiformis, resulted 
in an 84.0% reduction of CH4 production within the first 48 h, 
continuing to drop throughout the course of the experiment resulting 
in a 95.1% reduction in CH4 compared to controls during the stable 
phase (Terry et  al., 2022). Accompanying the decrease in CH4 
production, A. taxiformis significantly reduced acetate, propionate and 
total VFA production throughout the course of the experiment. 
A. taxiformis was found to reduce organic matter (OM) and neutral 

detergent fiber (NDF) digestibility compared to controls during the 
adaptation phase. Interestingly, digestibility recovered in the stable 
phase suggesting that adaptation to A. taxiformis occurred (Terry 
et al., 2022). In contrast, M. japonica and P. mollis did not have a 
measurable effect on in vitro fermentation or digestibility.

It is not clear how the inclusion of A. taxiformis, M. japonica, and 
P. mollis in diets influences the rumen microbiome and understanding 
of the microbial mechanisms underpinning ruminal adaptation to 
seaweed supplementation is generally lacking. To address these gaps, 
we employed 16S rRNA amplicon sequencing to assess the temporal 
dynamics of the rumen microbiome in response to supplementation 
with A. taxiformis, M. japonica, and P. mollis over a 13-day period 
using a RUSITEC apparatus. These data provide insight into rumen 
microbial adaptation to seaweed feeding, but also highlight potentially 
negative impacts on key rumen functions concurrent to 
CH4 inhibition.

2. Materials and methods

2.1. RUSITEC system

Details of seaweed procurement, RUSITEC design, sampling 
protocols have been published elsewhere (Terry et al., 2022). Donor 
cows used in this experiment were cared for in accordance with the 
guidelines of the Canadian Council on Animal Care (Canadian 
Council on Animal Care, 2009) under an approved animal ethics 
protocol ACC1830. This experiment was performed in duplicate using 
two identical RUSITEC apparatus equipped with eight fermentation 
vessels each. The experiment was divided into four phases: baseline 
(days 0–7), adaptation (days 8–11), intermediate (days 12–16) and 
stable (days 17–21). Each fermenter was inoculated with rumen fluid 
collected from 3 ruminally canulated beef heifers. The basal substrate 
(10 g dry matter (DM) 50:50 barley silage:barley straw) was added 
daily to the fermenters. The three seaweeds, Asparagopsis taxiformis, 
M. japonica, and P. mollis were added to the basal substrate on a 2% 
DM basis from day 8 onward. The control vessels were treated in an 
identical manner with no seaweed added. Beginning on day 8, A 
1.5 mL sample of digester fluid was collected daily from each vessel for 
microbial community analysis. The sample was centrifuged at 21,000 
RCF for 5 min to pellet the microbial cells. The supernatant was 
discarded, and the cell pellet was re-suspended in DNA/RNA Shield 
(Zymo Research), snap frozen in liquid nitrogen and stored at −80°C, 
pending molecular analysis.

2.2. Bromoform content analysis

The concentration of bromoform in each of the three seaweeds 
was determined using a Shimadzu QP2010 Ultra GC/MS system at a 
commercial laboratory (Bigelow Analytical Services, United States). 
Bromoform concentration was recorded as mg/g dry weight.

2.3. DNA isolation

Microbial DNA was isolated from all samples using the 
ZymoBIOMICS DNA Miniprep Kit, following the manufacturer’s 
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instructions with some modifications; the cell pellet was re-suspended 
in 1,000 μL of DNA/RNA Shield (Zymo Research) and 250 μL of this 
cell suspension was added to 250 μL of lysis buffer in ZR 
BashingBead™ lysis tubes (Zymo Research) containing 0.1 mm and 
0.5 mm beads. All samples underwent 5 rounds of bead beating using 
a MP FastPrep 24 (MP Bio, United States) for 20 s at 6.0 m/s with 
1 min breaks between rounds. Following bead beating, samples were 
incubated at 70°C for 10 min to increase the effectiveness of DNA 
isolation. The remaining purification steps followed the manufacturers 
protocol, and all samples were eluted in 100 μL of distilled H2O.  
DNA quantity and quality was assessed with a Nanodrop  2,100 
spectrophotometer and visualization in a 1% agarose gel.

2.4. PCR amplification, library construction, 
and sequencing

Sequencing was performed at the Genome Quebec Innovation 
Center (Montreal, Canada) using the Illumina MiSeq Reagent Kit 
v2 (500 cycle) following the manufacturer’s guidelines. The 
primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R 
(5′-GGACTACHVGGGTWTCTAAT-3′) targeting the V4 region of 
the 16S rRNA gene were used to examine both bacterial and archaeal 
diversity (Caporaso et al., 2012). A 33 cycle PCR using 1 μl of a 1 in 10 
dilution of genomic DNA and the Fast Start High Fidelity PCR System 
(Roche, Montreal, PQ) was conducted with the following conditions: 
94°C for 2 min, followed by 33 cycles of 94°C for 30 s, 58°C for 30 s, 
and 72°C for 30 s, with a final elongation step at 72°C for 7 min. 
Fluidigm Corporation (San Francisco, CA) barcodes were 
incorporated in a second PCR reaction using the following conditions: 
95°C for 10 min, followed by 15 cycles of 95°C for 15 s, 60°C for 30 s, 
and 72°C for 1 min, followed by a final elongation step at 72°C for 
3 min. After amplification, PCR products were assessed in a 2% 
agarose gel to confirm adequate amplification. All samples were 
quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Life 
Technologies, Carlsbad, CA) and were pooled in equal proportions. 
Pooled samples were then purified using calibrated Ampure XP beads 
(Beckman Coulter, Mississauga, ON). The pooled samples (library) 
were quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Life 
Technologies, Carlsbad, CA) and the Kapa Illumina GA with Revised 
Primers-SYBR Fast Universal kit (Kapa Biosystems, Wilmington, 
MA). Average fragment size was determined using a LabChip GX 
(PerkinElmer, Waltham, MA, United States) instrument.

2.5. Sequence data analysis

Raw reads were imported in .fastq format to a local server for 
analysis. Read quality was evaluated using FASTQC (Andrews, 2010) 
and MultiQC (Ewels et  al., 2016). Data were processed using the 
QIIME2 software package (Bolyen et  al., 2019). FIGARO (Sasada 
et al., 2020) was used to identify optimum truncation positions for 
read merging. Reads were denoised into amplicon sequencing variants 
(ASVs) using the DADA2 (Callahan et al., 2016) plugin for QIIME2. 
A phylogenetic tree was generated using MAFFT (Katoh and Standley, 
2013). ASVs were taxonomically classified using a Native Bayes 
classifier trained on the V4 region of the 16S rRNA gene using the 
Sci-Kit plugin in QIIME2. The SILVA SSU (v.138.1) (Quast et al., 

2013) database was used to classify bacterial sequences while the 
Rumen and Intestinal Methanogens (RIM) database (v.14.7) (Seedorf 
et al., 2014) was used for archaeal reads. Initial analysis (described in 
Supplementary Figures S3A–C) indicated that increasing the 
confidence threshold to 0.85 (from a default of 0.7) prevented spurious 
ASV classification using the RIM database.

2.6. Diversity and correlation analysis

QIIME2 objects (ASV frequency table, taxonomy table, and 
phylogenetic tree) were imported into R as a Phyloseq (McMurdie 
and Holmes, 2013) object using the qiime2R package (Bisanz, 
2018). Analysis was performed separately for bacterial and archaeal 
datasets. In-house R scripts were used to calculate summary 
statistics of read counts and distributions. ASVs that were not 
assigned to at least a microbial phylum were discarded. Rarefaction 
curves were generated to identify suitable subsampling thresholds 
for diversity analyses. Rarified data was used for ɑ- (Chao1 and 
Shannon) and β-diversity (Weighted Unifrac) calculations. 
ɑ-Diversity data was summarized according to phase for 
comparison using a two-way analysis of variance (ANOVA) with 
Tukeys post-hoc test. Statistically significant differences were 
declared at Bonferroni-adjusted p < 0.05. Permutational Analysis 
of Variance (PERMANOVA) tests were performed using the Vegan 
(Oksanen et al., 2022) R package, with pairwise tests performed 
using the RVaideMomoire R package (Herve, 2021). Homogeneity 
of dispersion (β-dispersion) tests were performed using Vegan. 
Canonical correspondence analysis (CCA) between rarified ASV 
count data and environmental data collected from the RUSITEC 
system was also performed using Vegan. Statistically significant 
differences were declared at a threshold of p < 0.05, and all figures 
were generated using ggplot2 in R (Wickham, 2009). Core rumen 
taxa were declared as those present in more than 50% of the 
samples and represented by at least 100 sequencing reads. 
Correlation analysis was performed between selected fermentation 
metrics and (i) the core microbiome and (ii) differentially abundant 
taxa using log10 transformed count data and Spearman 
correlations in R.

2.7. Differential abundance testing

Differentially abundant (DA) bacterial taxa between seaweed and 
control samples were identified using ANCOM-BC (Lin and Peddada, 
2020) and ALDEx2 (Fernandes et  al., 2014). Sequence data were 
arranged according to experimental phase to identify DA taxa 
between seaweed treatments within the adaptation (days 8–11); 
intermediate (days 12–16) and stable (days 17–21) phases. Prior to DA 
testing, low-prevalence features - those present in <10% of the samples 
– were discarded as recommended for microbiome data (Nearing 
et al., 2022). Non-rarefied data were used as input for all DA tests. For 
ANCOM-BC, the phyloseq object was passed to the ‘ancombc’ 
function and run at a maximum of 1,000 iterations. Structural zeros - 
taxa present in one group but absent in another – were declared as DA 
where present. A pseudocount of 1 was added to all observations to 
facilitate log transformation. Significant features were those with a 
Benjamini-Hochberg-adjusted p < 0.05. For ALDEx2, count data and 
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metadata were passed to the ‘aldex’ command which employs a 
Dirichlet-multinomial model to infer abundance from counts. 
p-values generated from a Wilcoxon Rank Sum test were 
FDR-corrected using the Benjamini-Hochberg procedure and 
significant differences according to treatment group were declared at 
corrected p < 0.05. The significantly different taxa identified by both 
tools were compared and consensus taxa (i.e., those identified using 
both methods) declared as DA for each respective comparison.

3. Results

3.1. Bromoform analysis

Only A. taxiformis had detectable amounts of bromoform, at 
0.517 mg/g−1 DM. Any bromoform present in P. mollis and M. japonica 
was below the limit of detection for the instrument.

3.2. Sequencing data characteristics

Sequencing of 16S rRNA V4 amplicons from 272 digesta samples 
generated a total of 12,456,461 reads (range: 2,663–78,773) with an 
average of 45,795 ± 10,306 (mean ± SD) per sample. Denoising with 
DADA2 retained 72.6% of the reads and identified a total of 18,925 
ASVs. Rarefaction curves for both bacterial and archaeal annotation 
data reached a plateau (Supplementary Figures S1A,B) indicating that 
our sampling depth was sufficient. When the total number of reads 
successfully denoised into archaeal ASVs were plotted over time, there 
was a clear temporal decline of archaea in the A. taxiformis samples 
with only 30 archaeal reads successfully denoised on D21 among the 
four samples (Figure 1A). A similar trend was not evident for the 
other seaweed treatments. The number of successfully denoised 
bacterial reads did not appear to differ dramatically across treatments 
throughout the experimental period though there were some temporal 
patterns evident (Figure 1B).

3.3. Microbial data analysis

3.3.1. Alpha and beta diversity
Principal coordinate (Figures  2A,B) and PERMANOVA 

(Table  1) analyses based on weighted Unifrac distances showed 
separation of both bacterial and archaeal microbial profiles 
according to treatment and phase (p < 0.05), with the A. taxiformis 
samples clearly separating from the other groups (Figures 2A,B). 
The separation increased throughout the experiment and was 
greatest in the stable phase. The R2 value was greater for treatment 
than experimental phase (0.30 vs. 0.04) in the bacterial data, 
indicating this was the largest factor contributing to compositional 
differences. Experimental phase and treatment made similar (0.17 
vs. 0.18) contributions to dissimilarity of the archaeal data. 
Canonical correspondence analysis (Figures  2C,D) using the 
fermentation data reported by Terry et al. (2022) showed that the 
separation of the A. taxiformis samples from the other groups could 
be explained by several environmental measurements including: the 
decline in CH4, the concordant increase in H2, and the lower molar 
proportions of propionate and acetate (Terry et  al., 2022). The 
environmental parameters (Supplementary Table S1) that drove the 
separation of samples was similar for both the bacterial and archaeal 
datasets (Figures 2C,D).

ANOVA analysis indicated that Chao1 and Shannon indices 
were influenced by treatment (p < 0.05), phase (p < 0.05), and the 
interaction of the two (p < 0.05). Only A. taxiformis exhibited major 
differences in alpha-diversity when compared to the controls 
(Figure 3), while differences between the controls and the other two 
seaweeds were minor. Results of all alpha-diversity comparisons are 
presented in Supplementary Tables S2, S3. A. taxiformis samples 
had lower Chao1 and Shannon index values in the intermediate 
phase compared to the controls (p < 0.05), while the P. mollis, 
M. japonica and Control samples had similar values. Treatment-
wise differences declined for all treatments by the stable phase  
with few statistically significant differences evident 
(Supplementary Tables S2, S3).

A B

FIGURE 1

Number of reads denoised into (A) archaeal and (B) bacterial ASVs. Archaeal data is presented on a logarithmic scale for clarity.
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C D

FIGURE 2

Unconstrained principal coordinate analysis (PCoA) plots based on rarefied Weighted Unifrac distance matrices for (A) archaeal and (B) bacterial 
communities. Constrained canonical analysis of principal coordinates (CAP) plots for (C) archaeal and (D) bacterial communities and environmental 
variables. The vectors indicate the axis that is best explained by each variable. Data was generated using Weighted Unifrac distance matrices. ACE, 
acetate; PROP, propionate; CH4, methane; TOTAL, total VFA; CO2, carbon dioxide; BCFA, branched-chain fatty acids; AP, acetate: propionate ratio; 
CAP, Caproate; H2, Hydrogen; BUTY, butyrate; VAL, valerate; O2, oxygen; NH3, ammonia. Individual sample values for all measurements are provided 
in the Supplementary material.

TABLE 1 Results of PERMANOVA analysis on bacterial and archaeal community dissimilarities.

Variable *R2 †F-value p-value R2 F-value p-value

Bacteria Archaea

Treatment 0.30 35.63 0.001 0.18 20.02 0.001

Phase 0.05 8.41 0.001 0.17 28.40 0.001

Day 0.01 2.18 0.065 0.01 2.60 0.064

Treatment:Day 0.07 7.75 0.001 0.02 2.25 0.025

Treatment:Phase 0.02 1.03 0.416 0.03 1.44 0.124

Residual 0.56 – – 0.60 – –

Total 1.00 – – 1.00 – –

Tests conducted using a weighted Unifrac dissimilarity matrix. *R2: Proportion of variance explained by each variable; †F-value, estimate of effect size.
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3.3.2. Microbial community composition and 
response to seaweed addition

Following the removal of sparse ASVs, 1 archaeal and 16 
bacterial phyla were identified across all samples. Irrespective of 
treatment or phase, the microbiomes were dominated by Bacteroidota 
and Firmicutes throughout, with Proteobacteria and Actinobacteria 
also present at high proportions. The mean relative abundances for 
all genera identified in the adaptation, intermediate and stable phase 
are provided in Supplementary Table S4. The most abundant rumen 
bacteria included Prevotella, Streptococcus, Megasphaera, 
Lactobacillus, and Fibrobacter (Figure 4). The “core” bacteriome was 
calculated across control and A. taxiformis samples and consisted of 
32 genera drawn from 8 phyla. The divergence in the core microbial 
groups between control and A. taxiformis samples increased across 
phases (Supplementary Figure S2) indicating that at least some of 
these taxa were influenced by A. taxiformis supplementation in the 
RUSITEC. As expected, major ruminal bacteria including 
Fibrobacter, Prevotella, Succinivibrio, Megasphaera, and Butyrivibrio 
were part of the core microbiome. The methanogen community was 
dominated by Methanobrevibacter ruminantium, Methanobrevibacter 
gottschalkii, and several poorly characterized species belonging to 
Methanomassilicoccaceae (Figure  5). Methanomicrobium mobile, 
Methanimicrococcus blatticola, and Methanosphaera sp. were among 
the less abundant methanogens in the RUSITEC. When raw read 
counts were visualized, there was a clear decline in the number of 
sequences attributed to methanogenic species over time in the 
A. taxiformis samples (Figure 5A). Compared to control samples, 
there was a 86 and 97% decrease in sequences from methanogens in 
A. taxiformis samples in the intermediate and stable phases, 
respectively. Raw and relative abundances of all microbial taxa are 
presented in Supplementary Tables S4–S8.

The microbial response underpinning the dramatic reduction in 
CH4 by A. taxiformis reported by Terry et al. (2022) was investigated 
in more detail via correlation analysis and differential abundance 
testing. To examine if bioactives present in the non-methanogenic 
seaweeds had an impact on the microbiome, testing was also 
conducted between the control and M. japonica samples. Differentially 
abundant (DA) features were those identified using both tools (see 
methods). M. japonica did not have a major effect on the bacterial 
community, with just 2 genera responding to treatment during the 
adaptation phase; Oribacterium was more abundant in the seaweed 
samples (p < 0.05), while Pirellulaceae P1088_a5_gut_group was more 
abundant in the controls (p < 0.05).

The bacterial community exhibited a progressive response to 
A. taxiformis, with 10, 76, and 92 DA bacterial genera identified 
during the adaptation, intermediate, and stable phases, respectively 
(p < 0.05). ANCOM-BC identified more DA genera throughout the 
experiment than Aldex2 (Figure 6A). Eight genus-level features 
were affected by A. taxiformis during all 3 phases. Among them, 
the abundance of Fibrobacter was 2.8 fold lower in A. taxiformis 
samples compared to controls in the adaptation phase and 19.5 fold 
lower in the stable phase (p < 0.05). The abundance of Schwartzia, 
was reduced by A. taxiformis throughout the experiment by 2 fold 
in the adaptation phase, 10.8 fold in the intermediate phase, and 
17.8 fold in the stable phase compared to the control samples 
(p < 0.05). Reads from Papillibacter were no longer detected in the 
stable phase in A. taxiformis samples. Sutterella was the only genus 
with an abundance that was consistently higher in A. taxiformis 
samples (0.05–0.27%) compared to the controls throughout the 
experiment (p < 0.05) whereas, reads assigned to this genus 
comprised less than 0.01% of the total abundance in control 
samples (Figures  6B,C, 7). There was a large degree of overlap 

A B

C D

FIGURE 3

Alpha diversity boxplots of bacterial (Bac) and archaeal (Arc) sequencing data. Samples are grouped according to phase. All data was rarefied to an 
even depth prior to metric calculation. Panels (A–D) depict Shannon Evenness and Chao1 Richness metrics for A. taxiformis and control samples.
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between the DA taxa in the intermediate and stable phases, with 
54 showing the same response to seaweed supplementation in both 
phases (Figures 6C, 7). Many major rumen bacteria and members 
of the core microbiome were influenced by A. taxiformis in the 
intermediate and stable phases of the experiment, including 
increased abundance of Prevotella, Dialister, Succinivibrio and 
Ruminobacter (p < 0.05). Members of Clostridium sensu stricto 1, 
Roseburia, and Ruminiclostridium were among the genera more 
abundant in the control samples (p < 0.05) in the intermediate and 
stable phases. Moreover, several minor members of the assemblage 
responded to A. taxiformis in the intermediate and stable phases, 
including lowered abundances of Endomicrobium, 
Denitrobacterium, and Angelakisella (p < 0.05). There were also 
shifts in the abundances of many unclassified and/or poorly 
annotated genera belonging to Prevotellaceae and Lachnospiraceae 
(p < 0.05), as well as other families (Supplementary Table S4).

When low-prevalence features were removed, there were 8 
archaeal species-level taxa left in our dataset. No archaeal species 
exhibited a statistically significant response to M. japonica 
supplementation throughout the experiment (p > 0.05). The 
number of archaeal reads recovered from the A. taxiformis samples 
declined drastically in the latter stages of the experiment and 
sequences from many of the archaea present at the start of the 
experiment were not detected in A. taxiformis samples during the 
stable phase (Figure  5A). Interestingly, rumen methanogens 
appeared to show different levels of sensitivity to A. taxiformis, 

with the abundances of M. mobile and Methanomassilicoccaceae 
species declining almost immediately, while Methanobrevibacter 
species took several days to drop significantly compared to control 
samples (Figure  8B). Reads from M. gottschalkii and 
M. ruminantium were 2.4 and 2.3 fold lower (respectively) in 
A. taxiformis samples compared to levels observed in the control 
in the intermediate phase (p < 0.05) (Figure 8). In the stable phase 
of the experiment M. gottschalkii and M. ruminantium reads were 
15 and 7.8 fold lower (respectively) in A. taxiformis samples 
compared to controls. No reads from Methanosphaera sp. ISO3-F5, 
M. mobile, M. blatticola were identified in A. taxiformis samples  
in intermediate phase samples. A total of 50 reads from 
Methanomassilicoccaceae groups were found in A. taxiformis 
samples in the intermediate phase. In contrast, reads from these 
taxa had increased by 1.5 fold in control samples compared to 
levels found at the start of the experiment. Only reads from 
M. ruminantium, M. gottschalkii, and Methanomassilicoccaceae 
Group 9 were detected in the stable phase samples and reads from 
these groups were reduced by 93, 87, and 99% compared to the 
control samples, respectively. The collapse in the methanogen 
community in A. taxiformis samples resulted in a highly sparse 
data set and complicated the application of widely used tools for 
identifying differentially abundant microbial taxa. In spite of this 
challenge, the 97.1% decrease in reads from methanogens in 
A. taxiformis samples compared to the control clearly demonstrates 
the inhibitory activity this seaweed has on rumen methanogens.

FIGURE 4

Relative abundances of the 20 most abundant genus-level features across all treatment groups. Abundances were scaled to 1 for ease of presentation.
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3.3.3. Correlation between microbial 
communities and fermentation variables

Spearman correlation coefficients were used to determine the 
relationships between fermentation variables reported by Terry et al. 
(2022) and microbiome features. A relationship was considered strong 
at an absolute R value >0.5 and an adjusted p-value <0.05. The core 
microbes exhibited stronger relationships with fermentation variables 
in the A. taxiformis samples than in the controls. CH4 concentration 
was strongly associated with 13 of the 32 core genera in the 
A. taxiformis samples; Fibrobacter, Selenomonas, Schwartzia, NK4A214 
(Ruminococcaceae), and Lachnospiraceae XPB1014 were all positively 
correlated with CH4 concentration (p < 0.05; Figure  9), while 
Desulfovibrio, Ruminobacter, Erysipelotrichaceae UCG-002 and 
Dialister were among those that exhibited negative relationships with 
CH4 (p < 0.05). Conversely, only 2 genera correlated with CH4 in the 
control samples, with Prevotellaceae YAB2003 exhibiting a negative 
relationship and Paraprevotella a positive one (p < 0.05). Strong 
relationships between core taxon abundances and the molar 

proportions of individual VFA were also more evident in A. taxiformis 
than controls. Schwartzia and Lachnospiraceae XPB1014 were 
positively correlated with acetate and propionate (p < 0.05), while 
Erysipelotrichaceae UCG-002 was negatively correlated with these 
VFAs (p < 0.05). The molar proportion of propionate was also 
negatively correlated with the abundances of Lactobacillus, 
Prevotellaceae YAB3003 group, and F082 (p < 0.05), while Dialister and 
Prevotellaceae UCG-003 had a negative relationship with acetate 
proportion (p < 0.05). Butyrate was positively associated with 
Streptococcus, Megasphaera and Oribacterium in the A. taxiformis 
samples (p < 0.05). Total VFA concentration was also negatively 
correlated with Desulfovibrio and Lactobacillus in the A. taxiformis 
samples (p < 0.05). The molar proportion of propionate was positively 
correlated with Lachnospiraceae XPB1014 in the control samples 
(p < 0.05). Total VFA level was positively correlated with WCHB1-41 
and Paraprevotella in the controls (p < 0.05), while Erysipelotrichaceae 
UCG-002 and Prevotellaceae YAB2003 group exhibited the opposite 
relationship. Correlation coefficients and p-values for the core genera 

A

B

FIGURE 5

Raw (A) and relative (B) abundances of methanogenic species across all treatment groups. Values are the daily median across all samples.
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are provided in the Supplementary Table S9 and presented graphically 
in Figure 9.

Strong relationships were evident between the DA genera 
(A. taxiformis vs. control) and fermentation variables throughout the 
experiment and largely reflected the taxa identified as differentially 
abundant between these treatments (Figure 10). In the adaptation 

phase, CH4 and propionate were positively correlated with multiple 
DA genera including Fibrobacter, Schwartzia, Veillonellaceae UCG-001 
and Lachnospiraceae XPB1014 group (p < 0.05), while Sutterella had 
inverse relationships with both (p < 0.05). Conversely, caproate was 
negatively correlated with 5 of the DA genera, and positively correlated 
only with Sutterella (p < 0.05) (Figure 10A). In the latter phases of the 

A

B

C

FIGURE 6

Differential abundance (DA) analysis of bacterial genera. (A) Venn diagrams showing the overlap between ANCOM-BC and Aldex2 results. Heatmaps of 
DA genera for the (B) adaptation and (C) intermediate phases are shown. Raw count data was log transformed for plotting. Genera denoted as 
uncultured or unknown are excluded from the heatmaps.
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experiment, almost all the differentially abundant taxa were 
significantly correlated with CH4 concentration and the molar 
proportions of VFAs (p < 0.05) (Figures  10B,C). Total VFA, H2 
concentration, and the acetate:propionate ratio also exhibited strong 
relationships with DA taxa in the intermediate and adaptation phases 
(p < 0.05). All correlation coefficients and p-values are presented in 
Supplementary Table S10.

4. Discussion

The effectiveness of the red seaweed Asparagopsis taxiformis  
in suppressing enteric methanogenesis in ruminants has been 

demonstrated both in vitro and in vivo (Kinley et al., 2016; Machado 
et al., 2016a; Roque et al., 2019, 2021). Our recent study examining the 
effects of three red seaweeds, A. taxiformis, M. japonica, and P. mollis, 
on in vitro rumen fermentation and gas production confirmed 
previous observations of the potency of A. taxiformis in reducing 
methanogenesis, with CH4 concentrations declining by 95.1% 
compared to the control treatment (Terry et al., 2022). This mitigation 
effect was accompanied by reductions in fiber degradation and VFA 
production which could have negative impacts on animal 
performance. In contrast, there was no measurable impact of either 
M. japonica or P. mollis on methanogenesis or microbial fermentation. 
There is limited data concerning the microbial response to seaweed 
supplementation in ruminants. This study presented an opportunity 

FIGURE 7

Differential abundance (DA) analysis of bacterial genera. Heatmaps of DA genera for the stabilized phase. Raw count data was log transformed for 
plotting. Genera denoted as uncultured or unknown are excluded.
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to examine the impact of seaweed supplementation over an extended 
period on rumen microbes, and to assess if the rumen microbiome 
shows any evidence of adaptation to seaweeds which might lessen 
their anti-methanogenic effects over time as has been previously 
documented (Knight et al., 2011).

The near-total collapse of the methanogen community in the 
A. taxiformis samples (Figures  1A, 5A) was striking and cannot 
be attributed to temporal shifts in community composition commonly 
associated with RUSITEC fermenter apparatus (Mateos et al., 2017) 

or a decline in protozoa associated methanogens (Roque et al., 2019), 
as the archaeome of the control samples remained relatively stable 
throughout. We observed a 97.1% reduction in the number of reads 
from methanogenic archaea in A. taxiformis samples compared to 
controls during of the stable phase of the experiment. There was no 
suggestion of niche transition among the methanogen species 
following A. taxiformis addition, with the abundances of all major 
archaea declining throughout the experiment. CCA analysis suggested 
a strong relationship between the CH4 and H2 concentrations reported 

A

B

FIGURE 8

(A) Heatmaps depicting archaeal community composition in each experimental phase and (B) line plots showing temporal species dynamics 
throughout the experiment. Raw abundances were log-transformed prior to plotting.
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previously (Terry et al., 2022) and methanogen community dynamics. 
The extent of the decline in methanogen abundance observed here has 
not, to our knowledge, been previously documented. A recent in vitro 
study supplemented A. taxiformis at 5% (w/v) and achieved a similar 
reduction in CH4 production to that observed in this work; however, 
while A. taxiformis decreased the abundance of methanogenic groups 
over a 96 h period, the reduction was not as dramatic as we observed 
(Roque et  al., 2019). The concentration of bromoform in the 
supplement used by Roque et  al. (2019) was not reported so it is 
unclear how this compares to the level that is present in the 
A. taxiformis used in our experiment. Our results show that 
Methanomassilicoccaceae species declined in abundance almost 
immediately (within 24 h) following A. taxiformis addition in our 
study, while it took several days before the Methanobrevibacter species 
were inhibited (Figure  8B). This suggests greater resilience of 
Methanobrevibacter spp. to the seaweed-induced changes in the 
fermenter microenvironment compared to Methanomassilicoccaceae, 
and would explain the comparatively modest reductions in 
methanogen abundance reported previously over shorter experimental 
periods (Roque et al., 2019). Methanomassilicoccaceae spp. (formerly 
Rumen Cluster C) produce CH4 via the reduction of methyl groups 
(Poulsen et  al., 2013; Lang et  al., 2015) rather than via the 
hydrogenotrophic pathway employed by Methanobrevibacter 
gottschalkii and ruminantium clades, indicating that this pathway is 
inhibited to a greater extent by bioactives found in A. taxiformis. The 
disparity in response to seaweed supplementation among methanogen 
species is likely multifaceted. Bromoform is the principal anti-
methanogenic metabolite found in Asparagopsis species (Paul et al., 

2006) and blocks the transfer of methyl groups as well as serving as an 
alternative electron accepter (Patra et al., 2017), which perhaps most 
readily explains the rapid decline of methylotrophic species observed 
here. Further, changes in bacterial composition would result in shifts 
in the substrate profile available to methanogens, which could 
indirectly influence archaeal metabolism to a different extent within 
the various methanogens found in the rumen. Seaweeds possess a 
multitude of other secondary metabolites (e.g., phlorotannins) which 
are known to impact microbial communities (Ku-Vera et al., 2020) 
and these may have directly or indirectly contributed to methanogen 
dynamics in the present study. Individual methanogens could also 
vary in their resistance to inhibitory compounds, and our data may 
simply reflect a greater resilience of the Methanobrevibacter species to 
the deleterious effects of seaweed bioactives (Ungerfeld et al., 2004). 
Protozoa-associated methanogens contribute up to 25% of ruminal 
CH4 (Newbold et al., 1995), and numbers of protozoa typically decline 
over time in the RUSITEC system regardless of treatment (Lengowski 
et al., 2016; Mateos et al., 2017). While we did not assess the protozoan 
community in this study, it is likely that a decline in protozoan 
abundance over time would have at least partially contributed to the 
reduction in overall methanogen abundance observed here. 16S rRNA 
data offer limited mechanistic insight, and future studies using 
shotgun metagenomics or metatranscriptomics may provide clarity as 
to the mechanisms underpinning these observations.

The reduction in methanogenesis and inhibition of the 
methanogen community was accompanied by a general depression in 
microbial activity measured by a decline in VFA production and fiber 
degradation (Terry et al., 2022). This was mirrored in a substantial 

A B

FIGURE 9

Spearman correlation analysis plots between the core bacteriome of (A) control samples and (B) A taxiformis samples and fermentation variables. Raw 
bacterial abundances were log-transformed prior to correlation. Only data from control and A taxiformis reactors was analyzed. GasVol.ml, total gas 
volume in mL; DM.dis., dry matter disappearance; CH4, methane; CO2, carbon dioxide; H2, hydrogen; O2, oxygen; DMD, dry matter digestibility; ACE, 
acetate; PROP, propionate; BUTY, butyrate; VAL, valerate; CAP, caproate; BCFA, branched-chain fatty acids; TOTAL, total VFA; AP, acetate: propionate 
ratio; NH3, ammonia. Individual sample values for all measurements are provided in the Supplementary material.
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change in the bacteriome composition, as evidenced by diversity and 
differential abundance analyses presented here. We observed strong 
relationships between core bacterial genera and fermentation variables 
for the A. taxiformis samples. 19 of the 32 core bacterial genera were 
DA between A. taxiformis and control samples during at least one 
phase of the study. The core microbiome encompasses the most 
ecologically and functionally important taxa in an environment under 
given sampling conditions, and treatments that disrupt the core 
microbiome may have negative implications for the ecosystem as a 
whole (Neu et  al., 2021). The observation that A. taxiformis 

significantly altered majority of the core microbiome members 
including prominent fiber degraders and VFA producers throughout 
the experiment suggests that inclusion of A. taxiformis in feed could 
have negative impacts on animal performance.

Prevotella is routinely reported as the most abundant rumen 
microbial genus, prominent in carbohydrate and nitrogen metabolism 
(Kim et al., 2017). A. taxiformis increased the abundance of Prevotella 
1.6 fold during the intermediate phase of the experiment, while 
numerical differences in the stable phase did not reach significance. 
Several poorly characterized genera of Prevotellaceae were also 

A

B

C

FIGURE 10

Spearman correlation analysis plots between the differentially abundant genera and fermentation variables during the (A) adaptation, (B) intermediate, 
and (C) stabilized phases. Raw bacterial abundances were log-transformed prior to correlation. GasVol.ml, total gas volume in mL; DM.dis., dry matter 
disappearance; CH4, methane; CO2, carbon dioxide; H2, hydrogen; O2, oxygen; DMD, dry matter digestibility; ACE, acetate; PROP, propionate; BUTY, 
butyrate; VAL, valerate; CAP, caproate; BCFA, branched-chain fatty acids; TOTAL, total VFA; AP, acetate: propionate ratio; NH3, ammonia. Individual 
sample values for all measurements are provided in the Supplementary material.
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increased by A. taxiformis. It has been speculated that Prevotella spp. 
may redirect excess H2 to propionate when CH4 is inhibited in the 
rumen (Aguilar-Marin et al., 2020). Because propionate levels were 
reduced by A. taxiformis supplementation, the increases in Prevotella 
observed here more likely reflect niche transition of various Prevotella 
species as the abundances of several other established rumen 
microbes declined.

Acetate, propionate and butyrate are the major VFAs associated 
with ruminal metabolism (Bergman, 1990). In our companion study, 
A. taxiformis reduced total VFA throughout the experiment and the 
molar proportions of acetate and propionate in the intermediate and 
stable phases (Terry et al., 2022). While it is not reliable to directly 
extrapolate from in vitro findings, such changes may have negative 
impacts on animal performance given the importance of propionate 
and acetate to gluconeogenesis and fatty acid synthesis in the host, 
respectively (Bauman et al., 1970; Aschenbach et al., 2010). A major 
pathway for ruminal propionate production is via interactions 
between succinate-producing and utilizing species (Hobson and 
Stewart, 1997). Selenomonas ruminantium uses succinate in its role as 
a principal propionate producer in the rumen (Sawanon and 
Kobayashi, 2006) and A. taxiformis reduced the abundance of 
Selenomonas in both the intermediate and stable phases. The 
abundances of other succinate-utilizers were also significantly 
reduced, including Schwartzia (all phases) and Succiniclasticum 
(intermediate and stable phases) (van Gylswyk, 1995; van Gylswyk 
et al., 1997). The inhibition of several key succinate-utilizing bacteria 
could contribute to the reduction in propionate production when 
A. taxiformis is supplemented. Interestingly, A. taxiformis increased 
the abundance of genera containing known succinate producers 
including Succinivibrio (stable phase) and Ruminobacter (intermediate 
and stable phases), suggesting alternative roles for ruminal succinate 
beyond propionate production during A. taxiformis supplementation.

A primary role of the rumen bacteria is the degradation of 
recalcitrant lignocellulosic biomass by several specialized fiber-
degrading bacteria, principally Fibrobacter succinogenes and 
Ruminococcus spp. (Ransom-Jones et al., 2012; Dassa et al., 2014). Terry 
et  al. (2022) observed reduced OM and NDF degradation in the 
A. taxiformis samples during the adaptation phase, followed by a 
recovery of fiber digestion in the stable phase. The reduction in fiber 
degradation was reflected by the significantly lower abundance of 
Fibrobacter, Ruminococcus, and other less common cellulolytic genera 
like Ruminiclostridium in A. taxiformis samples compared to the 
controls (Ren et  al., 2019; Karri et  al., 2021). The abundance of 
Fibrobacter was also strongly positively correlated with CH4 levels and 
negatively correlated with H2 levels in the presence of A. taxiformis. 
Although fiber degradation was only impacted in the adaptation phase, 
the abundance of Fibrobacter was reduced throughout the experiment, 
and the abundance of Ruminococcus was reduced in the stable phase in 
A. taxiformis samples compared to controls. The recovery of OM and 
NDF digestion suggests that other microbial groups may have filled the 
niche for fiber degradation in the latter stages of the experiment, 
although we  note that microbial abundance and activity do not 
necessarily correlate in complex microbial ecosystem (Hunt et al., 2013). 
Multiple members of the Lachnospiraceae family possess cellulolytic 
capabilities and are capable of butyrate synthesis (Meehan and Beiko, 
2014). Roseburia is a prominent butyrate producer (Barcenilla et al., 
2000) but was inhibited by A. taxiformis during the intermediate and 
stable phases despite butyrate being the only major VFA to increase in 

molar proportion during supplementation. We  speculate that the 
increased abundance of several poorly described Lachnospiraceae 
genera associated with A. taxiformis (e.g., Lachnospiraceae AC2004, 
Lachnospiraceae FCS020, Lachnospiraceae NK4A136) may 
be responsible for maintaining fiber degradation in spite of the reduced 
abundance of cellulolytic bacteria and may have contributed to elevated 
butyrate levels (Terry et  al., 2022). Butyrivibrio is the predominant 
butyrate producer in the rumen, and the observation that seaweed 
supplementation did not have any significant effects on the abundance 
of this bacterium also supports this hypothesis (Moon et al., 2008).

We also observed significantly higher abundances of 
Bifidobacterium in the A. taxiformis samples. Bifidobacterium is 
known for its probiotic properties and can adapt to a wide range of 
substrates (Pokusaeva et al., 2011). Its role in the rumen of adult cattle 
is less well defined, but elevated abundance is associated with 
improved feed efficiency (Abe et al., 1995; McLoughlin et al., 2020), 
and the increased abundance of Bifidobacterium may be an indicator 
of rumen microbial adaptation to A. taxiformis.

Terry et al. (2022) reported no impact of P. mollis or M. japonica on 
rumen fermentation profiles, so the observation that neither had a 
major impact on the microbiome was unsurprising in the context of this 
study. The anti-methanogenic effect of Asparagopsis species is attributed 
to their high bromoform content (Machado et al., 2018). Chemical 
analysis of the seaweeds examined in this work indicated that only 
A. taxiformis contained measurable amounts of bromoform, explaining 
the negligible impact that the other two algae had on methanogenesis. 
Although P. mollis or M. japonica did not reduce methane levels, some 
seaweeds without anti-methanogenic activity have proven to be potent 
modulators of rumen microbiomes both in vivo (Zhou et al., 2018) and 
in a RUSITEC system (Belanche et al., 2016; Zhou et al., 2018; Künzel 
et al., 2022) due to the wide range of bioactives present in algae. To our 
knowledge M. japonica has not previously been evaluated for its effect 
on microbial communities, while P. mollis has been found to modify the 
composition of the gut microbial community in mice (Mendez et al., 
2020). While unlikely to have any potential as an anti-methanogenic 
feed additive, future studies may examine higher doses of P. mollis and 
M. japonica for potential prebiotic effects on the rumen and its microbes.

In summary, this study evaluated the impact of three red seaweeds 
on the bacterial and archaeal communities in a simulated rumen 
environment over a 13-day period. The red algae that did not have anti-
methanogenic activity, P. mollis and M. japonica, had no measurable 
impact on the microbiome. In contrast, we found that the inhibition of 
methanogenesis following A. taxiformis supplementation reported in 
our companion study (Terry et al., 2022) was mirrored by substantial 
shifts in the microbiome. There was a near-total collapse of the rumen 
methanogen population following A. taxiformis supplementation, with 
few archaeal reads recovered during the stable phase. Similarly, the 
suppression in VFA synthesis by A. taxiformis was underpinned by 
inhibition of many taxa involved in acetate and propionate synthesis, 
and fiber degradation. A. taxiformis is receiving enormous attention for 
its role as an anti-methanogenic feed supplement in ruminants and has 
recently been commercialized. These data provide the first prolonged 
exploration of rumen microbial dynamics in response to A. taxiformis 
feeding. In-depth studies using shotgun metagenomics or 
metatranscriptomics may provide a more comprehensive understanding 
of ruminal microbial dynamics following seaweed feeding, particularly 
by allowing for the simultaneous evaluation of all prokaryotic and 
eukaryotic communities of the rumen.

118

https://doi.org/10.3389/fmicb.2023.1104667
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


O’Hara et al. 10.3389/fmicb.2023.1104667

Frontiers in Microbiology 15 frontiersin.org

Data availability statement

The data presented in the study are deposited in the  
Short Read Archive (SRA) repository, accession number  
PRJNA869720.

Ethics statement

The animal study was reviewed and approved by LeRDC animal 
care commitee protocol ACC1830.

Author contributions

TM, DA, KB, RG, and ST designed the experiment. PM, ST, and 
RG performed the laboratory work. EO’H and RG performed 
bioinformatics and data analysis. EO’H wrote the manuscript with 
revisions provided by all authors. RG and KB supervised the 
experiment and provided resources. All authors contributed to the 
article and approved the submitted version.

Funding

Funding was provided by Agriculture and Agri-Food Canada 
grant ID: J-002363.

Acknowledgments

We thank the platform personnel at the Centre d’expertise et de services 
Génome Québec for their expertise in performing amplicon sequencing.

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/fmicb.2023.1104667/
full#supplementary-material

References
Abbott, D. W., Aasen, I. M., Beauchemin, K. A., Grondahl, F., Gruninger, R., Hayes, M., 

et al. (2020). Seaweed and seaweed bioactives for mitigation of enteric methane: 
challenges and opportunities. Animals 10:E2432. doi: 10.3390/ani10122432

Abe, F., Ishibashi, N., and Shimamura, S. (1995). Effect of Administration of 
Bifidobacteria and Lactic Acid Bacteria to newborn calves and piglets. J. Dairy Sci. 78, 
2838–2846. doi: 10.3168/jds.S0022-0302(95)76914-4

Aguilar-Marin, S. B., Betancur-Murillo, C. L., Isaza, G. A., Mesa, H., and Jovel, J. (2020). 
Lower methane emissions were associated with higher abundance of ruminal Prevotella in a 
cohort of Colombian buffalos. BMC Microbiol. 20, 364–313. doi: 10.1186/s12866-020-02037-6

Andrews, S. (2010). FastQC: a quality control tool for high throughput sequence data. 
Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (Accessed 
August 31, 2022).

Arndt, C., Hristov, A. N., Price, W. J., McClelland, S. C., Pelaez, A. M., Cueva, S. F., 
et al. (2022). Full adoption of the most effective strategies to mitigate methane emissions 
by ruminants can help meet the 1.5 °C target by 2030 but not 2050. Proc. Natl. Acad. Sci. 
U. S. A. 119:e2111294119. doi: 10.1073/pnas.2111294119

Aschenbach, J. R., Kristensen, N. B., Donkin, S. S., Hammon, H. M., and Penner, G. B. 
(2010). Gluconeogenesis in dairy cows: the secret of making sweet milk from sour 
dough. IUBMB Life 62, 869–877. doi: 10.1002/iub.400

Barcenilla, A., Pryde, S. E., Martin, J. C., Duncan, S. H., Stewart, C. S., 
Henderson, C., et al. (2000). Phylogenetic relationships of butyrate-producing 
bacteria from the human gut. Appl. Environ. Microbiol. 66, 1654–1661. doi: 10.1128/
AEM.66.4.1654-1661.2000

Bauman, D. E., Brown, R. E., and Davis, C. L. (1970). Pathways of fatty acid synthesis 
and reducing equivalent generation in mammary gland of rat, sow, and cow. Arch. 
Biochem. Biophys. 140, 237–244. doi: 10.1016/0003-9861(70)90028-7

Belanche, A., Ramos-Morales, E., and Newbold, C. J. (2016). In vitro screening of 
natural feed additives from crustaceans, diatoms, seaweeds and plant extracts to 
manipulate rumen fermentation. J. Sci. Food Agric. 96, 3069–3078. doi: 10.1002/jsfa.7481

Bergman, E. N. (1990). Energy contributions of volatile fatty acids from the 
gastrointestinal tract in various species. Physiol. Rev. 70, 567–590. doi: 10.1152/
physrev.1990.70.2.567

Bisanz, J. (2018) qiime2R: importing QIIME2 artifacts and associated data into R 
sessions. (unpublished). Available at: https://github.com/jbisanz/qiime2R (Accessed 
August 31, 2022).

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., 
et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science 
using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Canadian Council on Animal Care. (2009). Guide to the Care and Use of Farm Animals 
in Research, Teaching and Testing. CCAC: Ottawa

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, N., 
et al. (2012). Ultra-high-throughput microbial community analysis on the Illumina 
HiSeq and MiSeq platforms. ISME J. 6, 1621–1624. doi: 10.1038/ismej.2012.8

Clark, M. A., Domingo, N. G. G., Colgan, K., Thakrar, S. K., Tilman, D., Lynch, J., et al. 
(2020). Global food system emissions could preclude achieving the 1.5° and 2°C climate 
change targets. Science 370, 705–708. doi: 10.1126/science.aba7357

Dassa, B., Borovok, I., Ruimy-Israeli, V., Lamed, R., Flint, H. J., Duncan, S. H., et al. 
(2014). Rumen cellulosomics: divergent fiber-degrading strategies revealed by 
comparative genome-wide analysis of six ruminococcal strains. PLoS ONE 9:e99221. 
doi: 10.1371/journal.pone.0099221

Ewels, P., Magnusson, M., Lundin, S., and Käller, M. (2016). MultiQC: summarize 
analysis results for multiple tools and samples in a single report. Bioinformatics 32, 
3047–3048. doi: 10.1093/bioinformatics/btw354

Fernandes, A. D., Reid, J. N., Macklaim, J. M., McMurrough, T. A., Edgell, D. R., and 
Gloor, G. B. (2014). Unifying the analysis of high-throughput sequencing datasets: 
characterizing RNA-seq, 16S rRNA gene sequencing and selective growth experiments 
by compositional data analysis. Microbiome 2:15. doi: 10.1186/2049-2618-2-15

Gerber, P. J., Hristov, A. N., Henderson, B., Makkar, H., Oh, J., Lee, C., et al. (2013). 
Technical options for the mitigation of direct methane and nitrous oxide emissions from 
livestock: a review. Animal 7, 220–234. doi: 10.1017/S1751731113000876

Herve, M. (2021). RVAideMemoire (0.9-80). Available at: https://cran.r-project.org/
web/packages/RVAideMemoire/RVAideMemoire.pdf

Hobson, P. N., and Stewart, C. S. (1997) “The Rumen Microbial Ecosystem.” Heidelberg: 
Springer Netherlands.

Hunt, D. E., Lin, Y., Church, M. J., Karl, D. M., Tringe, S. G., Izzo, L. K., et al. (2013). 
Relationship between abundance and specific activity of bacterioplankton in open ocean 
surface waters. Appl. Environ. Microbiol. 79, 177–184. doi: 10.1128/AEM.02155-12

119

https://doi.org/10.3389/fmicb.2023.1104667
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1104667/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1104667/full#supplementary-material
https://doi.org/10.3390/ani10122432
https://doi.org/10.3168/jds.S0022-0302(95)76914-4
https://doi.org/10.1186/s12866-020-02037-6
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1073/pnas.2111294119
https://doi.org/10.1002/iub.400
https://doi.org/10.1128/AEM.66.4.1654-1661.2000
https://doi.org/10.1128/AEM.66.4.1654-1661.2000
https://doi.org/10.1016/0003-9861(70)90028-7
https://doi.org/10.1002/jsfa.7481
https://doi.org/10.1152/physrev.1990.70.2.567
https://doi.org/10.1152/physrev.1990.70.2.567
https://github.com/jbisanz/qiime2R
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1126/science.aba7357
https://doi.org/10.1371/journal.pone.0099221
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1186/2049-2618-2-15
https://doi.org/10.1017/S1751731113000876
https://cran.r-project.org/web/packages/RVAideMemoire/RVAideMemoire.pdf
https://cran.r-project.org/web/packages/RVAideMemoire/RVAideMemoire.pdf
https://doi.org/10.1128/AEM.02155-12


O’Hara et al. 10.3389/fmicb.2023.1104667

Frontiers in Microbiology 16 frontiersin.org

IPCC (2018). “Global Warming of 1.5°C” in An IPCC Special Report on the Impacts of 
Global Warming of 1.5°C Above Pre-Industrial Levels and Related Global Greenhouse Gas 
Emission Pathways, in the Context of Strengthening the Global Response to the Threat of 
Climate Change, Sustainable Development, and Efforts to Eradicate Poverty. eds. V. 
Masson-Delmotte, P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea and P. R. Shuklaet al. 
(Cambridge, UK and New York, NY: Cambridge University Press), 616.

Johnson, K. A., and Johnson, D. E. (1995). Methane emissions from cattle. J. Anim. 
Sci. 73, 2483–2492. doi: 10.2527/1995.7382483x

Karri, S., Vadela, M. B., and Gundi, V. A. K. B. (2021). “Chapter 15—fiber degradation 
strategies of bacteria in rumen ecosystem” in Recent Developments in Applied Microbiology 
and Biochemistry. ed. B. Viswanath (Cambridge, MA: Academic Press), 153–159.

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software 
version 7: improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. doi: 
10.1093/molbev/mst010

Kim, J. N., Mendez-Garcia, C., Geier, R. R., Iakiviak, M., Chang, J., Cann, I., et al. 
(2017). Metabolic networks for nitrogen utilization in Prevotella ruminicola 23. Sci. Rep. 
7:7851. doi: 10.1038/s41598-017-08463-3

Kinley, R. D., Nys, R.De, Vucko, M. J., Machado, L., and Tomkins, N. W., (2016). The 
red macroalgae Asparagopsis taxiformis is a potent natural anti-methanogenic that 
reduces methane production during in vitro fermentation with rumen fluid. Anim. Prod. 
Sci. 56, 282–289. doi: 10.1071/AN15576

Knight, T., Ronimus, R. S., Dey, D., Tootill, C., Naylor, G., Evans, P., et al. (2011). 
Chloroform decreases rumen methanogenesis and methanogen populations without 
altering rumen function in cattle. Anim. Feed Sci. Technol. 166-167, 101–112. doi: 
10.1016/j.anifeedsci.2011.04.059

Künzel, S., Yergaliyev, T., Wild, K. J., Philippi, H., Petursdottir, A. H., 
Gunnlaugsdottir, H., et al. (2022). Methane reduction potential of Brown seaweeds and 
their influence on nutrient degradation and microbiota composition in a rumen 
simulation technique. Front. Microbiol. 13:618. doi: 10.3389/fmicb.2022.889618

Ku-Vera, J. C., Jiménez-Ocampo, R., Valencia-Salazar, S. S., Montoya-Flores, M. D., 
Molina-Botero, I. C., Arango, J., et al. (2020). Role of secondary plant metabolites on 
enteric methane mitigation in ruminants. Front Vet. Sci. 7:584. doi: 10.3389/
fvets.2020.00584

Lang, K., Schuldes, J., Klingl, A., Poehlein, A., Daniel, R., and Brune, A. (2015). New 
mode of energy metabolism in the seventh order of methanogens as revealed by 
comparative genome analysis of Candidatus Methanoplasma termitum. Appl. Environ. 
Microbiol. 81, 1338–1352. doi: 10.1128/AEM.03389-14

Lengowski, M. B., Zuber, K. H. R., Witzig, M., Möhring, J., Boguhn, J., and 
Rodehutscord, M. (2016). Changes in rumen microbial community composition during 
adaption to an in vitro system and the impact of different forages. PLoS One 11:e0150115. 
doi: 10.1371/journal.pone.0150115

Lin, H., and Peddada, S. D. (2020). Analysis of compositions of microbiomes with bias 
correction. Nat. Commun. 11:3514. doi: 10.1038/s41467-020-17041-7

Machado, L., Magnusson, M., Paul, N. A., de Nys, R., and Tomkins, N. (2014). Effects 
of marine and freshwater macroalgae on in vitro total gas and methane production. PLoS 
One 9:e85289. doi: 10.1371/journal.pone.0085289

Machado, L., Magnusson, M., Paul, N. A., Kinley, R., de Nys, R., and Tomkins, N. 
(2016a). Dose-response effects of Asparagopsis taxiformis and Oedogonium sp. on 
in vitro fermentation and methane production. J. Appl. Phycol. 28, 1443–1452. doi: 
10.1007/s10811-015-0639-9

Machado, L., Magnusson, M., Paul, N. A., Kinley, R., de Nys, R., and Tomkins, N. 
(2016b). Identification of bioactives from the red seaweed Asparagopsis taxiformis that 
promote anti-methanogenic activity in  vitro. J. Appl. Phycol. 28, 3117–3126. doi: 
10.1007/s10811-016-0830-7

Machado, L., Tomkins, N., Magnusson, M., Midgley, D. J., de Nys, R., and 
Rosewarne, C. P. (2018). In vitro response of rumen microbiota to the anti-methanogenic 
red macroalga Asparagopsis taxiformis. Microb. Ecol. 75, 811–818. doi: 10.1007/
s00248-017-1086-8

Mateos, I., Ranilla, M. J., Saro, C., and Carro, M. D. (2017). Shifts in microbial 
populations in Rusitec fermenters as affected by the type of diet and impact of the 
method for estimating microbial growth (15N v. microbial DNA). Animal 11, 
1939–1948. doi: 10.1017/S1751731117000878

McLoughlin, S., Spillane, C., Claffey, N., Smith, P. E., O’Rourke, T., Diskin, M. G., et al. 
(2020). Rumen microbiome composition is altered in sheep divergent in feed efficiency. 
Front. Microbiol. 11:981. doi: 10.3389/fmicb.2020.01981

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 
10.1371/journal.pone.0061217

Meehan, C. J., and Beiko, R. G. (2014). A phylogenomic view of ecological 
specialization in the Lachnospiraceae, a family of digestive tract-associated bacteria. 
Genome Biol. Evol. 6, 703–713. doi: 10.1093/gbe/evu050

Mendez, R. L., Miranda, C., Armour, C. R., Sharpton, T. J., Stevens, J. F., and Kwon, J. Y. 
(2020). Supplementation with sea vegetables Palmaria mollis and Undaria pinnatifida 
exerts metabolic benefits in diet-induced obesity in mice. Curr. Dev. Nutr. 4:4005006. 
doi: 10.1093/cdn/nzaa072

Moon, C. D., Pacheco, D. M., Kelly, W. J., Leahy, S. C., Li, D., Kopečný, J., et al. (2008). 
Reclassification of clostridium proteoclasticum as Butyrivibrio proteoclasticus comb. 
Nov., a butyrate-producing ruminal bacterium. Int. J. Syst. Evol. Microbiol. 58, 
2041–2045. doi: 10.1099/ijs.0.65845-0

Nearing, J. T., Douglas, G. M., Hayes, M. G., MacDonald, J., Desai, D. K., Allward, N., 
et al. (2022). Microbiome differential abundance methods produce different results 
across 38 datasets. Nat. Commun. 13:342. doi: 10.1038/s41467-022-28034-z

Neu, A. T., Allen, E. E., and Roy, K. (2021). Defining and quantifying the core 
microbiome: challenges and prospects. Proc. Natl. Acad. Sci. U. S. A. 118:e2104429118. 
doi: 10.1073/pnas.2104429118

Newbold, C. J., Lassalas, B., and Jouany, J. P. (1995). The importance of methanogens 
associated with ciliate protozoa in ruminal methane production in vitro. Lett. Appl. 
Microbiol. 21, 230–234. doi: 10.1111/j.1472-765x.1995.tb01048.x

Oksanen, J., Blancet, G. F., Friendly, M., Kindt, R., Legandre, P., McGlinn, D., et al. 
(2022). Vegan-package: community ecology package: ordination, diversity and. In vegan: 
community ecology package (2.6-4). Available at: https://rdrr.io/cran/vegan/man/vegan-
package.html (Accessed August 31, 2022).

Patra, A., Park, T., Kim, M., and Yu, Z. (2017). Rumen methanogens and mitigation 
of methane emission by anti-methanogenic compounds and substances. J. Anim. Sci. 
Biotechnol. 8:13. doi: 10.1186/s40104-017-0145-9

Paul, N. A., Nys, R.De, and Steinberg, P. D. (2006). Chemical defence against bacteria 
in the red alga Asparagopsis armata: linking structure with function. Mar. Ecol. Prog. Ser. 
306, 87–101. doi: 10.3354/meps306087

Pokusaeva, K., Fitzgerald, G. F., and van Sinderen, D. (2011). Carbohydrate 
metabolism in Bifidobacteria. Genes Nutr. 6, 285–306. doi: 10.1007/
s12263-010-0206-6

Poulsen, M., Schwab, C., Borg Jensen, B., Engberg, R. M., Spang, A., Canibe, N., et al. 
(2013). Methylotrophic methanogenic Thermoplasmata implicated in reduced methane 
emissions from bovine rumen. Nat. Commun. 4:1428. doi: 10.1038/ncomms2432

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The 
SILVA ribosomal RNA gene database project: improved data processing and web-based 
tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Ransom-Jones, E., Jones, D. L., McCarthy, A. J., and McDonald, J. E. (2012). The 
Fibrobacteres: an important phylum of cellulose-degrading bacteria. Microb. Ecol. 63, 
267–281. doi: 10.1007/s00248-011-9998-1

Ren, Z., You, W., Wu, S., Poetsch, A., and Xu, C. (2019). Secretomic analyses of 
Ruminiclostridium papyrosolvens reveal its enzymatic basis for lignocellulose 
degradation. Biotechnol. Biofuels 12:183. doi: 10.1186/s13068-019-1522-8

Roque, B. M., Brooke, C. G., Ladau, J., Polley, T., Marsh, L. J., Najafi, N., et al. (2019). 
Effect of the macroalgae Asparagopsis taxiformis on methane production and rumen 
microbiome assemblage. Anim. Microbiome 1:3. doi: 10.1186/s42523-019-0004-4

Roque, B. M., Venegas, M., Kinley, R. D., de Nys, R., Duarte, T. L., Yang, X., et al. 
(2021). Red seaweed (Asparagopsis taxiformis) supplementation reduces enteric methane 
by over 80 percent in beef steers. PLoS One 16:e0247820. doi: 10.1371/journal.
pone.0247820

Sasada, R., Weinstein, M., Prem, A., Jin, M., and Bhasin, J. (2020). FIGARO: an 
efficient and objective tool for optimizing microbiome rRNA gene trimming parameters. 
J. Biomol. Tech. 31:S2.

Sawanon, S., and Kobayashi, Y. (2006). Synergistic fibrolysis in the rumen by 
cellulolytic Ruminococcus flavefaciens and non-cellulolytic Selenomonas ruminantium: 
evidence in defined cultures. Anim. Sci. J. 77, 208–214. doi: 
10.1111/j.1740-0929.2006.00339.x

Seedorf, H., Kittelmann, S., Henderson, G., and Janssen, P. H. (2014). RIM-DB: a 
taxonomic framework for community structure analysis of methanogenic archaea from 
the rumen and other intestinal environments. PeerJ 2:e494. doi: 10.7717/peerj.494

Terry, S., Krüger, A., Lima, P. D. M. T., Gruninger, R., Abbott, W., and Beauchemin, K. 
(2022). Evaluation of rumen fermentation and microbial adaptation to three red 
seaweeds using the rumen simulation technique. Preprints 2022:2022080186. doi: 
10.20944/preprints202208.0186.v1,

Ungerfeld, E. M., Rust, S. R., Boone, D. R., and Liu, Y. (2004). Effects of several 
inhibitors on pure cultures of ruminal methanogens. J. Appl. Microbiol. 97, 520–526. doi: 
10.1111/j.1365-2672.2004.02330.x

van Gylswyk, N. O. (1995). Succiniclasticum ruminis gen. Nov., sp. Nov., a ruminal 
bacterium converting succinate to propionate as the sole energy-yielding mechanism. 
Int. J. Syst. Bacteriol. 45, 297–300. doi: 10.1099/00207713-45-2-297

van Gylswyk, N. O., Hippe, H., and Rainey, F. A. (1997). Schwartzia succinivorans gen. 
Nov., sp. Nov., another ruminal bacterium utilizing succinate as the sole energy source. 
Int. J. Syst. Bacteriol. 47, 155–159. doi: 10.1099/00207713-47-1-155

Wickham, H. (2009). ggplot2: Elegant Graphics for Data Analysis. Berlin: Springer-
Verlag

Zhou, M., Hünerberg, M., Chen, Y., Reuter, T., McAllister, T. A., Evans, F., et al. (2018). 
Air-dried Brown seaweed, Ascophyllum nodosum, alters the rumen microbiome in a 
manner that changes rumen fermentation profiles and lowers the prevalence of 
foodborne pathogens. MSphere 3, e00017–e00018. doi: 10.1128/mSphere.00017-18

120

https://doi.org/10.3389/fmicb.2023.1104667
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.2527/1995.7382483x
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1038/s41598-017-08463-3
https://doi.org/10.1071/AN15576
https://doi.org/10.1016/j.anifeedsci.2011.04.059
https://doi.org/10.3389/fmicb.2022.889618
https://doi.org/10.3389/fvets.2020.00584
https://doi.org/10.3389/fvets.2020.00584
https://doi.org/10.1128/AEM.03389-14
https://doi.org/10.1371/journal.pone.0150115
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1371/journal.pone.0085289
https://doi.org/10.1007/s10811-015-0639-9
https://doi.org/10.1007/s10811-016-0830-7
https://doi.org/10.1007/s00248-017-1086-8
https://doi.org/10.1007/s00248-017-1086-8
https://doi.org/10.1017/S1751731117000878
https://doi.org/10.3389/fmicb.2020.01981
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1093/gbe/evu050
https://doi.org/10.1093/cdn/nzaa072
https://doi.org/10.1099/ijs.0.65845-0
https://doi.org/10.1038/s41467-022-28034-z
https://doi.org/10.1073/pnas.2104429118
https://doi.org/10.1111/j.1472-765x.1995.tb01048.x
https://rdrr.io/cran/vegan/man/vegan-package.html
https://rdrr.io/cran/vegan/man/vegan-package.html
https://doi.org/10.1186/s40104-017-0145-9
https://doi.org/10.3354/meps306087
https://doi.org/10.1007/s12263-010-0206-6
https://doi.org/10.1007/s12263-010-0206-6
https://doi.org/10.1038/ncomms2432
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1007/s00248-011-9998-1
https://doi.org/10.1186/s13068-019-1522-8
https://doi.org/10.1186/s42523-019-0004-4
https://doi.org/10.1371/journal.pone.0247820
https://doi.org/10.1371/journal.pone.0247820
https://doi.org/10.1111/j.1740-0929.2006.00339.x
https://doi.org/10.7717/peerj.494
https://doi.org/10.20944/preprints202208.0186.v1
https://doi.org/10.1111/j.1365-2672.2004.02330.x
https://doi.org/10.1099/00207713-45-2-297
https://doi.org/10.1099/00207713-47-1-155
https://doi.org/10.1128/mSphere.00017-18


Frontiers in Microbiology 01 frontiersin.org

Isolation and pan-genome 
analysis of Enterobacter 
hormaechei Z129, a ureolytic 
bacterium, from the rumen of 
dairy cow
Huiyue Zhong , Nan Zheng , Jiaqi Wang * and Shengguo Zhao *

State Key Laboratory of Animal Nutrition, Institute of Animal Sciences, Chinese Academy of Agricultural 
Sciences, Beijing, China

Introduction: Urea is an important non-protein nitrogen source for ruminants. 
In the rumen, ureolytic bacteria play critical roles in urea-nitrogen metabolism, 
however, a few ureolytic strains have been isolated and genomically sequenced. 
The purpose of this study was to isolate a novel ureolytic bacterial strain from 
cattle rumen and characterize its genome and function.

Methods: The ureolytic bacterium was isolated using an anaerobic medium 
with urea and phenol red as a screening indicator from the rumen fluid of dairy 
cattle. The genome of isolates was sequenced, assembled, annotated, and 
comparatively analyzed. The pan-genome analysis was performed using IPGA 
and the biochemical activity was also analyzed by test kits.

Results: A gram-positive ureolytic strain was isolated. Its genome had a length 
of 4.52 Mbp and predicted genes of 4223. The 16S rRNA gene and genome 
GTDB-Tk taxonomic annotation showed that it was a novel strain of Enterobacter 
hormaechei, and it was named E. hormaechei Z129. The pan-genome analysis 
showed that Z129 had the highest identity to E. hormaechei ATCC 49162 with 
a genome average nucleotide identity of 98.69% and possessed 238 unique 
genes. Strain Z129 was the first E. hormaechei strain isolated from the rumen as 
we know. The functional annotation of the Z129 genome showed genes related to 
urea metabolism, including urea transport (urtA-urtE), nickel ion transport (ureJ, 
tonB, nixA, exbB, exbD, and rcnA), urease activation (ureA-ureG) and ammonia 
assimilation (gdhA, glnA, glnB, glnE, glnL, glsA, gltB, and gltD) were present. Genes 
involved in carbohydrate metabolism were also present, including starch hydrolysis 
(amyE), cellulose hydrolysis (celB and bglX), xylose transport (xylF-xylH) and 
glycolysis (pgi, pgk, fbaA, eno, pfkA, gap, pyk, gpmL). Biochemical activity analysis 
showed that Z129 was positive for alkaline phosphatase, leucine arylamidase, acid 
phosphatase, naphthol-AS-BI-phosphohydrolase, α-glucosidase, β-glucosidase, 
and pyrrolidone arylaminase, and had the ability to use D-ribose, L-arabinose, 
and D-lactose. Urea-nitrogen hydrolysis rate of Z129 reached 55.37% at 48 h of 
incubation.

Discussion: Therefore, the isolated novel ureolytic strain E. hormaechei Z129 had 
diverse nitrogen and carbon metabolisms, and is a preferred model to study the 
urea hydrolysis mechanism in the rumen.
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rumen, ureolytic bacteria, isolation, urea metabolism, pan-genome analysis
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1. Introduction

The protein level of feed is crucial in ruminant animal growth and 
production, and the lower economic cost of urea promotes its partial 
replacement of plant protein in feed (Cherdthong and Wanapat, 2010). 
Urea recycling is especially important for ruminants because it 
provides recycled endogenic nitrogen, which is combined with energy 
for the synthesis of microbial crude protein in the rumen (Reynolds 
and Kristensen, 2008; Calsamiglia et al., 2010). The microbial crude 
protein is easily digested, has balanced amino acids (AAs; Schwab and 
Broderick, 2017), and is also the major component of the 
metabolizable protein to meet the AA requirement of dairy cows 
(Owens et al., 2014). The utilization of urea relies on the activity of 
ureolytic bacteria, but more than 55% of ureolytic bacteria in the 
rumen are not matched to any known bacterial family (Jin et  al., 
2016), indicating that many ureolytic bacteria remain to be discovered 
and isolated. Up to now, 24 strains of rumen ureolytic bacteria have 
been isolated from various families including Lactobacillaceae, 
Oscillospiraceae, Staphylococcaceae, Enterobacteriaceae, 
Bacteroidaceae, and Succinivibrionaceae, Selenomonadaceae 
(Gibbons and Doetsch, 1958; Slyter et al., 1968; John et al., 1974; 
Vanwyk and Steyn, 1975; Cook, 1976; Wozny et al., 1977; Lauková and 
Koniarová, 1995; Cook et al., 2007; Kim et al., 2014; Hailemariam 
et al., 2020). Among them, only three strains were isolated after 2000 
(Cook et al., 2007; Kim et al., 2014; Hailemariam et al., 2020).

Some factors make bacteria isolation and culture difficult, such as 
symbiosis (St. John et al., 2019), growth factors from other bacteria 
(D'Onofrio et al., 2010), slow growth (Pulschen et al., 2017), dormancy 
(Oliver, 2010), competition among strains (Lewis et al., 2020), and 
media eutrophication (Zhang et al., 2020). There are 1,000 of bacterial 
species in the rumen (Makkar and Mcsweeney, 2005), but less than 30 
ureolytic bacterial species have been isolated (Gibbons and Doetsch, 
1958; Slyter et al., 1968; John et al., 1974; Vanwyk and Steyn, 1975; 
Cook, 1976; Wozny et al., 1977; Lauková and Koniarová, 1995; Cook 
et  al., 2007; Kim et al., 2014; Hailemariam et al., 2020). With the 
development of sequencing technology, progressively more bacteria 
have been discovered through culture-free technology and their 
functional genes have been studied, but the isolation of bacteria is still 
crucial. Without successful isolation and cultivation of bacteria, the 
metabolic pathways, physiological characteristics, and ecological 
functions based on omics data cannot be  studied and verified 
(Gutleben et al., 2018). Therefore, it is crucial to isolate more novel 
ureolytic bacteria from the rumen to better understand 
urea metabolism.

In this study, we  isolated a new strain of E. hormaechei from 
medium plus urea and named it Z129. We compared Z129 with other 
strains in the same species and found its unique genes related to 
nitrogen and carbohydrate metabolisms. We focused on the genes 
involved in urea metabolism and carbohydrates to explore its ability 
for urea and carbon metabolisms.

2. Materials and methods

2.1. Culture media

The liquid media contained 20 ml of clarified rumen fluid, 0.05 g 
of glucose, 0.05 g yeast extract, 2 g of urea, 0.05 g of cellobiose, 15 mL 

of solution 4 (0.3% K2HPO4), 15 mL of solution 5 (0.3% KH2PO4, 
0.6% NaC1, 0.06% MgSO2·7H2O, and 0.06% CaCl2), 0.1 mL of 
Pfennig trace elements (0.03% H3BO3, 0.01% ZnSO4·7H2O, 0.003% 
MnCl2·4H2O, 0.002% CoCl2·6H2O, 0.003% Na2MoO4·2H2O, 0.001% 
Na2SeO3, 0.002% NiCl2, 0.001% CuCl2·2H2O, and 0.015% 
FeCl2·4H2O), 5 mL of hemin (0.05%), 0.31 mL of VFA mix (17% 
acetic, 6% propionic, 4% n-butyric, 1% n-valeric, 1% isovaleric, 1% 
isobutyric, and 1% 2-methyl butyric acids), 0.6 g of NaHCO3, 0.1 mL 
of resazurin (0.1%), 0.05 g of L-cysteine HCl, and 0.0012 g of phenol 
red per 100 mL. The solid media were the corresponding basal media 
plus 2 g of agar. After boiling, high-purity nitrogen was blown into 
the solution for almost 2 h to exhaust the oxygen. After adjusting to 
pH 6.8, the solution was transferred into an anaerobic workstation 
(DWS, West Yorkshire, United Kingdom). For liquid media, 10 mL 
of solution was dispensed into Hungate tubes, and autoclaved at 
100 kPa and 121°C lasting for 15 min. After cooling, all media were 
stored at 4°C. For solid media, agar was added to liquid media and 
autoclaved at 100 kPa and 121°C lasting for 15 min. After cooling to 
40°C–50°C, the solution was poured into 90-mm culture dishes in 
the anaerobic workstation. Noticeably, after autoclaving, urea and 
phenol red were added to the media through a 2 μm sterile 
filter membrane.

2.2. Isolation of ureolytic strain

The rumen liquid samples were collected from Holstein dairy 
cattle (No. IAS2019-14). The inoculum was prepared and stored as 
described by Hailemariam et al. (2020). The diluent solution contained 
15 mL of solution 4, 15 mL of solution 5, 0.6 g of NaHCO3, 0.1 mL of 
resazurin (0.1%), and 0.05 g of L-cysteine HCl per 100 mL, and was 
prepared under anaerobic conditions in the anaerobic workstation. 
The inoculum was diluted 10 to 105 times with the anaerobic diluent. 
Then 200 μL of diluted inoculum in each dilution was spread on the 
solid media. After incubating for 72 h at 39°C, colonies with pink color 
were selected and streaked in new solid media. The single pink 
colonies were inoculated into liquid media. The strain was mixed with 
equal anaerobic diluent solution containing 30% glycerin, and stored 
at −80°C.

2.3. 16S rRNA gene sequencing

The DNA of isolated strains was extracted by 
cetyltrimethylammonium bromide (CTAB) plus bead beating method 
as described by Minas et  al. (2011). The primers were 27F 
(5′-AGAGTTTGATCMTGGCTCA-3′) and 1492R 
(5′-TACGGYTTACCTTGTTACGACTT-3′). The PCR mixture 
included 25 μL of PCR Master Mix (Takara, Japan), 0.1 μL of 27F, 
0.1 μL of 1492R, 5 μL of microbial DNA, and 19.8 μL of ddH2O. The 
process of amplification was same as the described by Hailemariam 
et al. (2020). The PCR products were sequenced by Sanger sequencing 
(Applied Biosystems 3730XL, Foster City, CA, United States). The 
chromas were used to determine whether the strain was pure or 
contaminated according to single or double peak on the position of 
each base. Only pure strains were selected for genome sequencing and 
biochemical analysis. The 16S rRNA sequences were blasted with the 
rRNA/ITS database of NCBI for taxonomic annotation.
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2.4. Physiological characterization

The test for Gram-staining was performed using a kit, following 
the manufacturer’s instructions (RealTime Biotechnology, Beijing, 
China). The Gram-staining result was observed using a bright-field 
microscope (Axiocam ERc 5 s, ZEISS, Oberkochen, Germany).

The enzyme activity and the ability for sugar fermentation were 
tested by API ZYM (Merieux, Lyon, France) and API 20 STREP 
(Merieux, Lyon, France). The inoculum samples were taken at 0 and 
48 h of incubation to measure the content of urea nitrogen using a 
BUN test kit with the diacetyloxime colorimetric method (Jiancheng, 
Nanjing, China).

2.5. Whole genome sequencing and 
analysis

The DNA of Z129 was extracted as the above and quantified using 
Qubit 2.0 (Invitrogen, Carlsbad, CA, United States). The sequencing 
library was constructed using a MGIEasy Universal DNA library kit 
(BGI, Shenzhen, China). The libraries were paired-end (2 × 150 bp) 
sequenced by DNBseq-T7 (BGI). The low quality reads including 
reads with length lower than 50 bp and reads with average mass lower 
than 20 were removed by TrimGalore (Martin, 2011). The qualified 
data were assembled to produce genomes using Megahit (Li et al., 
2015), then the quality and contamination were checked using 
checkM (Parks et al., 2015). The taxonomy was annotated by GTDB-tk 
(Chaumeil et al., 2020) based on the GTDB RS202 database. The genes 
were predicted using Prokka (Seemann, 2014). The proteins were 
aligned to the eggNOG 5.0 database using diamond (Buchfink et al., 
2014). The genes related to urea nitrogen and carbohydrate 
metabolisms were identified. CAZymes annotation was performed on 
the dbCAN meta server (Yin et al., 2012).

2.6. Pan-genome analysis

Based on the taxonomic result of whole genome sequencing, the 
genome sequences of 12 strains (E. hormaechei YT3, E. hormaechei 
YT2, E. hormaechei subsp. hoffmannii UCICRE 9, E. hormaechei subsp. 
hoffmannii UCICRE 3, E. hormaechei subsp. hoffmannii UCI 50, 
E. hormaechei subsp. hoffmannii MGH 13, E. hormaechei subsp. 
hoffmannii ECNIH3, E. hormaechei subsp. hoffmannii ECR091, 
E. hormaechei subsp. steigerwaltii, E. hormaechei subsp. xiangfangensis, 
E. hormaechei ATCC 49162, E. hormaechei subsp. oharae) on NCBII 
database were downloaded. Pan-genome analysis was performed using 
IPGA (Liu et al., 2022). The AA sequences of UreC of these strains were 
also downloaded from the NCBI database and aligned using the 
CLUSTAL W package in BioEdit (Alzohairy, 2011).

3. Results

3.1. Isolation and genome of ureolytic 
strain

According to the color indicator and 16S rRNA gene sequence 
chromas, one isolate Z129 with ureolytic activity was finally obtained, 

and was identified as a gram-positive bacterium (Figure  1). The 
genome of the isolate had a size of 4.52 Mbp, with completeness of 
99.97% and contamination of 0.33% assessed by checkM (Figure 2A). 
There were 177 contigs with maximum length of 426 kb, minimum 
of 201 bp, and average of 25.5 kb. The number of predicted genes was 
4,223, of which 4,074 were annotated using eggNOG database 
(Figure 2A). The GTDB-tk taxonomic analysis showed that Z129 
belonged to E. hormaechei. The 16S rRNA gene showed that Z129 
was most closely related to E. hormaechei subsp. xiangfangensis with 
identity of 99.36%.

3.2. Genes involved in urea and 
carbohydrate metabolism

A total of 30 GH families involved in carbohydrate metabolism 
were identified in the genome of Z129. The predominant members 
were GH13, GH19, GH28, and GH154 and account for 40% of the 
total (Figure 2B). The genes involved in urea hydrolysis including 
ureA (302 bp), ureB (314 bp), ureC (1,703 bp), ureD (827 bp), ureE 
(464 bp), ureF (674 bp), and ureG (617 bp) and the gene ureJ 
(539 bp) involved in nickel ion transport were clustered together 
(Figure 2C). Additionally, genes involved in urea transport were 
also clustered together: urtA-urtE (Figure 2D). Urea metabolism 
related genes in the Z129 genome were grouped as genes involved 
in urea transport (urtA-ureE), nickel ions transport (ureJ, tonB, 
nixA, exbB, exbD, and rcnA), urea hydrolysis (ureA, −ureG, and 
ureJ), ammonia assimilation (gdhA, glnA, glnB, glnE, glnL, glsA, 
gltB, and gltD; Figure 2E). Carbohydrate metabolism related genes 
were grouped as genes related to starch hydrolysis (amyE), cellulose 
hydrolysis (celB and bglX), glucose transport (crr, prsG, and malX), 
xylose transport (xylF-xylH), glycolysis (pgi, pgk, fbaA, eno, pfkA, 
gap, pyk, and gpmL), and short-chain fatty acid biosynthesis (aceE, 
aceF, frdA, sfcA, sucC, scpB, acka, and pta; Figure 2E). As for the 
biosynthesis of amino acids such as asparagine, cysteine, 
methionine, lysine, alanine, and threonine, genes including asnB, 
sanA, cysk1, yxjG, dapf, iscS, and thrC were also identified in the 
Z129 genome.

FIGURE 1

Gram-staining of strain Z129 observed by a bright-field microscope.

123

https://doi.org/10.3389/fmicb.2023.1169973
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhong et al. 10.3389/fmicb.2023.1169973

Frontiers in Microbiology 04 frontiersin.org

3.3. Pan-genome analysis of Enterobacter 
hormaechei

Twelve genomes of known E. hormaechei strains and Z129 were 
used for pan-genome analysis. The number of pan gene clusters 

increased to 8,814 and core gene clusters decreased to 3,388, but the 
curve gradually flattened out (Figure 3A). The genomic phylogenetic 
tree analysis of E. hormaechei strains also showed that strain Z129 was 
most closely related to E. hormaechei ATCC 49162 (Figure 3B). The 
average nucleotide identity (ANI)values between Z129 and other 

A

E

C

D

B

FIGURE 2

Functional genes related to urea and carbohydrate metabolism of strain Z129. (A) Circle diagram showing the genome. From the outside to the inside 
are GC-skew and GC-content. (B) The number of annotated genes in different GH families. The GH families with less than four genes were combined 
into the others. (C) Gene clusters for urea hydrolysis. The number indicates the length of the gene, the unit is bp. (D) Gene clusters for urea 
transportation. The number indicates the length of the gene, the unit is bp. (E) Genes involved in urea transport, nickel ions transport, urea hydrolysis, 
ammonia assimilation, starch metabolism, cellulose metabolism, xylose metabolism, and pyruvate metabolism.
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strains are as following: E. hormaechei YT3 (95.00%), E. hormaechei 
YT2 (94.83%), E. hormaechei subsp. hoffmannii UCICRE 9 (94.34%), 
E. hormaechei subsp. hoffmannii UCICRE 3 (94.24%), E. hormaechei 
subsp. hoffmannii UCI 50 (94.27%), E. hormaechei subsp. hoffmannii 
MGH 13 (94.25%), E. hormaechei subsp. hoffmannii ECNIH3 
(94.28%), E. hormaechei subsp. hoffmannii ECR091 (94.25%), 
E. hormaechei subsp. steigerwaltii (94.80%), E. hormaechei subsp. 
xiangfangensis (94.75%), E. hormaechei ATCC 49162 (98.69%), 
E. hormaechei subsp. oharae (95.06%; Figure  3C). The ANI value 
between Z129 and E. hormaechei ATCC 49162 was the highest. The 
pan-genome analysis among 13 genomes showed that the amount of 
unique genes in each genome was in the range of 8–440 (Figure 4A). 

Strain Z129 provided 238 new genes representing 2.7% of genes of the 
species, and 5.6% of genes of its genome (Figure 4A). Compared with 
the other 12 strains, Z129 shared 110 genes with the most closely 
related strain E. hormaechei ATCC 49162 and shared no genes with 
E. hormaechei YT3, E. hormaechei YT2, E. hormaechei subsp. 
hoffmannii ECR091, UCICRE 3, and ECNIH3 (Figure 4A). The COG 
annotation showed that the core gene clusters included 1,438 genes for 
metabolism, 767 for cellular processes and signaling, 573 for 
information storage and processing and 610 for not annotated and 
poorly characterized (Figure 4B). The shared genes between Z129 and 
E. hormaechei ATCC 49162 included 19 genes for metabolism, 6 for 
cellular processes and signaling, 31 for information storage and 

A
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FIGURE 3

Pan-genome analysis of Z129 and 12 other Enterobacter hormaechei strains. (A) The number of pan gene clusters and core gene clusters along with 
the addition of new strains of E. hormaechei. (B) Phylogenetic tree highlighting the relationship of Z129 with other E. hormaechei strains based on the 
genome sequence. (C) Pairwise comparisons of average nucleotide identity (ANI). The color indicates the value of ANI, the value range is 90–100 with 
color turning from blue to red.
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processing and 54 for not annotated and poorly characterized 
(Figure 4B). Some of unique genes, such as appA, nrfa, and wecE, of 
Z129 were related to phosphorus and nitrogen metabolisms 
(Supplementary Table 1). Additionally, urease protein UreC existed in 
all E. hormaechei strains and the phylogenetic tree of AA sequences 
showed that Z129 was most closely related to E. hormaechei ATCC 
49162 followed by E. hormaechei subsp. xiangfangensis (Figure 5A). 
Two sites in the UreC AA sequence differed between Z129 and 
E. hormaechei (Figure 5B).

3.4. Functional activity of Z129

The enzyme activity test using API ZYM and API 20 STREP 
showed that Z129 was positive for alkaline phosphatase,  
leucine arylamidase, acid phosphatase, naphthol-AS-BI-
phosphohydrolase, α-glucosidase, β-glucosidase, and pyrrolidone 
arylaminase, but negative for esterase (C4), esterase lipase (C8), 
lipase (C14), valine arylamidase, cystine arylamidase,  
trypsin, α-chymotrypsin, α-galactosidase, β-galactosidase, 

A

B

FIGURE 4

Distribution of genes among Enterobacter hormaechei strains. (A) Upset figure showing the unique genes of each strain and genes shared between 
any two strains. (B) COG annotation showing the core genes, unique genes, number of contigs, GC content, and genome length.
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β-glucuronidase, N-acetyl-β-glucosaminidase, α-mannosidase, 
and α-fucosidase (Figures 6A, B). The sugar utilization assay of 
API 20 STREP revealed that Z129 took advantage of  
D-ribose, L-arabinose, D-lactose, and starch, but not D-mannitol, 
D-sorbitol, D-trehalose, inulin, D-raffinose, and glycogen.  
The urea nitrogen during Z129 incubation was  
decreased by 55.37% at 48 h indicating high ureolytic activity  
(Figure 6C).

4. Discussion

We isolated a new strain Z129 belonging to E. hormaechei that 
showed an ANI of 98.69% with E. hormaechei ATCC 49162. 
Compared with the strains of this species, Z129 possessed unique 
genes including appA, nrfA, and wecE. The expression of appA 
significantly improves phytase activity (Chiera et al., 2004), which can 
increase the efficiency of phytate phosphorus (Beaulieu et al., 2007). 

A

B

FIGURE 5

Comparative analysis of Z129 and 12 other Enterobacter hormaechei strains based on UreC AA sequence. (A) Phylogenetic tree based on UreC AA 
sequence. (B) Alignment of UreC AA sequences among Z129, E. hormaechei subsp. xiangfangensis and E. hormaechei ATCC 49162. The black circles 
indicate the different sites between Z129 and E. hormaechei subsp. xiangfangensis, and the red circles indicate the different sites between Z129 and E. 
hormaechei ATCC 49162.
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The addition of phytases improves the final body weight and feed 
conversion ratio of weaned piglets fed with a diet lacking in calcium 
and phosphorus (Wiśniewska et al., 2020). Gene nrfA can be involved 
in catalysis of the second step of dissimilatory nitrate reduction to 
ammonium to reduce nitrogen loss and protects the environment 
(Tiedje, 1988). Expression of nrfA is induced in a low-nitrate 
environment (Wang and Gunsalus, 2000). Gene wecE has been 
identified in Escherichia coli and encodes a sugar aminotransferase 
regulating synthesis of TDP-4-amino-4,6-dideoxy-D-galactose 
(Hwang et  al., 2004). Therefore, the isolation of Z129 enriches 
taxonomic information, and the discovery of these unique genes 
expands the known genetic diversity within E. hormaechei.

Strains of E. hormaechei can produce urease (Roslan et al., 2020) 
and all E. hormaechei strains possesses genes encoding urease. Our 
results also showed that Z129 could utilize urea nitrogen. However, 
there is limited research concerning the genes involved in the whole 
urea metabolism within E. hormaechei. In this study, we successfully 
explored these genes. Urease is crucial in urea metabolism. Although 
urease gene clusters differ for different bacteria, they usually include 
structural genes (e.g., ureA-ureC) and accessory genes (e.g., ureD-
ureI). Urease is a metalloenzyme with two nickel ions in its active 
center (Alfano and Cavazza, 2020). In fact, urease activation is a 

metal assembly process between nickel ions and urease structural 
proteins. Firstly, UreE transfers nickel ions to UreG (Yang et  al., 
2015), then UreG passes nickel ions to UreF (Zambelli et al., 2014), 
and nickel ions finally enter urease through UreD channels to 
complete the assembly of metal centers (Carter and Hausinger, 2010). 
Therefore, these helper genes and nickel ions are essential for urea 
metabolism. The entry of nickel ions is aided by nickel ion 
transporters encoded by nikA-nikE, fecADE, frpB4, tonB, ExbBD, 
nixA, ceuE, hpn, and ureJ (Dmitry et al., 2006; Hilde et al., 2013; 
Haley and Gaddy, 2015; Vinella et al., 2015). In this study, genes 
related to urease (ureA-ureG) and related to nickel ion transport 
(ureJ, tonB, nixA, exbB, exbD, and rcnA) were all detected. The urease 
of rumen bacteria is located in the cytoplasm (McLean et al., 1985), 
meaning that urea must enter the bacteria before it is hydrolyzed by 
urease. Rumen bacteria usually possess three types of urea 
transporters: one is pH-independent, such as Yut (Sebbane et al., 
2002), the other is ATP-activated encoded by urtA-urtE (Hailemariam 
et al., 2021). In strain Z129, we identified genes including urtA-urtE 
related to urea transport. The urea is hydrolyzed to ammonia which 
is not used directly by ruminants. The ammonia should be assimilated 
to produce other forms of nitrogen for the growth and production of 
ruminants. The nitrogen assimilation in bacteria is controlled by 
gdhA, glnA, glnN, glnB, glnE, glnG, glnL, glnK, glnR, and glsA 
(Herrero et al., 2019; Liu et al., 2020), which are also found in Z129 
genome. All these results revealed that strain Z129 contained all the 
genes involved in urea metabolism including urease activation, urea 
transport, and ammonia assimilation, which meant that Z129 
possessed the ability for urea metabolism. The rumen fermentation 
in vitro also showed that Z129 had ureolytic activity.

In addition to the urea metabolism, we  also focused on the 
carbohydrate utilization of Z129. The E. hormaechei species can 
ferment various carbohydrates including D-glucose, L-arabinose, 
cellobiose, dulcitol, D-galactose, maltose, D-mannitol, D-mannose, 
L-rhamnose, sucrose, trehalose, and D-xylose (O'Hara et al., 1989). 
The sugar utilization test also showed that Z129 fermented D-ribose, 
L-arabinose, and D-lactose but not D-mannitol, D-sorbitol. 
D-trehalose, inulin, D-raffinose, and glycogen. Although there were 
some differences from the result of O'Hara et al. (1989), Z129 showed 
the ability to ferment various carbohydrates. The CAZymes 
annotation also showed that there were various GH families including 
GH13, GH19, GH154, GH28, GH102, GH77, GH4, GH24, and 
GH23 in the Z129 genome. The GH28 family plays important roles 
in pectin degradation (Zhao et al., 2013) and contains all pectin-
degrading hydrolases (Anuradha and Bhawaniprasad, 2019). The 
GH19 family contains endo-chitinases which hydrolyzes the 
chitinoside bond to produce N-acetyl-D-glucosamine (Nakagawa 
et al., 2013). The most typical and studied enzyme among GH13 is 
α-amylase, which specifically catalyzes hydrolysis of α-1,4-glycosidic 
linkages of starch to produce small molecular products including 
glucose, maltose, and maltotriose (Gangadharan et  al., 2008). In 
addition, genes related to starch, cellulose and hemicellulose 
metabolism including amyE, celB, bglX, xylF-xylH, fbaA, aceA, and 
sucC were also identified in the Z129 genome. The nitrogen from 
urea metabolism and the carbon from carbohydrate fermentation are 
used together to produce various AAs.

In conclusion, Z129 is a new gram-positive strain of E. hormaechei, 
carrying unique genes including appA, nrfA, and wecE related to feed 
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FIGURE 6

The enzyme activity and utilization of carbohydrates and urea. 
(A) Results of API ZYM, indicating 19 kinds of enzyme activities. The 
blue presents positive, the blank presents negative. (B) The results of 
API STREP 20. The result indicates enzyme activities and utilization of 
carbohydrates. The blue presents positive, the blank presents 
negative. (C) Change of urea nitrogen with the increased culturing 
time.
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conversion ratio, nitrogen dissimilatory reduction and lactose synthesis. 
Strain Z129 possesses the genes of each step of urea metabolism and 
various genes involved in cellulose, hemicellulose, and starch fermentation.
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communities
Zhiyuan Ma 1,2, Juwang Zhou 1, Ting Liu 1* and Chen Zheng 1

1 College of Animal Science and Technology, Gansu Agricultural University, Lanzhou, China, 2 College of 
Pastoral Agriculture Science and Technology, Lanzhou University, Lanzhou, China

The pelleted TMR pulverized the grass during processing, which may result in 
more solid attached microorganisms in the filtered rumen fluid. The objective of 
this study was evaluating the necessity of distinguishing physical phases of rumen 
contents for analysis of prokaryotes communities in rumen of lambs fed pelleted 
TMR, considering the dissimilarity of diversity and community of bacteria and 
archaea between fluid and mixed rumen contents. The yield of microbial DNA, 
bacterial diversity, abundances of fibrolytic bacteria of phylum Fibrobacterota 
and Spirochaetota, as well as genus Ruminococcus, Lachnospiraceae_NK3A20, 
Fibrobacter, and F082, and abundance of archaeal Methanimicrococcus in 
rumen fluid were lower than those in mixed phase of rumen contents (p ≤ 0.05). 
In conclusion, it is necessary to consider rumen content physical phases when 
studying the prokaryotic community in rumen of lambs fed pelleted TMR.

KEYWORDS

rumen fluid, rumen contents, pelleted TMR, bacteria, archaea

Introduction

It has been well-recognized that the microbial communities inhabiting the fluid and solid 
phases of rumen contents are distinguishing (Henderson et al., 2013). Bacterial communities 
associated with solid phase was fibrolytic phyla Fibrobacteres and Firmicutes, particularly genus 
Butyrivibrio, Succiniclasticum and Lachnospiraceae, while the predominant bacterial community 
member in fluid phase was Prevotella (Henderson et  al., 2013). A hydrotrophic archaea 
Methanobrevibacter is prevalent in the rumen, accounting for 60%–95% of the total archaea 
(Hook et al., 2010; Ma et al., 2019). Interestingly, the structure of the archaeal community is also 
different between the solid and liquid phases of rumen contents, and minority archaea such as 
Methanosphaera are less abundant in the solid phase (Henderson et al., 2013; Vaidya et al., 2018).

The solid and fluid phases of rumen contents are generally separated by filtration through 
cheesecloth. In regular TMR for sheep, the length of the forage is generally 2–10 cm (Nielsen et al., 
2017). The usual mesh size of cheesecloth used to separate rumen fluid is 250–350 μm (Ma et al., 
2019), through which forage in regular TMR can be easily intercepted. However, in the pelleted 
TMR commonly used in lambs, the forage is pre-crushed to less than 8 mm to meet the 
homogenization requirements before pelleting (Malik et al., 2021). To some extent, this adds the 
probability of forage particles escaping into the liquid phase during squeezing filtration of 
cheesecloth. It is possible that the rumen fluid obtained for determination of the microbial 
composition could represent the rumen contents when lambs are fed pelleted TMR. Since rumen 
sample fractions differed substantially in terms of their physical natures and associated 
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microorganisms, particular attention should be paid to studies involving 
the composition of rumen prokaryotes based on sequencing technology. 
Rumen solid phase is a better choice when studying rumen fibrolitic 
population (Gharechahi et al., 2020), while rumen fluid is undoubtedly 
more advantageous in animal welfare and application because of its 
convenience and safety (Henderson et al., 2015). The rumen contents of 
lambs that are fed finely ground feed are homogenized and more solid 
fragments escape into the liquid phase even after being filtered by gauze. 
Therefore, it is necessary to determine whether it is essential to 
distinguish between the solid and liquid phases when examining the 
rumen contents of lambs fed this finely ground diet.

Our hypothesis was that the characteristics of the physical form 
in pelleted TMR causes the solid phase of rumen contents to more 
easily escape cheesecloth in the process of separation. In this study, the 
need to distinguish physical phase of rumen contents was evaluated 
from the perspective of differences in prokaryotic community 
composition between rumen contents and rumen fluid for lambs fed 
pelleted TMR.

Methods and materials

Experimental design and animals

The animal study and sample collection were approved by the 
Ethics Committee of Gansu Agriculture University, Gansu, China 
(Approval number: GSAU-LIU-2018-02).

Under a paired design, fluid and mixed phases of rumen contents 
were collected from 10 Hu lambs (about 70-day-old, average body 
weight = 15.8 ± 0.76 kg) fed a same pelleted TMR. The pelleted TMR 
contained 5% alfalfa hay, 55.90% corn, 11% soybean meal, 1.5% whey 
powder, 7% expended soybean, 17% dried malt root, 1.20% limestone, 
1% premix, 0.3% NaCl, and 0.1% feed attractant. All lambs had free 
access to water and feed.

Animals were slaughtered after a 12-h fasting period. After 
slaughter, about 200 g of the contents from the middle of rumen and 
used as the mixed phase. The liquid phase of rumen contents was 
achieved after filtering through four layers of cheesecloth. All samples 
were immersed in liquid nitrogen immediately, and then stored at 
−80°C until DNA extraction.

DNA extraction

Microbial DNA were extracted from fluid and mixed phases of 
rumen contents using YM + SB method (Ma et al., 2020). The integrity 
of the DNA was validated using 1% (w/v) agarose gel electrophoresis. 
The DNA yields and purities were evaluated by measuring the OD260/280 
and OD260/230 ratios using a spectrophotometer (NanoDrop, Thermo 
Fisher Scientific, Waltham, MA, United States).

16S rRNA amplicon sequencing

Amplicon sequencing with single-end reads was conducted on an 
Ion S5 XL platform (Thermo Fisher Scientific, Waltham, MA, 
United States) by Novogene Co., Ltd. (Tianjing, China) according to 
the standard procedure of the company. In brief, microbial DNA 
samples were diluted to 1 ng/μL before amplifying the designated 

regions of 16S rRNA genes of prokaryotes. The V3-V4 bacterial 16S 
rRNA genes were amplified using primers of 341F (5′-CCTAYGGGRB 
GCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) 
(Zakrzewski et al., 2012). The V8 regions of archaeal 16S rRNA genes 
were amplified using 1106F (5′-TTWAGTCAGGCAACGAGC-3′) 
and 1378R (5′-TGTGCAAGGAGCAGGGAC-3′) (Feng et al., 2013).

Bioinformatic analysis

Quality control on the raw reads was performed by vsearch by 
setting -fastq_maxee 1 and -fastq_maxee_rate 0.01 (Rognes et al., 
2016). Chimera sequences were detected and removed by usearch 
-uchime_denovo (Edgar, 2010). The zero-radius OTUs (ZOTUs) were 
identified by setting usearch -unoise3 (Edgar, 2010). Representative 
ZOTU sequences were annotated with Mothur (Schloss et al., 2009) 
referring Silva.nr. 138 for bacteria (Elmar et al., 2007) and RIM14.6 for 
archaea (Seedorf et al., 2014).

The alpha diversity of ZOTUs was estimated by using observed 
ZOTUs and faith’s phylogenetic diversity (PD) index (Armstrong et al., 
2021). The principal coordinate analysis (PCoA) was conducted based 
on Bray–Curtis dissimilarity matrix (Bray and Curtis, 1957) to obtain 
and visual principal coordinates from complex multidimensional data. 
The diversity calculations were performed in R (R Core Team, 2020), 
and the relevant codes is accessible at Ma (2021).

Statistical analysis

Paired t-test were conducted using R with the parameter of 
paired = TRUE (R Core Team, 2020). To test for differences in overall 
bacterial or archaeal community between fluid and mixed phases of 
rumen contents, the Bray–Curtis dissimilarity matrix among sources 
of variation was parted, and a permutational ANOVA (PMANOVA) 
was performed by vegan with 999 permutation (Oksanen et al., 2007). 
All p-values of relative abundances of amplicon data were adjusted 
according to the method of Benjamini and Hochberg (1995) by 
p.adjust() function of R (R Core Team, 2020). A probability of p < 0.05 
was considered to indicate a significant difference.

Results and discussion

In our experience, rumen contents of lambs fed pelleted TMR are 
more viscous and more homogeneous than those of adult ruminants. 
This is in line with reports that pelleted TMR increases organic acid 
concentration (Trabia et  al., 2020; Li et  al., 2021) and rumen 
absorption capacity (Malik et al., 2021). So, we compared rumen fluid 
with rumen mixed contents to determine its representative.

In this study, high yield DNA was extracted from rumen fluid 
and rumen mixed contents. The yield of DNA extracted from adult 
goat rumen fluid was only one third of that in this study using the 
same DNA extraction method (Ma et al., 2020). This suggests that 
more solid contents in lambs fed pelleted TMR escaped through the 
cheesecloth. The microbial DNA yield in the rumen mixed content 
was higher than that in the rumen liquid (p = 0.003, Table 1). It was 
expected because the microbes in the solid phase are much denser 
than those in rumen fluid (Vaidya et al., 2018). However, neither 
extracted DNA from rumen fluid nor mixed contents was achieve 
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the ideal value of 2, as indicated by OD260/230, the key indicators 
related to DNA quality, were 1.66 and 1.56, respectively. This level is 
close to that of DNA extracted from adult goats using the same 
method (Ma et  al., 2020), and higher than seven out of fifteen 
commercially available DNA extractions methods (Henderson 
et al., 2013).

A total of 1,594,679 bacterial reads and 160, 0916 archaeal 
reads were obtained by sequencing, with an average of 79, 733 and 
80,045 reads per sample, respectively. After the denoise algorithm, 
the reads collapsed into 1, 911 bacterial ZOTUs and 225 archaeal 
ZOTUs. The bacterial alpha-diversity was higher in mixed rumen 

contents than in rumen fluid, as indicated by higher observed 
ZOTUs and PD index (Table  1, p = 0.02). But archaeal alpha-
diversity was not influenced by physical phase of rumen contents, 
as indicated by similar observed ZOTUs and PD index (p ≥ 0.25). 
This result was similar to that of adult ruminants fed regular TMR 
(Vaidya et al., 2018), but did not align with our hypothesis. This 
suggests that if research needs to cover more bacteria, mixed 
content is a better choice.

Principal coordinate analysis at ZOTU level shown both 
overall communities of bacteria and archaea in rumen fluid and 
mixed rumen contents were different (p < 0.001, Figure 1). Further 
taxonomic abundance analysis showed that the rumen fluid had 
lower abundances of phylum Fibrobacterota and Spirochaetota, as 
well as genus Ruminococcus, Lachnospiraceae_NK3A20, 
Fibrobacter, and F082, which are related to fiber degradation, than 
the mixed rumen contents (p ≤ 0.03, Figure  2; 
Supplementary Tables S1, S2). Populations attached to feed 
particles can infiltrate surface of feed plants and have more 
activity in degrading carbohydrate than the planktonic population 
(McAllister et al., 1994). It is well recognized that the population 
of fibrolytic bacteria on rumen fluid is much lower than on forage 
grass (De Mulder et al., 2017; Vaidya et al., 2018). Unfortunately, 
the relative abundances of fibrolytic bacteria in rumen fluid was 
not representative of the rumen contents, although pelleted TMR 
greatly reduced the size of the forage.

We detected that 99.9% of the archaea were Euryarchaeota, so they 
were not analyzed at the phyla level. Archaea in the rumen are 
hydrogen-trophic methanogens that usually coexist with hydrogen-
producing microorganisms such as fibrolytic bacteria (Czerkawski 
et al., 1972). The second largest archaeal genus Methanosphaera in the 
rumen has been reported to be more abundant in rumen fluid than in 
solid rumen contents (Henderson et al., 2013; Vaidya et al., 2018). 
However, we only observed a numerical change (p = 0.87; Figure 2 and 
Supplementary Table S3). Our comparison of rumen fluid with mixed 
rumen contents rather than solid phase may have reduced this 

TABLE 1 Microbial DNA quality and alpha-diversity of fluid and mixed 
phase of content in rumen of lambs fed pelleted TMR starter.

Items1 Rumen 
content phase

SEM P-value

Fluid Mixed Rumen 
content 
phase

Animal

DNA yield, 

μg/g
175 335 26.1 0.003

0.005

OD260/280 2.05 2.10 0.042 0.45 0.39

OD260/230 1.66 1.56 0.056 0.32 0.11

Bacteria

  Observed 

ZOTUs
1,755 1,825 18.8 0.02

0.07

  PD 33.8 34.4 0.18 0.02 0.01

Archaea

  Observed 

ZOTUs
150 158 4.4 0.25

0.30

  PD 12.3 13.5 1.23 0.48 0.57

1Faith’s phylogenetic diversity.

FIGURE 1

Principal coordinate analysis (PCoA) of bacterial (A) and archaeal (B) community at ZOTU level. PMANOVA, permutational multivariate analysis of 
variance with 999 permutations. The ellipses show contrasting prokaryotic community in mixed and liquid phases of rumen content.
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discrepancy to some extent. We  observed that archaeal genus 
Methanimicrococcus was less abundant in rumen fluid than in mixed 
rumen contents (p = 0.01). Genus Methanimicrococcus has been 
reported to decrease in abundance with the increase of dietary forage 
(Huo et al., 2020), suggesting that it may be symbiotic with planktonic 
hydrogen-producer. Such speculation was contradicted with the lower 
relative abundance of genus Methanimicrococcus in rumen fluid than 
in mixed rumen contents. More research is needed to understand 
this phenomenon.

In conclusion, the yield of microbial DNA, bacterial diversity, 
abundance of fibrolytic bacteria, and abundance of archaeal 
Methanimicrococcus in rumen fluid were lower than those in 
mixed rumen contents. Therefore, this study emphasizes the need 
for careful consideration of sample collection methods in rumen 
microbial studies, especially in young ruminants like lambs.
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Modulating gastrointestinal 
microbiota to alleviate diarrhea  
in calves
Wenjuan Du , Xianghuang Wang , Mingyang Hu , Jinxiu Hou , 
Yufeng Du , Wenjin Si , Linhai Yang , Le Xu  and Qingbiao Xu *

College of Animal Sciences and Technology, Huazhong Agricultural University, Wuhan, China

The calf stage is a critical period for the development of heifers. Newborn calves 
have low gastrointestinal barrier function and immunity before weaning, making 
them highly susceptible to infection by various intestinal pathogens. Diarrhea in 
calves poses a significant threat to the health of young ruminants and may cause 
serious economic losses to livestock farms. Antibiotics are commonly used to treat 
diarrhea and promote calf growth, leading to bacterial resistance and increasing 
antibiotic residues in meat. Therefore, finding new technologies to improve the 
diarrhea of newborn calves is a challenge for livestock production and public 
health. The operation of the gut microbiota in the early stages after birth is crucial 
for optimizing immune function and body growth. Microbiota colonization 
of newborn animals is crucial for healthy development. Early intervention of 
the calf gastrointestinal microbiota, such as oral probiotics, fecal microbiota 
transplantation and rumen microbiota transplantation can effectively relieve calf 
diarrhea. This review focuses on the role and mechanisms of oral probiotics such 
as Lactobacillus, Bifidobacterium and Faecalibacterium in relieving calf diarrhea. 
The aim is to develop appropriate antibiotic alternatives to improve calf health in a 
sustainable and responsible manner, while addressing public health issues related 
to the use of antibiotics in livestock.

KEYWORDS

calf diarrhea, gastrointestinal microbiota, gut health, rumen, probiotics

1. Introduction

Neonatal calf diarrhea (NCD) is a common cause of growth disorder and death of newborn 
calves and leads to economic losses in the animal husbandry (Cho and Yoon, 2014). The main 
age affected by intestinal diseases is calves under 30 days old (Dall Agnol et al., 2021). According 
to the National Animal Health Monitoring Program for Dairy Products in the United States, 
diarrhea is responsible for 57% of weaned calf mortality, and 20% calf mortality can result in a 
38% reduction in net income (Fentie et al., 2020). Neonatal diarrhea can also reduce the growth 
performance of animals, reduce reproductive performance and milk production in the advanced 
stage of lactation (Aghakeshmiri et al., 2017). In animal husbandry, antibiotics have been widely 
used to treat calf diarrhea and promote livestock growth. However, there is becoming 
increasingly clear that there are many side effects of antibiotic use, with the emergence of drug-
resistant bacteria and the residue of antibiotics in meat being major concerns. More importantly, 
the misuse of antibiotics during the calf stage and repeated diarrhea before weaning can lead to 
immature rumen and intestinal flora, which can have a lasting negative impact on the digestion 
and absorption of the calf growing diet (Ji et al., 2018). Considering the aforementioned risks, 

OPEN ACCESS

EDITED BY

Kun Li,  
Nanjing Agricultural University, China

REVIEWED BY

Junshi Shen,  
Nanjing Agricultural University, China
Fuyong Li,  
City University of Hong Kong, Hong Kong SAR,  
China

*CORRESPONDENCE

Qingbiao Xu  
 qbxu@mail.hzau.edu.cn

RECEIVED 07 March 2023
ACCEPTED 19 May 2023
PUBLISHED 08 June 2023

CITATION

Du W, Wang X, Hu M, Hou J, Du Y, Si W, Yang L, 
Xu L and Xu Q (2023) Modulating 
gastrointestinal microbiota to alleviate diarrhea 
in calves.
Front. Microbiol. 14:1181545.
doi: 10.3389/fmicb.2023.1181545

COPYRIGHT

© 2023 Du, Wang, Hu, Hou, Du, Si, Yang, Xu 
and Xu. 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.

TYPE Review
PUBLISHED 08 June 2023
DOI 10.3389/fmicb.2023.1181545

136

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1181545&domain=pdf&date_stamp=2023-06-08
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1181545/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1181545/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1181545/full
mailto:qbxu@mail.hzau.edu.cn
https://doi.org/10.3389/fmicb.2023.1181545
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1181545


Du et al. 10.3389/fmicb.2023.1181545

Frontiers in Microbiology 02 frontiersin.org

there is an urgent need to expeditiously develop and implement 
innovative strategies to prevent and treat infectious diarrhea in calves. 
This objective seeks to minimize the requirement for antibiotic 
intervention and mitigate the propagation of antibiotic-resistant 
bacteria to both animal and human populations. Therefore, it is 
extremely important to reduce the use of antibiotics in calves and 
identify alternatives to antibiotic treatment.

The early stages of animal growth have a significant impact on 
their health, with contact with beneficial microbiota being 
particularly important. The early intestinal microbiota plays a crucial 
role in the long-term health of the host, especially in young animals 
whose gut microbiota is more vulnerable to external influences. 
Research has shown that the early postnatal period is a critical 
window for manipulating the gut microbiota to optimize immunity 
in individual newborns (Torow and Hornef, 2017; Figure 1). The 
symbiotic relationship between the host and gut microbiota is vital 
for regulating mucosal immunity and preventing pathogen 
colonization. Early colonization of the gut microbiota is crucial for 
promoting the establishment of intestinal barrier function and the 
maturation of the host immune system, which are essential for 
maintaining overall host health (Gensollen et  al., 2016). The 
underdeveloped immune system in newborn animals is often 
associated with a range of early-onset ailments, such as early 
diarrhea and weaning stress (Chen et  al., 2018). Therefore, it is 
crucial to foster the maturation of the intestinal immune system 
during the early stages of life to enhance the growth, development, 
and disease resistance of newborn mammals.

Timely intervention on calves through the addition of probiotics 
and other methods is essential in promoting their growth and 
metabolism. Probiotics and prebiotics have emerged as potential 
alternatives to antibiotics for promoting intestinal health and reducing 
the incidence of calf diarrhea. A comprehensive understanding of the 
structure and function of gastrointestinal microbiota can help in 
identifying reasonable antibiotic substitutes, such as probiotics and 
prebiotics (Mayer et  al., 2012). Evidence suggests that probiotic 
supplementation can decrease the incidence of diarrhea, improve 
average daily weight gain, and enhance feed efficiency (Timmerman 

et al., 2005). This review aimed to investigate early intervention of calf 
gastrointestinal microbiota to relieve calf diarrhea.

2. Current status of calf diarrhea

Calf diarrhea is a significant cause of growth disorders and 
mortality in newborn calves, resulting in substantial economic losses 
in livestock farms (Cho and Yoon, 2014). The pre-weaning phase is a 
critical time for calves as they are highly susceptible to infectious 
pathogens, which can have a detrimental impact on their intestinal 
health (Kim et al., 2011). Digestive disorders including diarrhea are 
the most common diseases of pre-weaning dairy heifers, affecting 
38.5% (Urie et  al., 2018). In 2018, the National Animal Health 
Monitoring System of the United States published research results 
indicating that diarrhea is the cause of 39% of calf deaths in the first 
3 weeks after birth (Kim et al., 2021). The mortality rate has been 
recently determined to be 7.6% in Canada and 5.3% in Belgium, with 
25.4% of the calves experiencing at least one disease between arrival 
and slaughter (Pardon et al., 2012; Winder et al., 2016). Although the 
mortality rate of dairy heifers in the United States decreased from 11% 
in 2007 to 5% in 2014, the overall morbidity rate 33.9% is still 
alarmingly high (Urie et al., 2018). In summary, calf diarrhea remains 
a practical problem that the cattle industry needs to solve urgently.

3. Causes of calf diarrhea

Causes of calf diarrhea are complex and multifactorial, with 
numerous factors contributing to its development (Cho and Yoon, 
2014). Infectious agents, such as Rotavirus, Coronavirus, Escherichia 
coli and Cryptosporidium, are significant intestinal pathogen that cause 
NCD (Gulliksen et  al., 2009). Calves with diarrhea are generally 
divided into infectious and non-infectious cases, with infectious 
causes being more serious and destructive to cattle husbandry. Several 
variables can lead to the emergence of calf diarrhea, including 
autoimmune disorders, malnutrition, environmental and management 

FIGURE 1

Major microbiota manipulation measures to remodel the dysbiosis of the gastrointestinal microbiota of calves. (A) The gastrointestinal tract of calves is 
susceptible to infection by pathogenic bacteria, leading to diarrhea. The main pathogenic bacteria causing gastrointestinal inflammation and diarrhea 
in calves include: Escherichia coli, Salmonella, BRV, BCV and C. parvum. (B) Measures to prevent and alleviate calf diarrhea through early intervention in 
the calf gut microbiota mainly include: Feed probiotics directly, FMT and RMT. (C) Probiotics mainly include Lactobacillus, Bifidobacterium, etc. The 
marker bacteria for normalizing the gastrointestinal microbiome of calves contain Selenomonas, Porphyromonadaceae, Succinivibrionaceae and 
Prevotella. Figure was created in biorender (http://biorender.io).
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stress and pathogens (Cho and Yoon, 2014). During the fetal period, 
calves cannot obtain immuneoglobulins from the maternal circulatory 
system due to the placenta’s special, leading to functionally immature 
autoimmune systems that are easily attacked by various pathogens 
(Lopez and Heinrichs, 2022). An imbalance of the gastrointestinal 
microbiota tends to induce calf diarrhea. Currently, primary infectious 
agents responsible for pre-weaning diarrhea in calves include 
Enterotoxigenic Escherichia coli (ETEC), Cryptosporidium parvum, 
Rotavirus, Circovirus, and Coronavirus (Foster and Smith, 2009; 
Table 1). Preventing both pathogenic and non-pathogenic diarrhea 
during calf rearing is crucial, as illness during this stage can delay 
growth, impacting productivity and even resulting in death.

3.1. Infectious factors

3.1.1. ETEC
ETEC is a bacterial disease that infects newborn calves and is the 

leading cause of diarrhea after 4 days of birth (Ji et al., 2018). Although 
it rarely affects older calves or cows, severe contamination in the 
environment can lead to ingestion of ETEC and subsequent 
production of two virulence factors K99 fimbriae and heat-stable toxin 
(STa; Foster and Smith, 2009). The K99 antigen is expressed only at 
pH levels below 6.5, which STa is a primary mediator of ETEC and is 
secreted by many ETEC strains. Toxin production is limited when the 
environmental pH is below 7.0 (Saeed et  al., 1986). Preventing 
contamination in the environment and maintaining a healthy pH level 
can help reduce the risk of ETEC infection in calves (Table 1). ETEC 
infects intestinal epithelial cells following ingestion and multiplies in 
the intestinal villi. The low pH of the distal small intestine creates a 
favorable environment for ETEC colonization, leading to villous 
atrophy and intrinsic damage to the lamellae (Francis et al., 1989). 

Upon reaching the ileum, ETEC expresses both K99 antigen and STa 
due to the increase in pH. Newborn calves, with higher proximal 
gastrointestinal tract (GIT) pH, can express the antigen more rapidly 
than older calves (Fossler et al., 2005). ETEC adhesion enables the 
bacteria to colonize and multiply in the ileum, subsequently spreading 
throughout the small intestine. Once established in the intestine, 
ETEC produces heat-stable toxins that cause secretory diarrhea 
(Foster and Smith, 2009).

3.1.2. Salmonella
Salmonella is a bacterial disease that affects calves primarily from 

10 days to 3 months of age and also causes diarrhea in adult cattle and 
heifers. The clinical manifestations of Salmonella are characterized by 
watery and mucous diarrhea with fibrin and blood (Fossler et al., 
2005; Table 1). The mechanisms of Salmonella virulence involve the 
invasion of the intestinal mucosa, multiplication in lymphoid tissues, 
and the ability to evade the host defense system, leading to systemic 
disease. The pathogenesis of Salmonella involves the invasion of 
intestinal epithelial cells, the ability to survive within macrophages, 
and the induction of intestinal pathogenicity (Tsolis et  al., 1999). 
Salmonella can colonize various regions such as M cells, intestinal cells 
and tonsil tissue. Once the bacteria infect lymphoid tissues such as 
tonsil tissue, it can quickly disseminate throughout the body by 
invading monocytes and phagocytes (Holt, 2000; Reis et al., 2003).

3.1.3. Bovine rotavirus
Bovine rotavirus (BRV) is a significant pathogen that causes 

neonatal calf diarrhea, which can be  severe enough to result in 
mortality among newborn calves (Jang et al., 2019). Typically, BRV 
affects calves 1–2 week old, and the short incubation period of 12–24 h 
cause acute diarrhea in calves. Following infection, calves can excrete 
significant amounts of the virus into their feces within 5 to 7 days, 

TABLE 1 The main pathogens that cause diarrhea in calves and their mechanism of action.

Pathogens Period of infection Clinical symptoms Mechanism of action Citations

ETEC Calves aged 4 days after birth Watery diarrhea, passing pale 

yellow, gruel-like, foul-smelling 

stools

ETEC proliferates in the enterocytes of the 

intestinal villi, causing secretory diarrhea

Foster and Smith (2009)

Salmonella Calves aged 10 days to 

3 months

Watery and mucoid diarrhea, 

passing stools that are grayish-

yellow liquid mixed with mucus 

and blood

Salmonella can invade the intestinal mucosa and 

proliferate in the lymphoid tissue, resulting in 

systemic disease

Tsolis et al. (1999)

BRV 1 to 2 weeks old calves Severe watery diarrhea with 

undigested curds mixed in stool

BRV replicates in the cytoplasm of intestinal 

villous epithelial cells, which destroys intestinal 

epithelial cells and secretes viral enterotoxin, 

resulting in diarrhea caused by indigestion and 

absorption

Jang et al. (2019)

BCV 1 to 2 weeks old calves Discharge yellow watery stool 

with respiratory symptoms

BCV attaches to intestinal epithelial cells through 

prickles and hemagglutinin glycoprotein, fusing 

the envelope of the virus with the cell membrane 

or endocytosis vesicle, leading to cell death

Hodnik et al. (2020)

C. parvum Calves aged 4 days and 

6 weeks

Severe diarrhea, gray white or 

yellow feces, containing a large 

amount of cellulose, blood and 

mucus

The direct cytotoxic effect of C. parvum on 

intestinal epithelial cells and apoptosis

Buret et al. (2003)
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potentially contaminating the environment and facilitating the spread 
of the virus to other calves (Ammar et  al., 2014). BRV infection 
mechanism involves replication within the cytoplasm of epithelial cells 
of the small intestinal villi. This result in the destruction of mature 
intestinal epithelial cells in the villi, activation of the enteric nervous 
system by the vasoactive component of the damaged cells, and the 
secretion of viral enterotoxins, which are the main factors contributing 
to rotavirus-induced dyspepsia or malabsorption leading to diarrhea 
(Table 1). Jang’s study demonstrated that rotavirus infection has an 
impact on the diversity, homogeneity, and abundance of the intestinal 
microbiota, as well as on the membership and structure of the 
microbiota (Jang et  al., 2019). Moreover, a study has shown that 
treatment with milk replacer-based probiotics is effective in preventing 
clinical signs of severe diarrhea and BRV infection in calves (Kayasaki 
et al., 2021).

3.1.4. Bovine coronavirus
Bovine coronavirus (BCV) causes calf enteritis in dairy and beef 

cattle. The age of the affected animals ranged from 1 day to about 
3 months, with diarrhea usually occurring between 1 and 2 weeks of 
age and peaking between days 7 and 10 (Clark, 1993). Calves can 
become infected with BCV through the mouth and respiratory tract. 
Clinical signs usually appear 2 days after infection and last for 3 to 
6 days (Hodnik et  al., 2020; Table  1). Calves or calves lacking 
colostrum are particularly vulnerable to severe diarrhea caused by 
secondary coronaviruses. Coronavirus infection usually begins 
proximal to the small intestine and subsequently spreads throughout 
the small intestine (Vlasova and Saif, 2021). The virus attaches to 
intestinal epithelial cells via spikes and hemagglutinin glycoproteins, 
causing the viral envelope to fuse with cell membranes or intracellular 
vesicles (Schultze et al., 1991). The virus then replicates and induces 
cell death through release through normal secretory mechanisms, 
eventually leading to diarrhea (Clark, 1993).

3.1.5. Cryptosporidium parvum
C. parvum is a common gastrointestinal pathogen affecting dairy 

cows and immunocompromised individuals, has become a major 
cause of calf diarrhea worldwide (Mosier and Oberst, 2000). Calves 
between 4 days and 6 weeks old often experience digestive issues due 
to C. parvum (de Graaf et  al., 1999). The parasite is typically 
transmitted via the fecal-oral route, causing acute diarrhea (Tzipori 
and Ward, 2002; Table 1). The life cycle of C. parvum involves five 
stages: trophozoite, schizonts, gametophyte, zygote and oocyst, of 
which the oocyst is the infection stage. C. parvum oocysts are highly 
infectious and can survive in the environment for extended periods of 
time. Thin-walled and thick-walled oocysts are the two types of 
oocysts. Sporozoites escape directly into the intestinal epithelium and 
form self-infection in the thin-walled oocysts, whereas thick-walled 
oocysts (approximately 80%) sporulate in the intestinal epithelium or 
intestinal lumen, and the formed sporozoites are excreted with the 
host feces (de Graaf et al., 1999). C. parvum infection can cause severe 
villi atrophy and crypt hyperplasia in calves and other animals. This is 
due to the loss of intestinal epithelial cells in the villi, resulting in 
secondary retraction of the villi to maintain the integrity of the 
epithelial barrier (Argenzio et al., 1990). The increase in epithelial cell 
loss during C. parvum infection is thought to result from the direct 
toxic effect of organisms on intestinal epithelial cells or cell apoptosis 
(Buret et al., 2003).

3.2. Non-infectious factors

Some management factors, such as colostrum feeding, housing, 
calving assistance, production system, herd size, season and micro-
environmental hygiene, have a significant effect on calf morbidity and 
mortality (Fentie et al., 2020). It is well known that an adequate supply 
of colostrum and passive transfer of immuneoglobulins is very 
important for calf health. The quantity and quality of colostrum and 
the timing of the first colostrum feeding play an important role 
(Weaver et al., 2000). Calves have low immunity and are susceptible 
to various infections, especially when they do not consume enough 
colostrum (Gitau et al., 2010). Insufficient nutrition of calves will also 
affect the immunity of calves, thus affecting the incidence rate and 
mortality (Klein-Jöbstl et al., 2014). The study found that the incidence 
rate of diarrhea in cattle with large-scale breeding increased because 
greater housing density may lead to greater disease outbreaks. It is 
usually recommended to place cattle houses separately because it can 
reduce the load of pathogens (Frank and Kaneene, 1993). The length 
of time that cows and calves spend in the calving area is another factor 
that may affect the risk of diarrhea. Studies have shown that promptly 
clearing the area after each calving can significantly reduce the 
incidence of diarrhea in farm calves (Klein-Jöbstl et al., 2014).

4. Calf gastrointestinal microbiota

4.1. Calf gut microbiota

4.1.1. The importance of the gut microbiota in 
calves

The gut microbiota is made up of millions of genes that are 
essential for microbiota to survive in the gastrointestinal environment, 
with about 99% of them coming from bacteria (Qin et al., 2010). This 
fact demonstrates the importance of the gut microbiota and its 
indispensable role in maintaining the health and normal function of 
mammalian hosts (Gareau et  al., 2010). The importance of gut 
microbiota in maintaining gastrointestinal development and function 
has been widely recognized, and differentiation and development of 
intestinal epithelial cells, mucosal layers, lymphoid structures, and 
immune cells are necessary for the presence of the gut microbiota 
(Malmuthuge and Guan, 2017). Furthermore, the establishment of the 
intestinal microbiota of neonatal calves is a complex process 
influenced by internal and external factors such as microbiota 
succession (Gomez et al., 2017). The symbiotic relationship between 
the gastrointestinal microbiota and the host is essential for maintaining 
mucosal immunity and defending against colonization of pathogens 
(Zeineldin et al., 2018). Studies have shown that the gut microbiota 
has a significant impact on the host immune system, and its presence 
early in development can have lasting effects on gut health in adults 
(Kerr et al., 2015). When the gut microbiota is disrupted, it leads to 
“ecological imbalances” that can lead to increased intestinal 
inflammation, impaired regulation of immune responses, reduced 
pathogens’ ability to compete for nutrients, and in some cases, the 
restoration of normal microbiota contributes to recovery from such 
diseases (Rolhion and Chassaing, 2016; Gomez et al., 2017). Some 
studies have shown that restoring a healthy microbiota community is 
an effective way to prevent or treat gastrointestinal diseases. Microbial 
culture has been used in ruminant feeding as an alternative or 
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reduction of antibiotics for newborn calves, thereby improving cow 
growth performance, feed efficiency, daily gain and milk production 
(Krehbiel et al., 2003).

4.1.2. Microbiota colonization of calves in the gut
Microbiota colonization is influenced by the bidirectional 

interaction between the host and microbiota, as well as external 
factors such as the maternal microbiota, the delivery process, diet, and 
antibiotic usage. Regular exposure to host-specific microbiota is 
essential not only for the development and maturation of the mucosal 
immune system but also for the absorption of nutrients and the 
maintenance of the animal general health (Malmuthuge et al., 2015). 
Oxygen in the intestine is utilized to create a strictly anaerobic 
environment, allowing beneficial bacteria, such as Bifidobacterium 
and Bacteroides, the two primary types of bacteria found in the infant 
gut, to thrive and have a positive effect on the mucosal immune system 
(Jost et al., 2012). Initial microbiota colonization of the gut of calves is 
typically done by Citrobacter, Lactococcus, Leuconostoc and 
Lactobacillus shortly after birth, and the fecal microbiota of calves at 
6 and 12 h after birth is generally quite similar. However, due to 
increased microbiota diversity, the composition of the intestinal 
microbiota changes significantly from 6 to 12 h after birth (Mayer 
et al., 2012).

Studies have shown that the similarity in fecal microbiota 
composition between individuals drops sharply after 24 h, suggesting 
that calves quickly establish a complex microbiota soon after birth. 
However, the individual differences observed in calves lessen with age, 
indicating that a more similar microbiota community is established in 
the calf gut (Mayer et al., 2012). Research has demonstrated that the 
relative abundance of Bifidobacterium and Ruminococcus tends to 
increase with advancing calf age, while the relative abundance of 
Bacteroides and Lactobacillus decreases as calf age increases 
(Malmuthuge et al., 2019; Figure 2). The lower bacterial diversity in 
diarrheic calves compared to healthy calves implies that the gut 
microbiota is related to the host health. Establishing a normal gut 
microbiota before weaning, which generally occurs within 7 weeks of 
birth, is essential for calf health and growth (Oikonomou et al., 2013). 
Therefore, it is necessary to cultivate a healthy gut microbiota in 
newborn calves in order to improve gut health and overall host health.

4.2. Rumen microbiota in calves

4.2.1. Rumen development
In ruminants, the rumen is an enlarged vestal lumen responsible 

for breaking down most food and is the source of major bacterial and 
fungal communities that ferment plant-derived lignocellulosic 
material and other substrates into short-chain organic acids, which are 
then absorbed by the host and contribute to the growth and 
maintenance of the animal (Flint et  al., 2008). The structure and 
physiological traits of the rumen evolve with age, which is closely 
associated with the maturation of the rumen microbiota, as 
fermentation products participate in the formation of the villi lining 
the rumen wall (Beharka et al., 1998). Newborn calves have a much 
smaller proportion of the rumen compared to adult cows and the villi 
of the rumen wall, which it uses to absorb nutrients, have yet to form. 
During the animal lactation stage after birth, the rumen has no 
function and milk does not pass through it due to the reflexes of the 

esophageal groove. Therefore, the development of the rumen in 
newborn calves is necessary for optimal nutrient absorption and 
growth (Jami et al., 2013). As rumen development and microbiota 
colonization occurs, calves are physiologically transformed from 
pseudomonogastric animals to functional ruminants. It is notable that 
the development of the rumen in calves substantially affects feed 
intake, nutrient digestibility and overall growth. Even slight 
adjustments to early feeding programs and nutrition can have a major 
influence on the development of the rumen, leading to long-term 
impacts on the growth, health, and milk production of adult cattle. 
Therefore, the development of the rumen in newborn calves is one of 
the most critical aspects of calf nutrition (Diao et al., 2019).

4.2.2. Colonization of the rumen microbiota
The gastrointestinal tract of young ruminants is sterile at birth, 

and shortly after birth, a significant number of bacteria rapidly start 
to colonize the forestomach. Microbiota inoculation of the rumen of 
newborns can occur through the vaginal canal, feces, colostrum, 
skin and saliva. Members of typical functional rumen groups, such 
as methanogens, Fibrolytic bacteria or Proteobacteria were detected 
in calf rumen less than 20 min after birth, signifying that inoculation 
happened even before birth (Guzman et al., 2015). Streptococcus and 
Enterococcus had a role at the beginning of colonizing the rumen, 
assisting in the formation of a completely anaerobic environment 
and stimulating the fast development of strict anaerobic bacteria 
(Jami et al., 2013). It was found that cellulolytic bacteria and other 
bacterial species important for rumen function can be detected as 
early as 1 day after birth, demonstrating the establishment of these 
rumen bacteria prior to the introduction of concentrated feed to 
young ruminants (Jami et al., 2013). Some anaerobic genera, such as 
Prevotella, that were notably more abundant were identified as 
permanent members of the bacterial community in the mature 
rumen based on samples collected from 3-day-old calves (Stevenson 
and Weimer, 2007; Purushe et al., 2010). Thus, calf GIT colonization 
is initiated early in life and may even begin during parturition as in 
other mammals, however, this dynamic process changes greatly 
during the early life history of the animal (Dominguez-Bello et al., 
2010; Figure  2). The findings revealed that the rumen of three-
week-old calves had a substantial level of both Bacteroides and 
Prevotella, indicating that fermented feed might promote the 
maturation of the rumen microbiota community (Malmuthuge 
et al., 2014).

Members of the dominant populations in the rumen, the phylum 
Bacteroides and Firmicutes were also detected as the dominant 
populations in the fecal community compared to the rumen bacterial 
community (Whitford et al., 1998). In addition, the major Rumenic 
fibrogenic bacteria, such as Fibrobacterium and Flavibacter, increased 
with calf age, which may be related to the development of the digestive 
tract and increased fiber digestibility after birth (Uyeno et al., 2010). 
At two weeks of age, the rumen microbiota in calves becomes more 
diverse and consists of a greater abundance of long-lived bacterial 
species (Li et al., 2012). Another study revealed that the diversity of 
rumen microbiota, as well as the within-group similarity, increased 
with age. This suggests a transition of the rumen microbiota from less 
pronounced and heterogeneous communities to more diverse and 
homogeneous mature bacterial communities (Jami et  al., 2013). 
Furthermore, a recent study further supports this point, suggesting 
that as animals grow older, the diversity of their intestinal flora 
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increases in terms of α diversity, but decreases in terms of β diversity 
(Dill-McFarland et al., 2017).

5. Early microbiota intervention to 
relieve calf diarrhea

5.1. Early supplement of probiotics to 
alleviate calf diarrhea

Probiotics are defined as living microorganisms that, if given in 
sufficient quantities, can provide health benefits to the host (Hill et al., 
2014). Probiotics include bacteria, yeasts and fungi that have beneficial 
health effects on humans and animals. They have the ability to regulate 
the balance and activity of gastrointestinal microbiota, so they are 
considered beneficial to host animals and have been used as functional 
food (Uyeno et  al., 2015). Currently, around 41% of pre-weaned 
heifers are using probiotics (Kim et al., 2011). Adding probiotics to the 
diet of young cattle can prevent imbalances in the intestinal 
microbiota, improve growth and prevent diarrhea, especially in 
stressful conditions (Frizzo et al., 2010).At present, the application of 
probiotics and symbiotic bacteria in young ruminants usually aims at 
the gastrointestinal system and minimizes the incidence of 
gastrointestinal diseases by stabilizing and enhancing the intestinal 
microbiota (Uyeno et al., 2015). Results from experiments indicate 
that supplementation with probiotic products can reduce the 
incidence of diarrhea and improve average daily gain and feed 
efficiency (Signorini et al., 2012).

Kim’s research has demonstrated that direct feeding of micro-
organisms (including three strains of Lactobacillus and three Bacillus 
strains, as well as one strain of Saccharomyces boulardii and one strain 

of non-pathogenic Escherichia coli) as probiotics in calves after birth 
can significantly reduce the incidence of calf diarrhea (Kim et al., 
2011; Table 2). Renaud et al. found that administering a multispecies 
probiotics and yeast bolus to calves at the onset of diarrhea reduced 
the duration of diarrhea (Renaud et al., 2019). Supplementation with 
a multispecies probiotic has been shown to reduce the incidence of 
diarrhea in neonatal calves from day 7 to 21 after birth (Wu et al., 
2021). In addition, the difference of microbiota composition among 
young ruminants is higher than that of adult ruminants (Jami et al., 
2013), and the intestinal microbiota of young ruminants may change 
more easily than that of adult ruminants in early life, making them 
more susceptible to probiotics (Abe et  al., 1995). Compared with 
antibiotics in feed, probiotics in dairy substitutes can reduce diarrhea 
and serve as alternatives to antibiotics (Kim et  al., 2011). 
Supplementing probiotics in dairy substitutes can help mitigate the 
adverse effects of the milk fed veal industry, especially when animals 
experience diarrhea (Villot et al., 2019). Thus, supplementing with 
probiotics offers an opportunity to improve early gut health and 
minimize calves’ susceptibility to intestinal infections before weaning.

5.2. Fecal microbiota transplantation 
alleviates calf diarrhea

Fecal microbiota transplantation (FMT) is a promising treatment 
for dysbiosis related diseases. It involves transplanting the fecal 
contents of a healthy donor into a diseased patient with the aim of 
restoring a healthy gut microbiota and reshaping it to its original state 
(Khoruts and Sadowsky, 2016). FMT has been demonstrated to be an 
effective treatment for calf diarrhea (Borody and Khoruts, 2011). The 
gastrointestinal tract microbiota is essential for regulating host 

FIGURE 2

Postnatal colonization of gastrointestinal microbiota and establishment of healthy gastrointestinal microbiota in calves. (A) The colonization of 
gastrointestinal microbiota is a complex process, and the stable establishment of microorganisms is important for the host. The main colonizing 
bacteria in the intestines of calves 6–12 h after birth include Citrobacter, Lactococcus, Leuconostoc and Lactobacillus. The relative abundance of 
Bifidobacterium and Ruminococcus increased after 24 h after birth in calves, while the relative abundance of Bacteroides and Lactobacillus decreased 
with age. (B) The earliest colonizers of calf rumen were mainly Streptococcus and Enterococcus, which contributed to the transformation of the 
rumen into a completely anaerobic environment. The main form of rumen that can be detected in calves within 3 days of birth is Prevotella. Cellulose, 
Methanogenic bacteria and Prevotella can be detected in the rumen of calves aged 1–3 weeks. Figure was created in BioRender (http://biorender.io).
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mucosal immunity and nutrition, as well as providing resistance to 
pathogen colonization. Establishing a healthy microbiota is crucial for 
the growth and development of young animals, and when calves 
experience diarrhea, FMT using beneficial microbiota from healthy 
donors can help restore a healthy gut flora (Islam et al., 2022). Recent 
studies have reported that FMT is able to improve diarrhea in 
pre-weaned calves by modifying the intestinal microbiota and that 
FMT may have a potential role in improving calf growth and 
development (Kim et al., 2021; Table 2).

The gut microbiota has a profound impact on the development of 
young animals, and it has been demonstrated that changes in the gut 
microbiota early in life can have long-term effects on host health 
(Malmuthuge and Guan, 2017). Increased microbiota diversity and 
stability are important features of healthy calf gut microbiota 
development over time. Calf diarrhea can be predicted by changes in 
early gut microbiota to improve calf health (Ma et al., 2020). The 
relative abundance of Enterobacteriaceae bacteria in recipient calf feces 
at week 5 after FMT is low, suggesting that FMT may modulate gut 
microbiota composition early in life (Rosa et al., 2021). Studies have 
shown that FMT treatment in calves can decrease the occurrence of 
diarrhea and shift the intestinal environment of pre-weaned calves 
with diarrhea from an imbalanced to a symbiotic state. It was found 
that the intestinal microbiota of recipient calves gradually resembled 
that of donor calves after FMT treatment, and the relative abundance 
of Porphyromonadaceae was significantly increased, and its abundance 
was negatively correlated with the incidence of diarrhea, these  
results suggest that regulating the quantitative changes of 
Porphyromonadaceae in the calf intestine may be  the key to solve 
diarrhea in calves (Kim et al., 2021). Selenomonas have also been 
found in successful FMT donors, suggesting that it may act as an 
iconic microorganism and potentially ensure donor-recipient 
compatibility (Islam et  al., 2022). In conclusion, FMT has 
demonstrated effectiveness as a therapy for preventing and treating 
calf diarrhea through the repair of the intestinal microbiota. In 
addition to alleviating diarrhea symptoms, FMT may also aid in the 

identification of beneficial microorganisms and their functional 
metabolites, making it an important area for further research.

5.3. Early intervention of rumen microbiota 
promotes rumen development and relieves 
calf diarrhea

The early stages of a ruminant’s life offer a window of opportunity 
to manipulate the rumen microbiota, which could have lasting effects 
on the health of adult cattle (Yáñez-Ruiz et al., 2015). Previous studies 
have demonstrated that repeated inoculation of adult rumen 
microbiota in pre-weaned calves with diarrhea can significantly 
reduce the frequency and duration of the condition. Analysis of the 
rumen microbiota showed that the rumen flora of recipient calves 
differed from that of the donors, with only one Succinivibrionaceae 
and five other Prevotella were found to have a predominance of OTUs. 
Therefore, rumen microbiota transplantation (RMT) could be  an 
effective approach to preventing and reducing calf diarrhea in a herd 
(Bu et al., 2020; Table 2). Earlier studies have shown that individual 
bacteria introduced via inoculation can establish and persist in the 
rumen of lambs fed an aseptic diet or lambs with relatively simple 
rumen microbiota (Fonty et al., 1983, 1997). Early dietary intervention 
effectively regulated the development of rumen microbiota in dairy 
cows, though any long-term effect on milk production was not 
observed after the intervention was discontinued (Saro et al., 2018; 
Dill-McFarland et  al., 2019). Early studies used rumen fluid or 
contents from adult cattle to inoculate calves have also revealed that 
while inoculation accelerates the colonization of rumen protozoa 
(Pounden and Hibbs, 1950). To further explore the effects of rumen 
microbiota transplantation, further studies should focus on the effects 
of donor-recipient matching in terms of age, species and diet. In 
addition, future studies should also analyze the interactions between 
the rumen microbiota and the host, and assess the long-term effects 
of early dietary intervention on milk production.

TABLE 2 Alleviating calf diarrhea through early microbiological intervention.

Treatment Microorganisms used Effects Citations

Direct feeding of probiotics Lactobacillus  

Bacillus strains  

Saccharomyces boulardii  

non-pathogenic Escherichia coli

Reduced incidence of calf diarrhea Kim et al. (2011)

Oral administration of 

microencapsulated Lactobacillus

Lactobacillus  

Lactobacillus acidophilus

Enhanced colonization of Lactobacillus acidophilus in the gut and 

reduced severity of diarrhea

Abu-Tarboush et al. (1996) 

and Khuntia and 

Chaudhary (2002)

Addition of Bifidobacterium 

bifidum to milk replacer

Bifidobacterium bifidum Reduced diarrhea and improved weight gain Sarkar and Mandal (2016)

Addition of Saccharomyces 

cerevisiae to milk substitutes

Saccharomyces cerevisiae Promote the formation and transformation of rumen bacterial 

community and reduce the incidence of calf diarrhea

Krehbiel et al. (2003) and 

Villot et al. (2019)

Addition of Bacillus subtilis natto 

to calf feed

Bacillus subtilis natto Improve the average daily weight gain and feed efficiency of calves, 

activate the immune system and enhance immunity

Sun et al. (2010)

Fecal microbiota transplantation Selenomonas  

Porphyromonadaceae

Change intestinal microbiota and increase microbiota diversity and 

stability

Kim et al. (2021)

Rumen microbiota 

transplantation

Succinivibrionaceae  

Prevotella

Promote the establishment of early rumen microbiota Bu et al. (2020)
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6. Mechanism of action of probiotics

6.1. Probiotics competitively inhibit 
colonization of intestinal pathogens

In addition to the direct effects, probiotics can also modify the 
intestinal environment in order to gain a competitive advantage. This 
can be achieved through nutritional competition, by lowering the pH 
through the production of inhibitory compounds, or by attaching to 
receptor sites in the gastrointestinal tract in order to prevent pathogen 
binding (Neeser et al., 2000; Dicks and Botes, 2010; Figure 3B). Certain 
probiotic strains have adhesion proteins on their cell surface that 
specifically bind to carbohydrate components of the mucous layer, such 
as the mannose-specific adhesion mechanism of Lactobacillus 
plantarum (Pretzer et al., 2005). Probiotics can also aggregate to form a 
protective barrier, thus preventing the colonization of pathogenic 
bacteria in the intestinal epithelium (Rolfe, 2000). In addition, the 
growth of pathogenic bacteria can also be inhibited by the competitive 
rejection of intestinal binding sites by probiotics (Mekonnen et al., 2020).

Furthermore, Probiotics can promote the production of beneficial 
substances, such as intestinal short-chain fatty acids (SCFAs). For 
example, acetic acid, which is produced by probiotic Bifidobacterium 
in the gastrointestinal tract, has been shown to reduce the risk of 
ETEC infection (Fukuda et  al., 2011; Figure  3A). Additionally, 
Lactobacillus, such as Lactobacillus acidophilus and Lactobacillus 
plantarum, can metabolize complex carbohydrates, such as sugars 
(Walter, 2008), while Bifidobacterium can metabolize various plant 
dietary fibers using various depolymerizing enzymes (Rossi et al., 
2005). The use of carbohydrates other than those used by intestinal 
pathogenic bacteria as a source of carbohydrates allows probiotics to 
expand their colonization area in the GIT, thus suppressing the spread 
of pathogenic bacteria.

6.2. Probiotics restore the intestinal barrier

The intestinal barrier is a complex system consisting of the mucus 
layer, epithelial cell and an underlying lamina propria. The physical 
barrier of intestinal microbiota is formed by tight junctions (TJ) multi-
protein complexes. Disruption of the tight junctions increases 
epithelial permeability, leading to leaky gut. The gastrointestinal 
barrier is a critical defense mechanism for maintaining epithelial cell 
integrity, preventing pathogenic infections and reducing inflammation 
(van Zyl et al., 2020). Probiotics have been found to upregulate the 
synthesis of TJ proteins, such as ZO-1 and occludin, thus protecting 
the integrity of the intestinal barrier (La Fata et al., 2017). For example, 
Lactobacillus rhamnosus strain GG regulates the expression and 
distribution of ZO-1 and claudin-1 proteins, thereby preventing 
damage caused by Enterohemorrhagic Escherichia coli O157:H7 
infection (Johnson-Henry et al., 2008; Figure 3C). Studies have also 
shown that the probiotic Lactobacillus plantarum ZLP001 can increase 
intestinal epithelial resistance to pathogens by sustaining TJ protein 
abundance (Wang et  al., 2018). Furthermore, in vitro and in vivo 
studies on different cell lines and animal models have demonstrated 
that probiotics such as Lactobacillus plantarum MB452, Lactobacillus 
casei, Lactobacillus rhamnosus GG and Lactobacillus reuteri I5007 can 
impact trans-epithelial electrical resistance and epithelial permeability, 
as well as regulate the expression and distribution of TJ proteins (Eun 
et al., 2008; Anderson et al., 2010; Yang et al., 2015).

6.3. Probiotics regulate intestinal immunity

Probiotics have a significant impact on the host innate and 
adaptive immunity. They can regulate various immune cells such as 
dendritic cells (DCs), monocytes/macrophages, T and B lymphocytes, 
and improve the phagocytosis of invasive intestinal pathogens (Viaşu-
Bolocan et al., 2013). Probiotics also trigger the anti-inflammatory 
response of the innate immune system by signaling DCs to secrete 
anti-inflammatory cytokines, such as IL-10 (Mirpuri et  al., 2012; 
Figure 3D). When intestinal pathogens activate NF-κB and MAPK 
signal pathways, it triggers the secretion of pro-inflammatory 
cytokines, such as IL-8, and attract inflammatory immune cells like 
neutrophils to the infected site, which can lead to severe inflammation 
and tissue damage (Llewellyn and Foey, 2017; Figure 3D). However, 
studies have shown that probiotic strains can inhibit the production 
of pro-inflammatory cytokines. For example, Lactobacillus casei 
OLL2768 can suppress ETEC-induced pro-inflammatory responses 
by inhibiting NF-κB and reducing the levels of pro-inflammatory 
cytokines in the MAPK pathway (Finamore et al., 2014). Probiotics 
have been reported to enhance humoral immune responses by 
increasing the number of IgM, IgG and IgA secretory cells and the also 
stimulate non-specific immune responses by activating macrophages 
(Isolauri et al., 2001). Probiotic supplements are used to regulate the 
host immune response to potentially harmful antigens. Research 
studies have indicated that administering Lactobacillus probiotics 
orally can raise IgA levels in children experiencing diarrhea, which 
can lead to a reduction in the duration of the illness (Guarino et al., 
1997; Figure 3D).

6.4. Probiotics directly regulate solute 
secretion and absorption

The intestinal epithelial cells play a crucial role in regulating solute 
levels, and disruptions in this process can lead to watery diarrhea. 
Cl-secretion and Na+ transport, as well as uptake of Cl− or HCO3

−, are 
controlled by multiple lateral groups, apical channels and transporter 
proteins (Thiagarajah et al., 2015; Figure 3E). Bacillus subtilis CU1 has 
been shown to induce epithelial Na+/H+ exchange protein NHE3 
expression and low levels of CFTR in mice, thereby promoting fluid 
absorption and reducing the risk of antibiotic-associated diarrhea 
(Urdaci et al., 2018). Lactobacillus, through its absorptive role, can also 
act as an antidiarrheal agent by increasing the function and expression 
of NHE3 (Singh et al., 2012). Probiotics, therefore, have the potential 
to alter intestinal electrolyte transport proteins, which are an effective 
mechanism to prevent antibiotic-associated diarrhea by maintaining 
the luminal solute concentration (Mekonnen et al., 2020).

7. Application of probiotics in calf 
diarrhea

7.1. Lactobacillus

Lactobacillus is a probiotic that inhibits the growth of pathogenic 
bacteria in the intestine by lowering pH and competitive attachment 
in the intestine (Riddell et al., 2008). Research has shown that adding 
Lactobacillus to calf diets can reduce the incidence of calf diarrhea 
(Abu-Tarboush et  al., 1996). Lactobacillus also increases the total 
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concentration of serum immunoglobulins, suggesting that it has a 
positive effect on calf health (Al-Saiady, 2010). Additionally, multiple 
Lactobacillus species induced greater weight gain in less healthy calves, 
and calves-specific probiotic treatment reduced the incidence of 
diarrhea and fecal coliforms counts, as reported by health scores 
(Timmerman et  al., 2005). Supplementation of Lactobacillus 
acidophilus in 1-day-old calves has also been found to reduce the 
incidence and severity of diarrhea (Khuntia and Chaudhary, 2002; 
Table 2). Two of the most abundant Lactobacillus species found in 
healthy calves, Lactobacillus reuteri and Lactobacillus johnsonii, are 
being studied as potential probiotics to improve gastrointestinal health 
in pre-weaned calves (Fan et al., 2021).

7.2. Bifidobacterium

Administering Bifidobacterium and Lactobacillus to calves during 
the first week after birth can have significant benefits, including 
increased weight, improved feed conversion rates and reduced 
incidence of diarrhea (Abe et al., 1995). These findings suggest that 
these two types of bacteria are essential for maintaining intestinal 
balance and preventing infections in the intestines. Bifidobacterium, 
in particular, is one of the earliest and most abundant bacteria to 
colonize the neonatal gut and can provide various benefits to gut, 
metabolic and immune health. Bifidobacterium bifidum has been 

found to synthesize extracellular polysaccharides that can inhibit the 
growth of pathogens and protect the host epithelial cells from invasion 
(Sarkar and Mandal, 2016; Table 2). Recent results on FMT between 
young and old mice suggest that Bifidobacterium animalis is associated 
with promoting intestinal tract and parenteral health and aging in 
young and older mice receiving young donor microbiotas (Sarkar and 
Mandal, 2016). Therefore, Bifidobacterium may play a crucial role in 
preventing calf diarrhea. Studies have revealed that Bifidobacterium 
pseudocatenulatum LI09 and Bifidobacterium catenulatum LI10 can 
potentially alleviate liver injury in mice by reducing intestinal 
dysbiosis and preserving intestinal barrier function. By improving 
intestinal barrier function, the translocation of bacteria can 
be reduced, leading to a downregulation of an overactive immune 
response, ultimately preventing liver injury (Fang et  al., 2017). 
Furthermore, research indicates that Bifidobacterium can significantly 
antagonize Enterobacteriaceae and Enterococcus by producing acetate, 
potentially protecting neonates from enteropathogenic infections 
(Nagpal et al., 2017).

7.3. Faecalibacterium

Research has found that Faecalibacterium is a microbiota 
biomarker present in calf feces, which has been associated to a 
decrease in the incidence of diarrhea and an increase in body weight 

FIGURE 3

Mechanism of action of probiotics in alleviating GIT diarrhea-related inflammation in calves. Probiotics exert their effect by impacting the integrity of 
intestinal epithelial cells (IECs) through several mechanisms. (A) Production of SCFAs, lowering intestinal pH, creating a favorable environment for 
beneficial bacteria, and inhibiting pathogenic bacterial growth. (B) Competitive binding to intestinal binding sites by some probiotics, which can hinder 
the growth of pathogenic bacteria. (C) Enhancing the stability of intercellular TJ proteins, which reduces intercellular permeability of IECs to pathogens 
and other antigens. (D) Regulating the host innate and adaptive immune response, such as triggering anti-inflammatory cytokines (IL-10) secretion 
from DCs, inhibiting NF-κB, and reducing the levels of pro-inflammatory cytokines (IL-8) in MAPK pathway to suppress the pro-inflammatory response 
induced by ETEC. Probiotics can also stimulate B cells to increase the amount of IgA secreted, thus enhancing the humoral immune response and 
inducing an anti-inflammatory effect. (E) Reducing the risk of antibiotic-related diarrhea by promoting liquid absorption through the exchange of Na+ 
and H+ in epithelial cells. Figure was created in biorender (http://biorender.io).
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during the first few weeks of life (Oikonomou et  al., 2013). The 
administration of Faecalibacterium prausnitzii orally has been shown 
to be effective in reducing diarrhea incidence and related mortality in 
pre-weaning calves for up to 7 weeks after birth (Foditsch et al., 2015). 
Faecalibacterium is one of the major producers of butyrate in the large 
intestinal, butyrate enhances the integrity of the intestinal epithelial 
barrier. The relative abundance of Faecalibacterium has been found to 
be  negatively correlated with the incidence of diarrhea in calves, 
suggesting that a high prevalence of Faecalibacterium early in the 
species may reduce susceptibility to intestinal infections (Oikonomou 
et al., 2013). Uyeno’s research has shown that a high abundance of 
Faecalibacterium in calves is associated with a low incidence of 
diarrhea in the first 4 weeks after birth. Faecalibacterium has an anti-
inflammatory effect due to its secreted metabolites that can inhibit the 
activation of NF-κB and reduce the production of IL-8 (Oikonomou 
et al., 2013).

7.4. Saccharomyces cerevisiae

Saccharomyces cerevisiae, a type of yeast, has been found to 
be  particularly beneficial for maintaining gut health in milk-fed 
calves. It can reduce the abundance of Clostridium difficile, the main 
pathogen associated with infectious diarrhea in calves, and help 
combat other pathogenic microorganisms (Kim et  al., 2011). 
Research has shown that administering multiple probiotic and yeast 
pellets to calves during diarrhea can reduce the duration of diarrhea 
(Renaud et  al., 2019). Supplementing calves with probiotics, 
including Saccharomyces cerevisiae, before and after weaning can 
also promote the formation and transition of rumen bacterial 
communities, facilitating the transition from liquid to dry feeds 
(Krehbiel et al., 2003). The fermentation products of Saccharomyces 
cerevisiae have been shown to enhance rumen morphology and exert 
a beneficial effect on the composition of the rumen microbiota (Xiao 
et al., 2016). Adding Saccharomyces cerevisiae to milk substitutes and 
concentrate has been found to reduce the incidence of diarrhea in 
calves and to maintain a healthy gut microbiota composition, which 
is important for maintaining gut health (Villot et al., 2019; Table 2). 
These findings suggest that Saccharomyces cerevisiae can help calves 
overcome the challenging times of early life in the milk-fed 
calf industry.

7.5. Bacillus subtilis

Bacillus subtilis has been found to have multiple benefits for 
calves, including altering the rumen microbiota, improving digestion 
at weaning and decreasing the severity of diarrhea (Ushakova et al., 
2013). Kim’s research also supports the use of probiotics, including 
three strains of Lactobacillus, three strains of Bacillus, one strain of 
Saccharomyces boulardii and one strain of non-pathogenic Escherichia 
coli, for reducing the incidence of calf diarrhea when directly fed 
postnatally (Kim et al., 2011). Feeding the calves directly with Bacillus 
subtilis before weaning can improve the growth performance of calves, 
including average daily gain and feed efficiency. In addition, the 
Bacillus subtilis natto can also induce the secretion of serum IgG and 
Th1 cytokines in calves, including IFN-γ, This helps to activate the 
immune system and enhance immunity (Sun et al., 2010; Table 2). 

These findings suggest that Bacillus subtilis can be a useful probiotic 
for promoting calf health and reducing the risk of diarrhea.

8. Discussion and prospect

Controlling the intestinal microbiota through direct feeding of 
microorganisms, probiotics has been extensively researched in animal 
husbandry to modify rumen fermentation and prevent pathogen 
colonization. This approach has led to improving production and 
better health outcomes in animals. Among these interventions, oral 
probiotics have been found to be an effective means of alleviating 
diarrhea in calves, with numerous studies demonstrating their ability 
to restore dysbiosis of the intestinal microbiota. Therefore, it is 
important to explore the potential of various beneficial bacteria in the 
early development of the intestinal tract to enhance the host health. 
By establishing a microbiota community dominated by beneficial 
bacteria, the colonization of intestinal pathogens after birth may 
be  impeded, thereby safeguarding the immune system of infant 
ruminants from intestinal infections.

9. Conclusion

Diarrhea is the leading cause of death in calves during the first 
month of life. The gut microbiota of newborn calves changes in the 
early postnatal period, and homeostasis of the gut microbiota 
ecosystem is critical for maintaining gastrointestinal function in calves 
until early weaning. Therefore, it is very important to establish a 
healthy calf gastrointestinal microbiota using early microbiota 
intervention methods. Supplementation with probiotics is an effective 
way to improve early gut health and minimize the susceptibility of 
calves to gut infections before weaning, thereby reducing diarrhea 
rates in calves and potentially affecting calf growth and development 
long-term effects.
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Isoacids supplementation
improves growth performance
and feed fiber digestibility
associated with ruminal bacterial
community in yaks
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Yinjie You1, Zhibin Hu1, Anxiang He5 and Yupeng Liao6

1College of Animal and Veterinary Sciences, Southwest Minzu University, Chengdu, China, 2Key

Laboratory of Animal Science of National Ethnic A�airs Commission, Chengdu, China, 3Key Laboratory

of Qinghai-Tibetan Plateau Animal Genetic Resources Reservation and Utilization, Chengdu, China,
4Qinghai-Tibetan Plateau Animal Genetic Resource Reservation and Utilization Key Laboratory of

Sichuan Province, Chengdu, China, 5Institute of Animal Husbandry Science, Ganzi Tibetan Autonomous

Prefecture, Kangding, China, 6Si Chuan Action Biotech Co., Ltd., Guanghan, China

Introduction: This study was conducted to assess the e�ect of mixed isoacid (MI)

supplementation on fermentation characteristics, nutrient apparent digestibility,

growth performance, and rumen bacterial community in yaks.

Methods: A 72-h in vitro fermentation experiment was performed on an ANKOM

RF gas production system. MI was added to five treatments at doses of 0, 0.1%,

0.2%, 0.3%, 0.4%, and 0.5% on the dry matter (DM) basis of substrates using a

total of 26 bottles (4 bottles per treatment and 2 bottles as the blank). Cumulative

gas production was measured at 4, 8, 16, 24, 36, 48, and 72h. Fermentation

characteristics including pH, the concentration of volatile fatty acids (VFAs),

ammonia nitrogen (NH3-N), microbial proteins (MCP), and the disappearance

rate of dry matter (DMD), neutral detergent fiber (NDFD), and acid detergent

fiber (ADFD) were measured after a 72-h in vitro fermentation to determine

an optimal MI dose. Fourteen Maiwa male yaks (180–220 kg, 3–4 years old of

age) were randomly assigned to the control group (without MI, n = 7) and the

supplemented MI group (n = 7, supplemented with 0.3% MI on DM basis) for

the 85-d animal experiment. Growth performance, nutrient apparent digestibility,

rumen fermentation parameters, and rumen bacterial diversity were measured.

Results: Supplementation with 0.3% MI achieved the greatest propionate and

butyrate content, NDFD and ADFD compared with other groups (P < 0.05).

Therefore, 0.3% was used for the animal experiment. Supplementation with

0.3% MI significantly increased the apparent digestibility of NDF and ADF

(P < 0.05), and the average daily weight gain of yaks (P < 0.05) without

a�ecting the ruminal concentration of NH3-N, MCP, and VFAs. 0.3% MI induced

rumen bacteria to form significantly di�erent communities when compared to

the control group (P < 0.05). g__norank_f__Bacteroidales_BS11_gut_group,

g__norank_f__Muribaculaceae, g__Veillonellaceae_UCG-001, g__Ruminococcus

_gauvreauii_group, g__norank_f__norank_o__RF39 and g__Flexilinea were

identified as the biomarker taxa in responding to supplementation with 0.3% MI.

Meanwhile, the abundance of g__Flexilinea and g__norank_f__norank_o__RF39

were significantly positively correlated with the NDF digestibility (P < 0.05).

Conclusion: In conclusion, supplementation with 0.3% MI improved the

in vitro rumen fermentation characteristics, feed fiber digestibility, and growth
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performance in yaks, which was associated with changes of the abundance of

g__Flexilinea and g__norank_f__norank_o__RF39.

KEYWORDS

yak (Bos grunniens), isoacids, growth performance, fiber digestibility, ruminal bacterial

community, 16S rRNA gene sequencing

1. Introduction

Yaks (Bos grunniens), a large ruminant, have adapted well to the

high-altitude, low oxygen, and cold environment of the Qinghai-

Tibet Plateau, and provide milk, meat, wool, leather, and labor

for local residents (Jing et al., 2022). The adaptation of yaks to

the highlands is closely related to their unique characteristics in

terms of digestion, physiology, rumen fermentation, and rumen

microbiota composition. It has been found that yaks have a larger

heart and lung volume, a higher capacity to sense the environment,

and a higher energy metabolism than cattle (Wang et al., 2011).

In addition, yaks are more tolerant to roughage than cattle (Shao

et al., 2010), e.g., they digest neutral detergent fiber (NDF) better

than cattle and they use nitrogen more efficiently (Zhou et al.,

2017, 2018). Yaks are mainly reared on natural pastures, but due

to the harsh climatic conditions in the winter season, this feeding

pattern cannot sustain adequate nutrient and energy intake for yaks

throughout the year, resulting in a retarded growth rate and even

weight loss (Long et al., 2005; Ding et al., 2012). Therefore, barn-

or feedlot-feeding was introduced to conserve natural pastures,

improve the growth rate, and shorten the feeding period of yaks

(Kang et al., 2020; Du et al., 2021; Hu et al., 2021).

Similar to other ruminants, yaks rely on rumenmicroorganisms

to break down dietary nutrient components. Differences in

physiological characteristics and digestibility suggest that the

rumen microbiome composition of yaks may differ from that of

other ruminants (Xin et al., 2019). Compared with cattle, yaks

show a higher abundance of Firmicutes in the rumen (Xue et al.,

2018). A representative genus is Clostridium, which can degrade

cellulose, xylan or pectin, and other substances in the rumen

(Cholewińska et al., 2020). The ruminal bacterial community of

yaks also showed better dietary fiber degradation features compared

with the normal cattle or hybrid cattle-yak (Dai et al., 2021;

Liu et al., 2022). This may contribute to improving the rumen

fermentation characteristics of yaks, for example, yaks showed

greater ruminal production of VFA but achieved lower methane

emission when compared with cattle and sheep (Zhang et al., 2016).

Therefore, altering the composition and structure of the bacterial

community may improve the rumen fermentation characteristics,

which is beneficial for the growth performance of yaks.

Isoacids, a term referring to the branched-chain volatile fatty

acids (BCVFAs), namely, isovaleric acid (isovalerate), isobutyric

acid (isobutyrate), and 2-methylbutyric acid (2-methybutyrate),

and the straight-chain valeric acid (valerate), are the microbial

metabolites of amino acids, including valine, leucine, isoleucine,

and proline (Andries et al., 1987; Apajalahti et al., 2019). Previous

studies have shown that the addition of isoacids to ruminant diets,

alone or in combination, favors increased enzymatic activities and

proliferation of ruminal fiber-degrading bacteria, and promotes

crude fiber digestibility in vivo (Liu et al., 2014, 2020; Wang

et al., 2015, 2018a; Liu C. S. et al., 2016). Furthermore, in an

in vitro continuous fermentation model, supplementation of a

mixture of BCVFAs showed improved NDF digestibility compared

with the addition of individual isoacids (Roman-Garcia et al.,

2021a,b) and stimulated the relative abundance of fiber-degrading

bacteria, such as Fibrobacter and Treponema (Roman-Garcia et al.,

2021c). Given these beneficial effects of isoacids on rumen fiber

degradation, we hypothesize that supplementation with isoacids

could be an effective option to promote feed fiber utilization

in barn-feeding yaks. Therefore, the objective of this study was

to evaluate the effects of supplementing a mixture of isoacids

on growth performance, rumen fermentation characteristics, and

nutrient digestibility in yaks. Considering the metabolic process

of isoacids by microorganisms in the rumen, we evaluated the

changes in the ruminal bacterial community in response to isoacid

supplementation using 16s rRNA gene sequencing and correlated

the ruminal microbiome with fermentation metabolites and fiber

digestibility in yaks.

2. Material and methods

2.1. Mixed isoacids supplement

The supplemental mixture of isoacids used in this study is a

commercially available feed additive product (Yangleyou, provided

by Si Chuan Action Biotech Co., Ltd), which consisted of a mixture

of isobutyrate, isovalerate, valerate, and 2-methylbutyrate. The

effective content of mixed isoacid (MI) was 63.6 g/100 g. The liquid

mixture of isoacids was absorbed using silica as the carrier in a ratio

of 64:36.

2.2. In vitro fermentation experiment and
cumulative gas production measurement

An in vitro fermentation experiment was conducted to evaluate

the role of different supplemental levels of MI on the fiber

disappearance rate and the fermentation characteristics. The

treatment groups included a non-supplementation control group

(CON) and five MI-supplemented groups supplemented with MI

on the dry matter (DM) basis of the substrate, namely: 0.1% MI

(treatment group 1, T1), 0.2% MI (treatment group 2, T2), 0.3%

MI (treatment group 3, T3), 0.4% MI (treatment group 4, T4), and

0.5% MI (treatment group 5, T5). Each treatment group contained

four replicates.

The in vitro fermentation experiment was performed using

the ANKOM RF Gas Production Systems (ANKOM), which is
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TABLE 1 Ingredients and chemical composition of the TMR1.

Items Content

Ingredient composition, g/100g DM

Corn 31.00

Soybean meal 13.00

Urea 0.15

Na2SO4 0.35

NaCl 0.35

Premix2 1.90

Rumen-protected lysine 0.15

Rumen-protected methionine 0.10

Yeast culture 0.50

Small peptide 0.50

Hydrogenated palm oil 2.00

Corn silage 50.00

Total 100.00

Nutrient composition, g/100g DM3

DM 95.10

EE 3.15

CP 14.31

NDF 30.13

ADF 12.16

Ga 0.76

P 0.38

TMR, Total mixed ration; DM, dry matter; NDF, neutral detergent fiber; ADF, acid detergent

fiber; CP, crude protein; EE, ether extract; Ca, calcium; P, phosphorus.

The premix (vitamins and microelements) contained the following ingredients as per kg of

DM: vitamin A 2 500 IU, vitamin D 550 IU, vitamin E 10 IU, copper 10mg, iron 50mg,

manganese 40mg, zinc 40mg, iodine 0.5mg, selenium 0.2mg, and cobalt 0.2 mg.

The nutrient composition is based on all measured values.
1An explanation of abbreviations for Total mixed ration. 2An explanation of the ingredients

content of premix in per kg feed at dry matter basis. 3An explanation of abbreviations for dry

matter.

designed to automatically measure the kinetics of a microbial

fermentation by monitoring the gas pressure within multiple

modules equipped with temperature sensors and remotely

recording the data in computer spreadsheets. The modules can

communicate information to a computer using radio frequency

(RF) transmission. Numerous variables can be operated from

the computer interface such as data recording intervals and the

automatic pressure release through internal valves in each module.

A run was performed with a total of 24 bottles assigned to 6

groups and 2 bottles as blank. A total of 30ml of rumen fluid,

120ml of artificial saliva, and 1.00 g of substrate were added to a

glass fermentation bottle and covered with the ANKOM module.

A zero-reference module was used to measure ambient pressure.

Two additional bottles incubated with rumen fluid and artificial

saliva only (no substrate) were used as a blank control to correct for

gas production. Briefly, fresh rumen fluid was collected from four

male Maiwa yaks through a stainless-steel stomach tube attached

to a rumen vacuum sampler as previously reported (Wang et al.,

2016a). Yaks were fed the same regime as described in Table 1.

Feed particles were discarded by filtering the liquid collection

through four layers of sterile gauze. The filtered solutions were then

transferred to a vacuum thermobottle, which was pre-incubated

at 37◦C. Carbon dioxide (CO2) was continuously injected into

the rumen fluid to maintain an anaerobic atmosphere during all

of the processes. Artificial saliva solution was prepared according

to the previous procedure (Menke et al., 1979) and well mixed

with rumen fluid in a ratio of 1:4 while simultaneously streaming

with CO2. The fermentation bottles and modules were stabilized

at 39◦C for 1 h, then added with substrates and 150ml of the

mixing liquids, and incubated at 39◦C, 110 rpm/min for 72 h.

Real-time absolute gas pressure and temperature of each module

were recorded every 15min during the 72 h of fermentation. The

cumulative gas production at 4, 8, 16, 24, 48, and 72 hwas converted

according to the ANKOMmanual using the following equation:

Vx = Vj × Ppsi × 0.068 004 084

where Vx = gas production volume, V j = volume of space above

the liquid surface inside the bottle, and Ppsi = gas pressure,

recorded by the ANKOM GPM software (1 psi≈ 6.89 kPa).

2.3. In vitro rumen fermentation
characteristics and nutrient disappearance
rate

The in vitro fermentation experiment was terminated in an ice-

water bath after 72 h. The pH value of each fermentation fluid was

immediately measured using a pH meter. The fermentation fluid

was collected to determine the rumen fermentation characteristics,

including the concentration of NH3-N, MCP, and VFAs. Briefly,

the fermentation fluid was centrifuged at 3,000 rpm for 10min,

and an aliquot of the supernatant was used to determine the

concentration of NH3-N using the micro-Kjeldahl method (AOAC,

2001). Another aliquot of the supernatant was transferred to a

10-ml centrifuge tube, ultrasonicated (ultrasonic probe = 2mm,

350W, repeated 3 times, 30 s each time, and interval = 30 s),

and centrifuged at 3,000 rpm at 4◦C for 10min. Briefly, 1ml

of the supernatant was centrifuged at 10,000 rpm at 4◦C for

20min. The precipitate was rinsed twice with 1ml of saline and

then re-suspended with 1ml of distilled water to determine the

concentration of MCP according to the manufacturer’s instructions

of the BCA kits (Beijing Solarbio Science & Technology Co. Ltd,

Beijing, China).

The concentration of VFAs in the fermentation fluid was

measured according to the method described by Wang et al.

(2014). Briefly, 1.0ml of the supernatant was acidified with

200 µL metaphosphoric acid (25%) overnight at 4◦C. The

samples were analyzed on a gas chromatograph (7890B, Agilent

Technology Inc., Santa Clara, CA) with a chromatographic column

(HP INNOwax - 19091N, 30m long, 0.32mm ID, 0.50m film)

according to the manufacturer’s protocol. The VFAs content was

determined by comparison with the linear retention times of

known standards (Shanghai Anpel Experimental Technology Co.,

LTD, Shanghai, China).
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DM, NDF, and acid detergent fiber (ADF) degradability

(DMD, NDFD, and ADFD) of the fermentation residue were

measured after 72 h of incubation. TheDM content was determined

according to the AOAC method (AOAC, 2001), and the contents

of NDF and ADF were analyzed using a fiber analyzer (automatic

fiber determination analyzer, Gernardt F12) as described by

Van Soest et al. (1991). Finally, they were calculated using the

following equations:

DMD =
(DM of substrate − DM of residue)× 100

DM of substrate

NDFD =
(NDF of substrate − NDF of residue)× 100

NDF of substrate

ADFD =
(ADF of substrate − ADF of residue)× 100

ADF of substrate

2.4. Animals, management, and sample
collection

All animal experimental procedures were approved by the

Animal Care and Use Committee of Southwest Minzu University

(approval number P20210510-2). The animal experiment was

conducted at Seda Niuduoduo Yak Breeding Co. LTD (Ganzi,

China, 30◦055′ N and 101◦969′ E). A total of fourteen Maiwa

male yaks (body weight of 180–220 kg and 3–4 years of age)

were randomly divided into two groups (n = 7 per group), tied

and fed individually, and provided with a basal diet (control

group; CON) or the basal diet supplemented with 0.3% MI. The

Total Mixed Ration (TMR) diet was formulated according to

the Feeding Standards of Beef Cattle of China (NY/T 815-2004,

Ministry of Agriculture of the People’s Republic of China, 2004).

The ingredients and nutrient compositions are listed in Table 1.

During the 95-day experimental period, the yaks had free access

to water and were offered diets ad libitum twice a day (at 08:00–

09:00 and 17:30–18:00). After 10-days of acclimatization, average

dry matter intake (ADMI) was recorded before morning feeding.

Animal body weight (BW) was recorded at the beginning and the

end of the experiment to calculate the average daily gain (ADG) and

feed conversion ratio (FCR).

Feed samples were collected once every 2 weeks and stored

at −20◦C for nutritional evaluation. Total fecal samples were

collected three times daily and pooled on the last 3 days of the

experiment. In total, 200 g of total fecal sample was collected

from each yak, sampled, and stored at −20◦C until analysis.

Briefly, the contents of DM, crude protein (CP), acid insoluble

ash (AIA), and ether extract (EE), in the diet and fecal samples,

were analyzed according to the standard methods described by

AOAC (2001). Calcium (Ca) content was measured by EDTA

complexometric titration, and total phosphorus (P) content was

determined using a spectrophotometer (the People’s Republic of

China National Standard, 2002a,b). NDF and ADF were analyzed

as described in 2.3. AIA was used as an internal marker to evaluate

the apparent digestibility of nutrients, which was calculated using

the following equation:

Nutrient apparent digestibility = 100×(1−
RAIA

MAIA
×
Mn

Rn
)

where Rn = nutrient content in the feed, Mn = nutrient content

in the feces, RAIA = hydrochloric acid insoluble ash content in the

feed, and MAIA =hydrochloric acid insoluble ash content in the

feces (Cheng et al., 2014).

Rumen fluid was collected through a stainless-steel stomach

tube at the end of the experiment after overnight fasting. The

first two tubes of ruminal fluid were discarded to avoid saliva

contamination. The rumen fluid was then divided into two

aliquots. One aliquot (5ml) was transferred to a cryogenic vial and

immediately frozen in liquid nitrogen for 16S rRNA sequencing.

The other aliquot (30ml) was transferred to a centrifuge tube

and stored at −80◦C for chemical determination of VFAs, NH3-

N, and MCP concentrations using the same methods described

in Section 2.2. Blood samples were collected from the jugular

vein of yaks and anticoagulated with heparin sodium. Plasma

was collected after centrifugation at 4,000 rpm for 10min and

stored at −80◦C for further analysis of biochemical and hormonal

parameters.

2.5. Rumen fluid microbial DNA extraction,
16S rRNA gene amplification, and
bioinformatics analysis

Total microbial genomic DNA from the rumen fluid was

extracted using a FastDNA R© Spin Kit for soil (MP Biomedicals,

USA), according to the standard operating procedures. The

concentration, quality, and completeness of the extracted DNA

were determined using a spectrophotometer (NanoDrop2000,

Thermo Fisher, USA) and 1.0% agarose gel electrophoresis

(Biowest Agarose, Biowest, Spain), and then the DNA was

stored at −80◦C for further use. The hypervariable region V3–

V4 of the bacterial 16S rRNA gene was amplified with primer

pairs 338F (5′ ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-

GGACTACHVGGGTWTCTAAT-3′) using an ABI GeneAmp R©

9700 PCR thermocycler (ABI, CA, USA; Liu Q. et al., 2016). A

20-µL reaction system contained 4 µL of 5 × Fast Pfu buffer, 2

µL of 2.5mM dNTPs, 0.8 µL of each primer (5µM), 0.4 µL of

Fast Pfu polymerase, 10 ng of template DNA, and ddH2O to a

final volume of 20 µL. The temperature program was performed

as follows: 95◦C for 3min, followed by 27 cycles of denaturation at

95◦C for 30 s, 55◦C for 30 s, and 72◦C for 45 s, a single extension at

72◦C for 10min, and ending at 4◦C. Purification and quantification

of the amplification product were performed using the AxyPrep

DNA Gel Extraction Kit (Axygen Biosciences, Axygen, USA) and

the QuantusTM Fluorometer (Promega, USA).

The amplicons were sequenced on an Illumina MiSeq PE300

platform (Illumina, San Diego, CA, USA) at Majorbio (Shanghai,

China). Raw sequencing reads were de-multiplexed using an in-

house Perl script, quality-filtered using FASTP (v 0.19.6; Chen et al.,

2018), and merged using FLASH (v1.2.11; Magoc and Salzberg,

2011). Although chloroplast DNA was not removed during the

quality control process, this had a negligible effect on the analysis

results. Paired-end reads were merged into a sequence with a

minimum overlap length of 10 bp and a maximum mismatch ratio

of 0.2 according to the overlapping relationships. The optimized

sequences were clustered into operational taxonomic units (OTUs)
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based on a similarity>97% by using UPARSE 11 (Stackebrandt and

Goebel, 1994; Edgar, 2013). To minimize the effect of sequencing

depth on the bacterial diversity measure, the number of 16S rRNA

gene sequences from each sample was rarefied to 32095, which still

resulted in an average Good’s coverage of 99.06± 0.044%.

The data were analyzed on the online platform of Majorbio

Cloud Platform (www.majorbio.com) according to the description

found in the study by Ren et al. (2022). The Mothur software

programs (version v.1.30.2; Schloss et al., 2009) were applied

to calculate the alpha diversity of the bacterial community,

including the Sobs, Shannon, Simpson, and Chao indices. Principal

coordinates analysis (PCoA) was used to determine the similarity

among the microbial communities in different samples based on

the Bray-Curtis distance metric using the Vegan v2.5-3 package

of R (version 3.3.1). The bacterial community composition and

sample-to-taxa relationship were visualized using Circos-0.67-7

(http://circos.ca/). The most discriminative abundant bacterial taxa

(from phyla to genera) between groups were identified using a

linear discriminant analysis (LDA) effect size (LEfSe; LDA score>3,

P < 0.05; Segata et al., 2011). The association between the

biomarker taxa and the phenotypic parameters was analyzed using

Spearman’s correlation and visualized using the Pheatmap package

of R (version 3.3.1).

2.6. Statistical analysis

Data were analyzed using the SPSS (Statistical software package,

version 20.0, IBM, USA). A two-way ANOVA used a general linear

model (GLM) to examine the effect of treatment on in vitro gas

production. Duncan’s method was used for multiple comparisons.

A one-way ANOVAwas used to analyze other parameters after data

normality was tested using the Shapiro-Wilk test, and polynomial

contrasts were generated using a curve estimation regression

analysis. The data from the animal experiment were analyzed via

the student’s t-test. The student’s t-test was used to determine the

differential bacterial taxa. Significance was declared at P≤ 0.05, and

a significant trend was considered when 0.05 < P ≤ 0.10.

2.7. Data availability

The raw sequencing reads of the bacterial 16S rRNA amplicon

for all of the ruminal fluid samples are deposited in the genome

sequence archive (GSA) database under the BioProject accession

number PRJCA016021.

3. Results

3.1. Supplementation with mixed isoacids
promoted feed fiber disappearance rate
and VFAs production in vitro

The addition of different levels of MI did not affect

the cumulative in vitro gas production volumes, and no

interaction between incubation time and treatment was observed

(Supplementary Figure 1). Nevertheless, the inclusion of MI

strongly affected the NDFD and ADFD (P = 0.002 and P = 0.004;

Table 2). With increasing supplementation, the NDFD and ADFD

showed significant quadratic trends (P < 0.01). Compared with

the control and other supplementation levels, the supplementation

with 0.3% MI achieved the greatest NDFD and ADFD (P < 0.05).

The effects of supplementing MI on the in vitro fermentation

characteristics are presented in Table 3. The pH value of the

fermentation fluid was strongly affected by MI (P < 0.001).

When the addition levels were higher than 0.3%, the pH value

of the fermentation fluid was significantly lower than that of

the control group (P < 0.05). The addition of MI showed a

quadratic effect on the concentration of NH3-N (P = 0.021), but

not on the concentration of MCP (P = 0.685). Propionate and

butyrate production displayed a clear quadratic effect in response

to MI supplementation (P < 0.05). Supplementation with 0.3%

MI achieved the highest levels of these two volatile metabolites

compared with the control and other supplementation groups (P <

0.05). Moreover, the concentrations of total VFAs (TVFA) tended

to show a quadratic increase tendency (P = 0.055). No marked

differences were detected for the production of acetate, valerate,

and the ratio of acetate to propionate among the groups (P > 0.05).

No significant difference was observed in the molar percentage of

any of these VFAs (P > 0.05).

3.2. Supplementation with mixed isoacids
improved the growth performance and
apparent digestibility of nutrients without
a�ecting plasma biochemical and
hormonal parameters in yaks

As shown in Table 4, supplementation with 0.3% MI

significantly increased the ADG and ADMI when compared

with the control (P<0.05), but did not affect the FCR (P >

0.05). Yaks exhibited greater apparent digestibility of NDF and

ADF in response to supplementation with 0.3% MI (P < 0.05).

There was no significant difference in the apparent digestibility

of EE, CP, Ca, and P between the treatments (P > 0.05).

Meanwhile, supplementation with 0.3% MI had no effect on the

concentration of plasma biochemical parameters and hormones

(Supplementary Table 1), suggesting the nutrition metabolism of

yaks themselves may not attribute to the growth-promoting effect

of MI.

3.3. Supplementation with mixed isoacids
tended to influence the ruminal
fermentation characteristics in yaks

The concentrations of NH3-N, MCP, and VFAs in the rumen

fluid of yaks are shown in Table 5. No significant difference was

observed in NH3-N, MCP, and VFAs between the two groups (P >

0.05). Among the VFAs, the concentrations of acetate, propionate,

and butyrate tended to decrease in response to the supplementation

with 0.3% MI (0.05 < P < 0.1).
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TABLE 2 E�ects of mixed isoacids supplementation on DMD, NDFD, and ADFD of the in vitro fermentation experiment.

Items1 Groups SEM P-value2

CON T1 T2 T3 T4 T5 Treatment Linear Quadratic

DMD 79.77 83.33 83.82 80.88 79.19 79.05 1.763 0.277 0.233 0.129

NDFD 53.14bc 58.51bc 62.33ab 71.49a 52.54bc 52.35bc 3.037 0.002 0.741 0.007

ADFD 31.65c 37.26bc 44.01b 53.88a 41.66bc 41.49bc 3.219 0.004 0.051 0.002

DMD, dry matter degradability; NDFD, neutral detergent fiber degradability; ADFD, acid detergent fiber degradability.

CON: control group (no mixed isoacids added); T1: treatment 1 (0.1% mixed isoacids added); T2: treatment 2 (0.2% mixed isoacids added); T3: treatment 3 (0.3% mixed isoacids added); T4:

treatment 4 (0.4% mixed isoacids added); and T5: treatment 5 (0.5% mixed isoacids added).

Different superscripts indicated significant differences within a row (P < 0.05).
1An explanation of DMD, NDFD and ADFD which were showed in the table. 2An explanation that about P-value for significant differences.

TABLE 3 E�ects of mixed isoacids supplementation on ruminal fermentation characteristics of the in vitro fermentation experiment.

Items1 Groups2 SEM P-value3

CON T1 T2 T3 T4 T5 Treatment Linear Quadratic

pH 6.93a 6.92a 6.96a 6.74b 6.75b 6.77b 0.014 <0.001 <0.001 <0.001

NH3-N (mg/dL) 8.39 8.43 8.46 8.34 8.03 7.97 0.156 0.154 0.013 0.021

MCP (mg/mL) 0.38 0.42 0.42 0.46 0.40 0.43 0.037 0.685 0.367 0.381

VFA concentration, mmol/L

Propionate 6.09b 7.94ab 8.35a 8.49a 6.24b 6.82ab 0.587 0.026 0.829 0.027

Butyrate 4.82b 5.44ab 5.30ab 6.20a 4.30b 4.40b 0.404 0.033 0.266 0.045

Acetate 22.38 27.17 26.70 31.25 22.17 22.75 2.764 0.182 0.737 0.116

Valerate 0.96 1.11 1.22 0.93 0.95 0.96 0.247 0.948 0.693 0.818

Ratio of acetate to propionate 3.68 3.46 3.25 3.63 3.54 3.34 0.292 0.890 0.644 0.881

TVFA 34.65 42.47 42.20 48.14 34.08 35.35 3.614 0.072 0.660 0.055

VFA molar proportion (mol/100mol)

Propionate 17.81 18.72 19.87 17.80 18.58 19.62 1.238 0.773 0.513 0.809

Butyrate 13.91 12.87 12.56 13.15 12.55 12.51 0.584 0.524 0.128 0.244

Acetate 64.32 63.80 63.18 64.45 64.78 63.85 1.585 0.984 0.879 0.981

Valerate 2.89 2.69 2.93 2.24 2.96 2.92 0.828 0.988 0.963 0.929

NH3-N, ammonia nitrogen; MCP, microbial protein; VFA, volatile fatty acids; TVFA, total volatile fatty acids.

CON: control group (no mixed isoacids added); T1:treatment 1 (0.1% mixed isoacids added); T2:treatment 2 (add 0.2% mixed isoacids added); T3:treatment 3 (add 0.3% mixed isoacids added);

T4:treatment 4 (add 0.4% mixed isoacids added); and T5:treatment 5 (add 0.5% mixed isoacids added).

Different superscripts showed significant differences (P < 0.05).
1An explanation of abbreviations for some items in the table, such as MCP, NH3-N and VFA. 2An explanation of abbreviations for the groups, such as CON and 0.3% MI. 3An explanation that

about P-value for significant differences.

3.4. Supplementation with mixed isoacids
stimulated the formation of distinct ruminal
bacterial communities in yaks

Illumina Miseq 16S rRNA gene sequencing obtained 48,307

± 2,147 high-quality trimmed sequences per sample from 14

rumen fluid samples, which belonged to 2,612 OTUs, with an

average sequence length of 418 bp (Supplementary Table 2).

The information on barcodes from 14 rumen fluid samples

is provided in Supplementary Table 2. A total of 1,937 OTUs

(74.16%) were commonly shared by the control and 0.3% MI

groups, while 276 OTUs (10.57%) were specific to the control

group and 399 OTUs (15.28%) were specific to the 0.3% MI

group (Supplementary Figure 2). The composition of the ruminal

bacterial community was visualized using the Circos plot

(Supplementary Figure 3). Both groups displayed similar bacterial

composition at the phylum level (Supplementary Figure 3A),

family level (Supplementary Figure 3B), and genus level

(Supplementary Figure 3C).

The rarefaction curves based on Sobs indices reached the

saturation stage with the increasing number of sequenced reads

(Figure 1A), suggesting that the majority of rumen bacterial

members were captured from rumen fluid samples in this

experiment. However, the bacterial community richness (Chao

index, Figure 1B) and diversity (Shannon and Simpson indices,

Figures 1C, D) did not differ between the control and 0.3% MI

groups (P>0.05). Principal coordinates analysis (PCoA) based

on the Bray-Curtis distance metric showed that supplementation
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TABLE 4 E�ects of mixed isoacids supplementation on the growth

performance and apparent digestibility of nutrients in yaks.

Items1 Groups2 SEM P-value2

CON 0.3% MI

Growth performance

IBW (kg) 207.07 194.14 8.372 0.296

FBW (kg) 277.64 284.29 12.940 0.725

ADMI (kg/d) 6.10b 6.72a 0.170 0.012

ADG (kg) 0.83b 1.06a 0.066 0.037

FCR 7.76 6.41 0.482 0.110

Apparent digestibility of nutrient %

NDF 70.86b 78.22a 1.938 0.024

ADF 62.03b 71.59a 2.744 0.042

CP 80.73 82.36 1.429 0.439

EE 88.92 88.93 1.354 0.995

Ca 49.38 52.22 3.952 0.619

P 76.22 71.20 2.779 0.293

IBW, initial body weight; FBW, final body weight; ADMI, average dry matter intake; ADG,

average daily gain; FCR, feed conversion rate; NDF, neutral detergent fiber; ADF, acid

detergent fiber; CP, crude protein; EE, ether extract; Ca, calcium; P, phosphorus.

CON, the basal diet; 0.3% MI, 0.3% mixed isoacids added to the basal diet on a dry

matter basis.

Different superscribed letters showed significant differences (P < 0.05).
1An explanation of abbreviations for some items in the table, such as IBW, FBW, ADMI,

ADG, FCR, NDF, ADF, CP, EE Ca and P. 2An explanation of abbreviations for the groups,

such as CON and 0.3% MI. 3An explanation that about P-value for significant differences.

with 0.3% MI induced the rumen bacteria to form significantly

different communities when compared with the control group

(PERMANOVA, R2 = 0.1098, P = 0.022, Figure 2A). A similarities

analysis showed that the difference in bacterial communities

between the groups was greater than the difference within a group

(ANOSIM, R2 = 0.2765, P = 0.004, Figure 2B).

The most discriminative taxa responding to supplementation

with 0.3% MI was identified using the linear discriminant analysis

(LDA) effect size (LEfSe). Fifteen differentially abundant taxa

from phylum to genus level were discovered as high-dimensional

biomarkers for separating rumen bacterial communities between

the two groups (Figure 3A). Nine of these taxa were higher,

and six were lower in the 0.3% MI group than in the CON

group (Figure 3A). Dietary supplementation with 0.3% MI

showed a significantly higher abundance of f__Bacteroidales

_BS11_gut_group, g__norank_f__Bacteroidales_BS11_gut_group,

g__norank_f__Muribaculaceae, f__Muribaculaceae, g__

Veillonellaceae_UCG-001, g__Ruminococcus_gauvreauii_group,

g__norank_f__norank_o__RF39, f__norank_o__RF39, and

o__RF39 (P<0.05). In the CON group group, f__F082,

g__norank_f__F082, f__Ruminococcaceae, p__Actinobacteriota,

f__Eubacterium_coprostanoligenes_group, and g__norank_f__

Eubacterium_coprostanoligenes_group were significantly enriched,

from the family to the genus level (Figures 3A, B, P < 0.05).

Besides, a Student’s t-test was performed to detect all differentially

abundant taxa in the top 100 (Supplementary Table 3).

TABLE 5 E�ects of mixed isoacids supplementation on ruminal

fermentation characteristics in yaks.

Items1 Groups2 SEM P-value3

CON 0.3% MI

NH3-N, mg/dL 13.13 14.39 1.016 0.423

MCP, mg/mL 0.85 0.85 0.079 0.979

VFA concentration, mmol/L

Acetate 31.94 25.37 1.979 0.072

Propionate 6.96 5.51 0.529 0.079

Butyrate 3.89 3.03 0.280 0.056

Valerate 0.27 0.27 0.052 0.961

Isovalerate 1.37 1.41 0.293 0.824

Isobutyrate 1.04 1.07 0.171 0.765

Ratio of acetate to propionate 4.58 4.74 0.563 0.646

TVFA 45.89 36.67 7.183 0.064

VFA proportion, mol/100 mol

Propionate 15.31 14.88 1.334 0.577

Butyrate 8.63 8.22 1.091 0.513

Acetate 69.90 69.37 2.680 0.716

Isovalerate 3.16 3.86 0.993 0.211

Valerate 0.63 0.74 0.163 0.221

Isovalerate 2.38 2.94 0.559 0.084

NH3-N, ammonia nitrogen; MCP, microbial protein; VFA, volatile fatty acids; TVFA, total

volatile fatty acids.

CON, the basal diet; 0.3% MI, 0.3% mixed isoacids added to the basal diet on a dry

matter basis.
1An explanation of abbreviations for some items in the table, such as MCP, NH3-N and VFA.
2An explanation of abbreviations for the groups, such as CON and 0.3%MI. 3An explanation

that about P-value for significant differences.

3.5. Apparent digestibility of NDF and ADF
were positively associated with ruminal
di�erentially abundant taxa

Differentially abundant taxa at different levels, identified by

the Student’s t-test, were selected for the correlation analysis

with apparent digestibility of nutrients. Spearman’s correlation

indicated that g__Flexilinea and g__norank_f__norank_o__RF39

were significantly positively correlated with the NDF digestibility

(P<0.05); and g__norank_f__norank_o__RF39 was significantly

positively correlated with the ADF digestibility (P<0.05). In

addition, g__Ornithinimicrobium was significantly negatively

correlated with the ADF and NDF digestibility (P < 0.05, Figure 4).

4. Discussion

Improving the fiber utilization by yaks is important for

highland yak farming in winter when forage is severely scarce

(Dong et al., 2006). The rumen is well known as a natural bioreactor

for its high efficiency of fiber degradation by rumen microbiota

(Wang et al., 2020). Isoacids are a batch of amino acid-derived
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FIGURE 1

E�ects of mixed isoacids supplementation on rumen bacterial richness and diversity in yaks. (A) Rarefaction curve based on Sobs indices; (B) Boxplot

of Chao indices; (C) Boxplot of Shannon indices; (D) Boxplot of Simpson indices. CON, the basal diet; 0.3% MI, 0.3% mixed isoacids added to the

basal diet on a dry matter basis. Significance was tested using the independent two-group Wilcoxon rank-sum tests. *P < 0.05, n = 7 per group.

metabolites in the rumen that act as a nutrient factor for rumen

fiber-degrading bacteria, thereby facilitating VFAs production and

fiber utilization (Liu et al., 2009, 2014; Roman-Garcia et al.,

2021a,c). Concentrations of butyrate and propionate, as well as the

degradation of NDF and ADF, tended to increase and then decrease

with increasing dose ofMI in this study. These results are consistent

with those of Wang et al. (2012), who obtained results from an

in vitro fermentation assay supplemented with 2-methylbutyrate,

suggesting that a higher dose of MI may dampen the in vitro

fermentation characteristics. The supplementation level of 0.3%

could be an optimal dose, as it achieved the highest propionate and

butyrate content, as well as NDFD and ADFD, indicating that the

effect of MI on rumen fermentation parameters in yaks is related to

its supplementation level.

Supplementation with isoacids alone or in combination could

improve feed fiber digestibility and average daily gain in beef cattle

and dairy calves (Wang et al., 2012; Liu C. S. et al., 2016; Liu

et al., 2018). Improved digestibility of NDF and NDF responsive to

MI makes more fermentation metabolites, such as VFAs, available

in the rumen. For example, Wang et al. (2018b) found that

supplementation with 16.8 g of 2-methylbutyrate per steer per day

increased the molar ratio of effectively degradable NDF and rumen

acetate. Similar results were observed in this study, suggesting

that supplementation with 0.3% MI could significantly improve

the apparent digestibility of NDF and ADF, thereby increasing

the ADG and ADMI in yaks. However, ruminal production of

VFA was not affected by the addition of MI, which may be due

to factors such as diet composition, rumen microbial species,
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FIGURE 2

E�ects of mixed isoacids supplementation on rumen bacterial community similarity. (A) Principal coordinates analysis (PCoA) plot based on the

Bray-Curtis distance metric. Di�erence between clusters is measured by the permutational multivariate analysis of variance (PERMANOVA). (B)

Distances box plot depicted the analysis of similarities (ANOSIM) between the CON group and the 0.3% MI group. CON, the basal diet; 0.3% MI, 0.3%

mixed isoacids added to the basal diet on a dry matter basis.

pen temperature, and the amount or composition of MI (Wang

et al., 2016a,b). NH3-N is a product of the fermentation and

degradation of dietary proteins and is an essential component

for microbial synthesis of MCP in the rumen (Garcia-Gonzalez

et al., 2010; Thao et al., 2014; Lv et al., 2020). However, no

difference in the response of NH3-N concentration to MI was

observed in this study, which may be related to the amount of

water consumed by the yaks or the amount or composition of the

MI supplement.

After a long period of natural selection, the yak rumen

microbiota has evolved a higher capacity for fiber degradation

(Ma et al., 2020). Thus, the yak rumen may harbor a unique

microbiome for efficient conversion of feed fiber. Isoacids improve

the digestibility of feed fiber, mainly by increasing the activity

of cellulase and cellulose-producing bacteria in the rumen. For

example, Liu C. S. et al. (2016) reported that supplementation

with 6.0 g of isovalerate per calf per day increased the activities

of caboxymethylcellulase, cellobiase, xylanase and pectinase and

the relative amounts of Butyrivibrio fibrisolvens, Ruminococcus

albus, Fibrobacter succinogenes, and Ruminococcus flavefaciens in

dairy calves at 90 days of age. Similarly, Wang et al. (2019)

found that supplementation with 6 g of isobutyrate per calf per

day increased the activities of cellobiase, xylanase, pectinase, b-

amylase protease, and CMCase in post-weaned calves and the

population of B. fibrisolvens in pre- and post-weaned calves.

Rather than looking at changes in the rumen microbiota as a

whole, these studies have focused on changes in the abundance of

specific microbes. In this study, beta-diversity by PCoA showed

that supplementation with 0.3% MI induced the rumen bacteria

to form significantly different communities, indicating that 0.3%

MI significantly altered the rumen microbial structure, which

may be related to the fact that the microbial 16S rRNA gene

was less diverse in the yak rumen than that in the bovine

rumen (An et al., 2005). This resulted in a significant effect

of 0.3% MI on some uncultured fiber-degrading bacteria in the

yak rumen and ultimately caused a shift in the structure of the

rumen microbiota.

The LEfSe analysis showed that some biomarker

taxa such as norank_f__Bacteroidales_BS11_gut_group,

norank_f__Muribaculaceae, Veillonella- ceae_UCG-001, and

Ruminococcus_gauvreauii_group were found in 0.3% of the MI

group. The Bacteroidales belong to the phyla of Bacteroidetes,

which act mainly on steroids, polysaccharides, and bile acids,

which contribute to the absorption of polysaccharides and

proteins by the body (Backhed et al., 2005). Therefore, we can

speculate that the norank_f__Bacteroidales_BS11_gut_group

may be a fiber-degrading bacterium. One study found that

norank_f__Muribaculaceae was positively correlated with milk

yield (Sun et al., 2019), and some studies found that isoacids can

increase milk production in dairy cows (Otterby et al., 1990).

The higher relative expression of norank_f__Muribaculaceae

in the 0.3% MI group suggests that 0.3% MI may increase

milk production in yaks, but no studies have been reported

on this aspect. In addition, Muribaculaceae can also degrade

carbohydrates (He et al., 2022), which corresponds to a higher

apparent digestibility of NDF and ADF in the 0.3% MI group than

in the control group, suggesting that 0.3% MI can promote the

growth of rumen fibrinolytic bacteria in yaks, which is consistent

with other studies (Moharrery and Das, 2001; Firkins, 2010; Liu

et al., 2014; Wang et al., 2015). Veillonellaceae_UCG-001 belong
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FIGURE 3

E�ects of mixed isoacids supplementation on the most di�erentially abundant rumen bacterial taxa in yaks. (A) Cladogram plot of linear discriminant

analysis (LDA) e�ect size (LEfSe) results from phylum to genus level. (B) Histogram of linear discriminant analysis (LDA) reveals the most di�erentially

abundant taxa between the groups. CON, the basal diet; 0.3% MI, 0.3% mixed isoacids added to the basal diet on a dry matter basis.

to the phylum Firmicutes, which contains many fibrolytic bacteria

(Chen et al., 2022). According to a remarkably higher apparent

digestibility of NDF and ADF in the 0.3%MI group than that in the

control group. It is speculated that Veillonellaceae_UCG-001 may

also be a type of fibrolytic bacteria in the yak rumen. Ruminococcus

also belongs to the phylum Firmicutes, which can use cellulose

and hemicellulose as substrates to produce VFA (Liu et al., 2019).

The in vitro tests in this study showed a significant increase in
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FIGURE 4

The correlations of feed digestibility with the bacterial community from phylum to genus level. The heatmap shows the absolute value of Spearman’s

correlation R > 0.1. CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber. Asterisk indicates the significance of Spearman’s

correlation, *P < 0.05, **P < 0.01, n = 7 per group.

propionate acid and butyrate in the 0.3% MI group and a trend

toward higher TVFA, whichmay be related to the increased relative

abundance of the Ruminococcus_gauvreauii_group. In addition,

supplementation with 0.3% MI reduced the relative abundance of

norank_f__F082 by 49.98%, which was reported to be negatively

correlated with feed fiber concentration and digestibility in yaks

(Yi et al., 2022), suggesting that supplementation with MI may

increase the available fiber content and digestibility in the rumen

of yaks.

The correlation analysis showed that g__Flexilinea and

g__norank_f__norank_o__RF39 were positively correlated

with the apparent digestibility of NDF. g__Flexilinea was

reported as a filamentous strictly anaerobic Gram-negative

bacterium which could digest all kinds of carbohydrates (Wang

et al., 2021). In addition, one study has reported that the

abundance of g__norank_f__norank_o__RF39 was increased

with the increase of NDF digestibility (Liu et al., 2023). We

speculate that supplementation with 0.3% MI significantly

improved the apparent digestibility of feed fiber, which was

associated with the change in the abundance of g__Flexilinea

and g__norank_f__norank_o__RF39.

5. Conclusion

The optimum dose of MI was found to be 0.3%

based on the in vitro experiment, which significantly

reduced ruminal pH, increased NDFD, ADFD, propionate,

and butyrate concentrations, and tended to increase

the content of TVFA. Supplementation with 0.3% MI

significantly improved the apparent digestibility of feed

fiber and altered the ruminal bacterial diversity, which was

positively correlated with the abundance of g__Flexilinea

and g__norank_f__norank_o__RF39.
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growth of key cellulolytic rumen
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Antibodies targeting specific bacterial species could allow for modification of the

rumen microbial population to enhance rumen fermentation. However, there is

limited knowledge of targeted antibody e�ects on rumen bacteria. Therefore, our

objective was to develop e�cacious polyclonal antibodies to inhibit the growth of

targeted cellulolytic bacteria from the rumen. Egg-derived, polyclonal antibodies

were developed against pure cultures of Ruminococcus albus 7 (anti-RA7),

Ruminococcus albus 8 (anti-RA8), and Fibrobacter succinogenes S85 (anti-FS85).

Antibodies were added to a cellobiose-containing growth medium for each of

the three targeted species. Antibody e�cacy was determined via inoculation time

(0 h and 4h) and dose response. Antibody doses included: 0 (CON), 1.3 × 10−4

(LO), 0.013 (MD), and 1.3 (HI) mg antibody per ml of medium. Each targeted

species inoculated at 0 h with HI of their respective antibody had decreased (P

< 0.01) final optical density and total acetate concentration after a 52h growth

period when compared with CON or LO. Live/dead stains of R. albus 7 and F.

succinogenes S85 dosed at 0 h with HI of their respective antibody indicated

a decrease (≥ 96%; P < 0.05) in live bacterial cells during the mid-log phase

compared with CON or LO. Addition of HI of anti-FS85 at 0 h in F. succinogenes

S85 cultures reduced (P < 0.01) total substrate disappearance over 52h by at least

48% when compared with CON or LO. Cross-reactivity was assessed by adding

HI at 0 h to non-targeted bacterial species. Addition of anti-RA8 or anti-RA7 to

F. succinogenes S85 cultures did not a�ect (P ≥ 0.45) total acetate accumulation

after 52h incubation, indicating that antibodies have less of an inhibitory e�ect on

non-target strains. Addition of anti-FS85 to non-cellulolytic strains did not a�ect (P

≥ 0.89)OD, substrate disappearance, or total VFA concentrations, providing further

evidence of specificity against fiber-degrading bacteria.Western blottingwith anti-

FS85 indicated selective binding to F. succinogenes S85 proteins. Identification

by LC-MS/MS of 8 selected protein spots indicated 7 were outer membrane

proteins. Overall, polyclonal antibodies were more e�cacious at inhibiting the

growth of targeted cellulolytic bacteria than non-targeted bacteria. Validated

polyclonal antibodies could serve as an e�ective approach to modify rumen

bacterial populations.

KEYWORDS

rumen fermentation, cellulolytic bacteria, Fibrobacter succinogenes, polyclonal

antibodies, Ruminococcus albus
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1. Introduction

The rumen ecosystem contains a consortium of microbes

that collectively degrade plant biomass and enable ruminants to

convert indigestible plant material into digestible food products for

human consumption. Feed additives are an important nutritional

tool that can modify rumen microbial populations to enhance

substrate degradation and rumen fermentation. Among these

additives, ionophores and antibiotics can be used to inhibit specific

rumen bacteria resulting in improved feed efficiency and animal

performance (Callaway et al., 2003). However, the use of antibiotics

in beef and dairy production has raised concerns about the

emergence of antibiotic-resistant microorganisms (Sharma et al.,

2018).

An alternative approach to modulating the rumen microbial

population is the application of targeted avian-derived

immunoglobulin (IgY). Immunizing laying hens against a

target antigen such as bacteria or viruses produces polyclonal

egg yolk antibodies that can be easily extracted and administered

orally. Unlike monoclonal antibodies, IgY is relatively heat-stable

and more resistant to acid digestion and proteolysis (Shimuzu

et al., 1988). Oral administration of polyclonal antibodies has

been effective against bovine rotavirus and coronavirus, as well

as Salmonella, Staphylococcus, and Pseudomonas (Mine and

Kovacs-Nolan, 2002). Polyclonal antibodies generated toward

Streptococcus bovis and Fusobacterium necrophorum dosed in the

rumen decreased the abundance of targeted bacteria as measured

by most probable number (MPN) viable cell counts (DiLorenzo

et al., 2006, 2008) but had varying effects on dry matter intake,

volatile fatty acid concentrations, and rumen pH (Marino et al.,

2011; Silva et al., 2022a,b). Avian antibodies have also been

investigated to reduce methane produced by ruminal archaea

(Cook et al., 2008).

The application of this technology could allow for modification

of the rumen microbial population to improve fermentation and

animal performance. However, the exact mechanisms through

which IgY inhibits bacterial activity have not been determined,

and there is limited knowledge of targeted IgY application on

rumen bacteria in pure culture. A better understanding of dose and

time response along with inhibition efficacy and cross-reactivity to

non-targeted rumen bacteria strains is needed before polyclonal

antibodies can be used as a reliable tool to alter rumen bacterial

populations. Cellulolytic bacteria use adherent degradation systems

using a variety of cell-surface proteins to utilize substrates in the

rumen (Miron et al., 2001). Thus, they serve as suitable model

organisms to provide proof-of-concept for polyclonal antibody

efficacy as they have many unique target antigens on the cell

surface to distinguish mechanisms and extent of cross-reactivity.

Therefore, the objective of this study was to develop efficacious

polyclonal antibodies and validate their ability to inhibit the growth

of targeted cellulolytic bacteria in pure culture.

2. Materials and methods

2.1. Bacteria

Ruminococcus albus 7, Ruminococcus albus 8, Fibrobacter

succinogenes S85, Streptococcus bovis JB1, Prevotella bryantii B14,

and Megasphaera elsdenii T81 were obtained from the culture

collection of Dr. Roderick Mackie, Department of Animal Sciences

at the University of Illinois. Pure cultures were routinely transferred

in defined media (Supplementary Table S1), with cellobiose or

starch as the sole growth substrate (0.4% w/v). Cells from overnight

grown cultures (OD600 = 0.8) were used in all growth experiments.

Balch tubes containing 9.0ml of anaerobically prepared medium

(Bryant, 1972) were inoculated with 1.0ml of each respective

culture in triplicate.

2.2. Antibody preparation

Ruminococcus albus 7, Ruminococcus albus 8, and Fibrobacter

succinogenes S85 cells were grown overnight in 10ml cultures.

Cells were inactivated by the addition of 10% formalin and heat

treatment at 65◦C for 60min. Cells were pelleted and washed two

consecutive times with sodium phosphate-buffered saline (PBS).

The washed pellets were suspended in 10ml of PBS. Polyclonal

antibodies were commercially produced (GeneTel Laboratories

LLC, Madison, WI). Two hens were immunized with inactivated

cells from each bacteria. The first injection was subcutaneous,

and the three subsequent injections were intramuscular. All

injections included Freund’s adjuvant to illicit an immune response.

Avian-derived IgY antibodies (13 mg/ml) were, then, extracted

from pooled egg yolks (approximately 20 eggs) produced by

each hen.

2.3. Substrate disappearance

The phenol–sulfuric acid procedure (Wood and Bhat, 1988)

was used to determine substrate disappearance. The sample (300

µl) was centrifuged at 20,000 × g for 20min and mixed with

5% phenol (300 µl) and concentrated sulfuric acid (1.5ml).

Samples were incubated at room temperature for 30min before

reading absorbance at 490 nm. The absorbance values were

calculated as glucose equivalents using a standard linear graph

(0–100 mg).

2.4. Volatile fatty acid assay

Concentrations of volatile fatty acids were determined by

gas chromatography using an adapted method by Erwin et al.

(1961). In brief, samples were acidified with 2N HCl and

centrifuged at 20,000 × g for 20min. The supernatant was

divided into two tubes, and 250 µl of 25% m-phosphoric acid

solution was added to each. Samples were frozen overnight,

thawed, and centrifuged at 20,000 × g for 5min. The supernatant

was transferred to gas chromatography vials and analyzed for

acetate concentration (mM) in cellulolytic bacteria growth

assays or acetate, butyrate, propionate, valerate, isobutyrate,

and isovalerate concentrations in non-cellulolytic bacteria

growth assays (mM). Volatile fatty acid concentrations were

used to characterize fermentation across all strains. Additional

end products (succinate, formate, ethanol, and H2) were

not measured.
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2.5. Live/dead stain

To measure the viability of each culture, samples were assayed

at 12 h with a live/dead stain (LIVE/DEAD BacLight Bacterial

Viability Kit). Samples were prepared for readings on a fluorescence

microplate, according to the manufacturer’s instructions. In brief,

100 µl of dye mixture was added to 100 µl of bacterial

suspension, thoroughly mixed, and incubated in the dark for

15min. Fluorescence intensity wasmeasured at 530 nm and 630 nm

to produce a live/dead ratio. Suspensions containing a range of

percentages of live cells (100%, 90%, 50%, 10%, and 0%) were used

to prepare the standard curves for each strain (relationship between

% live bacteria and live/dead ratio).

2.6. Scanning electron microscopy

To observe cell surface morphology, samples were taken

at h 3 for scanning electron microscopy imaging (Microscopy

Suite, Beckman Institute, University of Illinois). Cells were fixed

in 2% paraformaldehyde and 2.5% glutaraldehyde. Fixed cells

were washed with 0.1 mol/L of sodium cacodylate buffer for

10min, dehydrated in an ethanol series, and dried by the critical

point method. Cells were, then, affixed to aluminum SEM stubs

with double-stick carbon tape and sputter-coated with 7 nm

of gold-palladium. Samples were examined and imaged on a

Field-Emission Environmental Scanning ElectronMicroscope (FEI

Quanta FEG 450 ESEM).

2.7. 2D electrophoresis and Western blot

Two-dimensional electrophoresis was performed according to

the carrier ampholine method of isoelectric focusing (Kendrick

et al., 2020) by Kendrick Labs, Inc. (Madison, WI). In brief,

isoelectric focusing was carried out in a glass tube using 2.0% pH

3-10 Isodalt Servalytes (Serva, Heidelberg, Germany) for 9,600 volt-

hrs. After equilibration for 10min in Buffer ’O’ (10% glycerol,

50mM DTT, 2.3% SDS, and 0.0625M tris, pH 6.8), each tube

gel was sealed to the top of a stacking gel that overlaid a 10%

acrylamide slab gel (0.75mm thick). Sodium dodecyl-sulfate (SDS)

gel electrophoresis was carried out for 4 h at 15 mA/gel. The gel was

dried between sheets of cellophane paper with the acid at the edge

to the left.

After slab gel electrophoresis, the gel for blotting was placed

in a transfer buffer and transblotted onto a polyvinylidene fluoride

(PVDF)membrane overnight. The PVDFmembrane was destained

in 100% methanol, rinsed briefly in Tween-Tris-buffered saline

(TTBS), and blocked for 2 h in 5% non-fat dried milk (NFDM). The

blot was, then, incubated in chicken polyclonal antibody (diluted

1:2,000,000 in 2%NFDMTTBS) overnight and rinsed 3 x 10min in

TTBS. The blot was, then, placed in secondary antibody (KPL anti-

Chicken Ig-HRP, LGC SeraCare, United States) (diluted 1:5,000

in 2% NFDM TTBS) for 2 h, rinsed as above, treated with ECL

(Thermo Fisher Scientific, United States), and exposed to X-ray film

(GE Amersham Hyperfilm ECL).

2.8. Mass spectrometry

Liquid chromatography with tandem mass spectrometry (LS-

MS/MS) analyses were conducted at the Protein Sciences laboratory

of the Roy J. Carver Biotechnology Center, University of Illinois

at Urbana-Champaign. Gel spots were first destained with 50%

acetonitrile (ACN) and then dehydrated with ACN. Next, the gel

spots were rehydrated in 50mM triethylammonium bicarbonate

buffer (TEAB) containing 500 ng of proteomics-grade trypsin

(Pierce, Thermo Fisher Scientific, United States). The proteins were

digested at 55◦C for 30min using a Discover microwave reactor

(CEM Corporation, United States), and the resulting peptides were

extracted from the gel pieces with 5% formic acid (FA) in 50%ACN.

The peptides were dried and desalted with SDB-XC StageTips prior

to LC-MS analysis.

The LC-MS analyses were performed with an UltiMate 3000

rsnLC connected to a Q Exactive HF-Xmass spectrometer (Thermo

Fisher Scientific, United States). The peptides were separated at

a flow rate of 300 nL/min on a 25 cm Acclaim PepMap 100 C18

column (Thermo Fisher Scientific, United States) with a 45-min

gradient from 5% B to 50% B, where mobile phase A was 0.1%

FA and mobile phase B was 0.1% FA in 80% ACN. The mass

spectrometer was operated in the positive mode with full MS scans

collected at 120k resolution; the top 15 precursors from each MS1

scan were selected for higher energy collisional dissociation (HCD),

and the MS2 scans were acquired at 30k resolution. The raw data

were searched with Mascot Distiller v2.8.3.0 and Mascot server

v.2.8.2 (Matrix Science) against the NCBI Fibrobacter succinogenes

S85 proteome (9,320 entries; downloaded on January 2023). Search

settings included a maximum of two missed cleavages, a peptide

mass tolerance of 10 ppm, a fragment mass tolerance of 0.02 Da,

and variable modifications of acetylation on protein N-termini

and oxidation of methionine residues. High-scoring peptides

corresponded to those above the default significance threshold in

MASCOT (P < 0.05, peptide score >60). Nucleotide sequences

were searched through the National Center for Biotechnology

Information (NCBI), to determine similarities among proteins

annotated as hypothetical.

2.9. Determination of antibody e�cacy and
cross-reactivity

Growth assays were conducted to test the efficacy of anti-RA7,

anti-RA8, and anti-FS85 against cell cultures of R. albus 7, R. albus

8, and F. succinogenes S85. Antibody efficacy was evaluated via

an inoculation time (0 h and 4 h) and dose-response. Antibody

doses included: 0 (CON), 1.3 × 10−4 (LO), 0.013 (MD), and 1.3

(HI) mg antibody per 1ml of medium. Doses were determined

by executing log-fold dilutions of starting material (13 mg/ml).

Inoculation time was evaluated to determine the efficacy of each

antibody dose at different cell abundances and growth rates. To test

for antibody cross-reactivity, the highest antibody dose (1.3 mg/ml)

of all three antibody treatments was added to non-target cultures

of each strain at 0 h. Growth was determined by optical density

(600 nm) measurements over 52 h. Samples were collected at 6,

12, 18, 24, and 52 h for determination of substrate disappearance
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and at 12, 24, and 52 h for determination of volatile fatty acid

concentration. Samples were collected at 12 h for the live/dead stain

assay. Samples were collected at 3 h for SEM imaging.

Additional growth assays were conducted to test for cross-

reactivity of anti-FS85 antibodies against cell cultures of the non-

target strains Streptococcus bovis JB1, Prevotella bryantii B14,

and Megaspahera elsdenii T81. The highest antibody dose (1.3

mg/ml) of anti-FS85 was added to non-target cultures at 0 h

to determine cross-reactivity. Growth was determined by optical

density (600 nm) measurements over 24 h. Samples were collected

at 4, 8, 12, 16, and 24 h for determination of substrate disappearance

and volatile fatty acid concentration. To identify antibody binding-

specificity of anti-FS85 to F. succinogenes S85, two-dimensional

electrophoresis and Western blot analyses were performed by

Kendrick Labs, INC. (Madison, WI).

2.10. Statistical analysis

The MIXED procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC)

was used for all statistical analyses. Repeated measures were used

to analyze optical density, substrate disappearance, and VFA with

fixed effects of treatment, time, and the interaction of treatment and

time. Compound symmetry was used as the covariance structure

after consideration of the fit statistics. Tukey’s test was used for post

hoc pair-wise comparisons. Significance was declared at P ≤ 0.05,

and tendencies were discussed at 0.05 < P < 0.10.

3. Results

3.1. Determination of antibody e�cacy on
targeted strains

3.1.1. Fibrobacter succinogenes S85
A treatment × time interaction was observed (P < 0.001;

Figure 1A) for optical density of F. succinogenes S85. Over 9–36 h,

addition of HI at 0 h and 4 h decreased OD compared with all other

treatments. At 52 h, the addition of HI at 0 h and 4 h decreased

OD by 78% and 57%, respectively, when compared with CON. A

treatment effect was also observed (P < 0.001). Addition of HI at

0 h and 4 h decreased OD compared with CON. Addition of MD at

4 h or LO at 0 h did not affect OD compared with CON. A treatment

× time interaction was observed (P< 0.001; Figure 1D) for residual

cellobiose over 52 h of incubation. The remaining cellobiose at 52 h

was greatest in HI at 0 h (2.43 mg/ml), intermediate in HI at 4 h

(1.50 mg/ml), and least in all remaining treatments (≤ 0.70 mg/ml).

A treatment effect was observed (P = 0.01; Figure 2A) for the

percentage of live bacterial cells at 12 h. Addition of HI at 0 h

decreased live cells by 98% compared with CON. However, CON

and addition of LO at 4 h were similar (P = 0.99). There were no

differences in the percentage of live bacterial cells between LO at

0 h, MD at 0 h and 4 h, and HI at 4 h. Compared with all other

treatments, HI at 0 h had the least (P < 0.05) amount of live

bacterial cells (2.5%). Total acetate concentrations produced by F.

succinogenes S85 were affected by treatment (P= 0.003; Figure 2D).

Acetate was greatest in CON (12.4mM) and least in HI at 0 h

(8.5mM) and 4 h (9.5mM). Addition of LO or MD at 0 h or 4 h

resulted in similar acetate concentrations compared with CON.

3.1.2. Ruminococcus albus 8
A treatment × time interaction was observed (P < 0.001;

Figure 1B) for optical density of R. albus 8. At 24 h, the addition

of LO, MD, and HI at 0 h decreased OD by 19, 43, and 90%,

respectively, compared with CON. By 52 h, HI at 0 h and 4 h

treatments had increasedOD compared with CON. Between 36 and

52 h, CON decreased by 20% and HI increased by at least 60%. An

overall treatment effect was also observed (P < 0.001). Addition of

LO at 4 h, MD at 0 h and 4 h, or HI at 0 h and 4 h decreased OD

compared with CON or LO at 0 h. Addition of LO, MD, and HI

at 4 h decreased OD by 27, 37, and 63%, respectively, compared

with CON. A tendency for a treatment × time interaction (P

= 0.09; Figure 1E) was observed for residual cellobiose over 52 h

of incubation. At h 18, HI at 0 h had greater residual cellobiose

compared with LO at 0 h and 4 h. At 52 h, all treatments were

similar. A treatment effect was also observed (P = 0.01). Overall,

remaining cellobiose was greatest in HI at 0 h (2.04 mg/ml), least

in MD at 4 h (1.02 mg/ml), and LO at 4 h (0.95 mg/ml) and

intermediate in all remaining treatments (1.55–1.21 mg/ml).

A treatment effect was observed (P = 0.004; Figure 2B) for

the percentage of live R. albus 8 cells at 12 h. Live percentage of

cells was greatest in CON, intermediate in LO, and least in all

other treatments. CON and addition of LO at 0 h or 4 h were

similar. Addition of MD or HI at 0 h or 4 h decreased live cell

percentage compared with CON. Addition of HI at 0 h decreased

live cells by 50% compared with CON. No treatment effect (P =

0.14; Figure 2E) was observed for the total acetate concentration of

R. albus 8. Addition of HI, LO, or MD at 0 h or 4 h did not affect

acetate production compared with CON.

3.1.3. Ruminococcus albus 7
A treatment × time interaction was observed (P < 0.001;

Figure 1C) for optical density of R. albus 7. At 10–24 h, OD of

CON and LO at 0 h or 4 h remained greater compared with all

other treatments. At 36 h, all treatments were similar (P > 0.99). A

treatment effect was also observed (P < 0.001) with CON and LO

having the greatest OD overall and HI and MD having the least. A

treatment × time interaction was observed (P < 0.001; Figure 1F)

for residual cellobiose over 52 h incubation. Overall, remaining

cellobiose was greatest in HI at 0 h (3.35 mg/ml), least in CON

(2.56 mg/ml) and LO at 0 h (2.37 mg/ml) and 4 h (2.40 mg/ml), and

intermediate in all remaining treatments (3.04–2.86 mg/ml).

A treatment effect was observed (P < 0.001; Figure 2C) for the

percentage of live R. albus 7 cells at 12 h. Addition of MD or HI

at 0 h or 4 h decreased live bacterial cell percentage compared with

CON or LO at 0 h or 4 h. Addition of MD at 0 h or 4 h decreased

cells by 84% and 79%, respectively, compared with CON. Addition

of HI at 0 h or 4 h decreased cells by 100% and 99%, respectively,

compared with CON. There was a treatment effect (P < 0.001;

Figure 2F) for R. albus 7 acetate concentrations. Addition of MD

or HI at 0 h or 4 h decreased acetate concentrations compared with

CON or LO at 0 h or 4 h. Addition of HI or MD at 0 h decreased

acetate by 19% compared with CON. Addition of HI or MD at
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FIGURE 1

E�ect of targeted antibody treatment on optical density and residual cellobiose. (A–C) Optical density (600nm). (A)—F. succinogenes; a treatment ×

time interaction was observed (P < 0.001; SEM = 0.028) (B)—R. albus 8; a treatment × time interaction was observed (P < 0.001; SEM = 0.041).

(C)—R. albus 7; a treatment × time interaction was observed (P < 0.001; SEM = 0.038). (D–F) Residual cellobiose (mg/ml). (D)—F. succinogenes; a

treatment × time interaction was observed (P < 0.001; SEM = 0.136). (E)—R. albus 8; a tendency for a treatment × time interaction was observed (P

= 0.09; SEM = 0.275). (F)—R. albus 7; a treatment × time interaction was observed (P < 0.001; SEM = 0.149). Treatment; CON = 0, LO = 1.3 × 10–4,

MD = 0.013, HI = 1.3 mg/ml dosed at 0 h or 4 h.

4 h decreased acetate by 19% and 21%, respectively, compared

with CON.

3.2. Determination of antibody
cross-reactivity

3.2.1. Fibrobacter succinogenes S85
A treatment × time interaction was observed (P < 0.001;

Figure 3A) for optical density of F. succinogenes S85. At 24–52 h,

treatments were similar. At 11–18 h, the addition of anti-RA8

decreased OD compared with CON and anti-RA7. Additionally,

a treatment effect was observed (P < 0.001) for optical density

of cells with CON being the greatest (0.47 OD), addition of anti-

RA7 being intermediate (0.42 OD), and addition of anti-RA8

being the least (0.22 OD). A treatment × time interaction (P =

0.003; Figure 3D) was observed for residual cellobiose. At 52 h, the

remaining cellobiose was similar (P = 1) among treatments. A

treatment effect was also observed (P < 0.001). Addition of anti-

RA8 increased remaining cellobiose compared with anti-RA7 or

CON. Addition of anti-RA7 did not affect substrate disappearance

in the growth medium over time compared with CON.

A treatment effect was observed (P < 0.001; Figure 4A) for

the percentage of live F. succinogenes S85 cells at 12 h with CON

being the greatest (86%), anti-RA7 being intermediate (44%), and

anti-RA8 being the least (0%). Addition of anti-RA7 decreased live

bacterial cells by 49% compared with CON. Addition of anti-RA8

decreased live bacterial cells by 100% compared with CON. No

treatment effect (P= 0.17; Figure 4D) was observed for total acetate

concentrations. Addition of anti-RA7 or anti-RA8 did not affect the

overall acetate production compared with CON. Scanning electron

microscopy images taken 3 h after the addition of anti-FS85 show

more cell-to-cell aggregation and disruption of the cell surface

when compared with control cells and the addition of anti-RA7 or

anti-RA8 (Figure 5). Extracellular polymeric substance (EPS) was

seen in greater amounts on the surface of cells treated with the

targeted anti-FS85 compared with the non-targeted antibodies.
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FIGURE 2

E�ect of non-targeted antibody treatment on optical density and residual cellobiose. (A–C) Optical density (600nm). (A)—F. succinogenes; a

treatment × time interaction was observed (P < 0.001; SEM = 0.049) (B)—R. albus 8; a treatment × time interaction was observed (P < 0.001; SEM =

0.009). (C)—R. albus 7; a treatment × time interaction was observed (P < 0.001; SEM = 0.008). (D–F) Residual cellobiose (mg/ml). (D)—F.

succinogenes; a treatment × time interaction was observed (P = 0.003; SEM = 0.138). (E)—R. albus 8; a treatment × time interaction was observed (P

= 0.03; SEM = 0.145). (F)—R. albus 7; a treatment × time interaction was observed (P < 0.001; SEM = 0.112). Treatment; CON = 0 mg/ml, anti-FS85

= 1.3 mg/ml of F. succinogenes antibody, anti-RA7 = 1.3 mg/ml of R. albus 7 antibody, anti-RA8 = 1.3 mg/ml of R. albus 8 antibody.

3.2.2. Ruminococcus albus 8
A treatment × time interaction was observed (P < 0.001;

Figure 3B) for optical density of R. albus 8. At 0–4 h, treatments

were similar. Over 4–9 h, OD decreased in anti-FS85 and anti-

RA7 treatments compared with CON. At 10–15 h, the addition of

anti-RA7 decreased OD when compared with anti-FS85 or CON.

Additionally, a treatment effect was observed (P< 0.001) for optical

density of cells with CON being the greatest (0.52 OD), anti-FS85

being intermediate (0.37 OD), and anti-RA7 being the least (0.32

OD). A treatment × time interaction (P = 0.03; Figure 3E) was

observed for residual cellobiose over 52 h incubation. At 6 and

12 h, treatments were similar. At 52 h, there was a tendency (P

≤ 0.07) for increased cellobiose remaining in anti-FS85 and anti-

RA7 compared with CON. A treatment effect was also observed

(P < 0.001) with anti-FS85 or anti-RA7 having increased the total

remaining cellobiose compared with CON.

A treatment effect was observed (P < 0.001; Figure 4B) for

the percentage of live bacterial R. albus 8 cells at 12 h with CON

being the greatest (100%), anti-RA7 being intermediate (54%), and

anti-FS85 being the least (16%). Addition of anti-RA7 decreased

live bacterial cells by 46% compared with CON. Addition of anti-

FS85 decreased live bacterial cells by 84% compared with CON. A

treatment effect was observed (P = 0.001; Figure 4E) for total R.

albus 8 acetate concentrations with CON being greater compared

with anti-RA7 and anti-FS85. Overall, anti-RA7 decreased acetate

by 30% compared with CON. Addition of anti-FS85 decreased

acetate by 25% compared with CON. Scanning electronmicroscopy

images taken 3 h after the addition of anti-RA8 show more

cell-to-cell aggregation when compared with control and the

addition of anti-RA7 or anti-FS85 (Supplementary Figure S1).

Cells with anti-RA8 and anti-FS85 show EPS on the surface

of cells.
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FIGURE 3

E�ect of targeted antibody treatment on live bacterial cells and acetate production. (A–C) Live bacterial cells (%) at mid-log phase. (A)—F.

succinogenes; a treatment e�ect was observed (P = 0.01; SEM = 14.64) (B)—R. albus 8; a treatment e�ect was observed (P = 0.004; SEM = 7.10).

(C)—R. albus 7; a treatment e�ect was observed (P < 0.001; SEM = 5.91). (D–F) Total acetate (mM). (D)—F. succinogenes; a treatment e�ect was

observed (P = 0.003; SEM = 0.953). (E)—R. albus 8; no treatment e�ect was observed (P = 0.14; SEM = 0.656). (F)—R. albus 7; a treatment e�ect was

observed (P < 0.001; SEM = 0.463). Treatment; CON = 0, LO = 1.3 × 10−4, MD = 0.013, HI = 1.3 mg/ml dosed at 0 h or 4 h.

3.2.3. Ruminococcus albus 7
A treatment × time interaction was observed (P < 0.001;

Figure 3C) for optical density of R. albus 7. At 4–18 h, the addition

of anti-RA8 decreased OD compared with CON. However, at 24–

52 h, the addition of anti-RA8 increased OD compared with CON.

Additionally, a treatment effect was observed (P< 0.001) for optical

density of cells with CON being the greatest (0.35 OD), anti-RA8

being intermediate (0.18 OD), and anti-FS85 being the least (0.05

OD). A treatment × time interaction was observed (P < 0.001;

Figure 3F) for residual cellobiose over 52 h incubation. At 18 h,

the addition of anti-RA8 and anti-FS85 increased the remaining

cellobiose compared with CON. At 6, 12, 24, and 52 h, CON

and anti-RA8 had similar remaining cellobiose concentrations.

At 18 h, the addition of anti-RA8 and anti-FS85 increased the

remaining cellobiose by at least 30% when compared with CON.

A treatment effect (P < 0.001) was observed for residual cellobiose

remaining with CON being the greatest (2.07 mg/ml), anti-RA8

being intermediate (2.35 mg/ml), and anti-FS85 being the least

(2.84 mg/ml).

A treatment effect was observed (P < 0.001; Figure 4C) for

the percentage of live R. albus 7 cells at 12 h with CON being the

greatest (95%), anti-FS85 being intermediate (33%), and anti-RA8

being the least (6%). Addition of anti-FS85 decreased live bacterial

cells by 65% when compared with CON. Addition of anti-RA8

decreased live bacterial cells by 94% when compared with CON.

A treatment effect (P < 0.001; Figure 4F) was observed for total

R. albus 7 acetate concentrations. Overall, anti-RA8 decreased total

acetate by 32% when compared with CON. Addition of anti-FS85
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FIGURE 4

E�ect of non-targeted antibody treatment on live bacterial cells and acetate production (A–C); live bacterial cells (%) at mid-log phase. (A)—F.

succinogenes; a treatment e�ect was observed (P < 0.001; SEM = 4.47) (B)—R. albus 8; a treatment e�ect was observed (P < 0.001; SEM = 5.27).

(C)—R. albus 7; a treatment e�ect was observed (P < 0.001; SEM = 3.89). (D–F) R Total acetate (mM). (D)—F. succinogenes; no treatment e�ect was

observed (P = 0.17; SEM = 0.781). (E)—R. albus 8; a treatment e�ect was observed (P = 0.001; SEM = 0.712). (F)—R. albus 7; a treatment e�ect was

observed (P < 0.001; SEM = 0.574). Treatment; CON = 0 mg/ml, anti-FS85 = 1.3 mg/ml of F. succinogenes antibody, anti-RA7 = 1.3 mg/ml of R.

albus 7 antibody, anti-RA8 = 1.3 mg/ml of R. albus 8 antibody.

decreased total acetate by 44% compared with CON. Scanning

electron microscopy images taken 3h after the addition of anti-

RA7 and anti-FS85, show more cell surface EPS compared with the

addition of anti-RA8 (Supplementary Figure S2).

3.3. Evaluation of anti-FS85 cross-reactivity
and antibody-binding specificity

A treatment × time interaction was observed (P < 0.001;

Figure 6A) for optical densities of F. succinogenes, S. bovis JB1, P.

bryantii B14, and M. elsdenii T81. At 3–24 h, addition of anti-FS85

decreased optical density of F. succinogenes. However, over 1–24 h,

the addition of anti-FS85 to S. bovis or M. elsdenii did not affect

optical density compared with their respective controls. Addition of

anti-FS85 to P. bryantii decreased optical density at 7 h, but between

8 h and 24 h, optical density was similar to P. bryantii control.

A treatment × time interaction was observed (P < 0.001;

Figure 6B) for residual cellobiose over 24 h incubation. At 8,

12, 16, and 24 h, the addition of anti-FS85 increased the

remaining cellobiose in F. succinogenes cultures. At 24 h, remaining

cellobiose concentrations were similar among S. bovis JB1, M.

elsdenii T81, P. bryantii B14, and their respective cultures treated

with anti-FS85. A treatment effect was observed (P < 0.001;

Figure 6C) for total volatile fatty acid concentrations. Addition

of anti-FS85 did not affect VFA concentrations in P. bryantii,

S. bovis, or M. elsdenii cultures. However, the addition of
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anti-FS85 to F. succinogenes decreased total VFA concentration

by 37%.

Whole-cell lysate of F. succinogenes was subjected to two-

dimensional electrophoresis (Figure 7A) to visualize patterns of

the cell protein. The final 2D slab gel was transferred to a

PVDF membrane, and a Western blot was performed. The spots

were visualized on an ECL film after 3 min of X-ray exposure

(Figure 7B). Protein patterns on the 2D gel differ from the

protein patterns visualized on the ECL film suggesting selective

antibody binding.

A total of 10 protein spots were identified on the 2D gel and

selected for LC-MS/MS analysis. In total, 9 of the 10 proteins

had Mascot scores > 60 (Table 1), indicating successful protein

identification. Proteins 1–8 were visualized on ECL film and

selected to determine a subset of proteins with anti-FS85 binding-

specificity. Proteins 9 and 10 were selected as controls to determine

the profile of proteins that were not bound by anti-FS85. Of the

eight proteins that bound to anti-FS85, seven were identified as

outer membrane proteins. Control protein spots 9 and 10 were

identified as cytoplasmic proteins.

4. Discussion

4.1. Determination of antibody e�cacy on
targeted strain

The use of egg-derived, targeted polyclonal antibodies has

been shown to inhibit a variety of intestinal pathogens such as

bovine and human rotaviruses, bovine coronavirus, Salmonella,

Staphylococcus, and Pseudomonas (Mine and Kovacs-Nolan, 2002)

as well as growth of S. bovis and F. necrophorum in the

rumen (DiLorenzo et al., 2006). Additionally, targeted polyclonal

antibodies used in vitro, inhibited the growth of lipolytic bacteria

(Edwards et al., 2017) and several pathogenic bacteria such as

Escherichia coli, Salmonella enteritidis, and Helicobacter pylori

(Lee et al., 2002; Sunwoo et al., 2002; Solhi et al., 2017).

However, there is limited knowledge of targeted IgY application

on rumen bacteria, and a targeted rumen antibody approach

has not been validated for efficacy and cross-reactivity in pure

culture. The ability to inhibit the growth of specific rumen

bacteria could be used to modulate the rumen toward enhanced

fermentation patterns.

In the present study, the addition of the highest dose (HI;

1.3 mg/ml) of each antibody into cultures of their targeted strain

had the greatest inhibitory effect on OD, substrate utilization, and

live bacterial cell percentage when compared with the intermediate

(MD; 0.13 mg/ml) or low (LO; 1.3 × 10−4 mg/ml) doses. Addition

of the HI dose at 0 h decreased total optical density by 74%

for F. succinogenes S85, 30% for R. albus 8, and 68% for R.

albus 7. The inhibitory effect of HI and MD in R. albus 7

persisted for 32 h before those treatments began to increase in

OD. This suggests that the mechanism for inhibition may be

limited to the initial growth phase when cell counts are low.

Bacterial agglutination is a potential mechanism that could reduce

OD measurements but not viable cell counts (Tsubokura et al.,

2003). Other in vitro studies have suggested IgY can cause an

FIGURE 5

Scanning electron micrographs of surface morphology after antibody treatment of F. succinogenes S85. (A) CON—no antibody (B) 1.3 mg/ml of

anti-FS85 (C) 1.3 mg/ml of anti-RA7 (D) 1.3 mg/ml of anti-RA8.
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FIGURE 6

E�ect of anti-FS85 antibody treatment on non-cellulolytic bacteria. (A)—optical density (600nm) a treatment × time interaction was observed (P <

0.001; SEM = 0.012). (B)—residual cellobiose (mg/ml) a treatment × time interaction was observed (P < 0.001; SEM = 0.070). (C)—total volatile fatty

acids (mM) a treatment e�ect was observed (P < 0.001; SEM = 0.695). Treatment; FS85 = F. succinogenes, SB = S. bovis JB1, PB = P. bryantii B14, ME

= M. elsdenii T81, + anti = 1.3mg/ml of anti-FS85. Means with unlike labels di�er (P ≤ 0.05).

FIGURE 7

Western blot analysis of anti-FS85 antibody treatment (A) 2D SDS PAGE and (B) 2D Western blot ECL detection with selected protein spots.
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TABLE 1 Proteins identified by LC-MS/MS from 2D gel spots.

Protein # Gene IDa Mascot scoreb emPAIc Annotation

1 ADL26237.1 90 0.3 Hypothetical protein FSU_1693

2 ADL24646.1 36 0.07 Conserved domain protein

3 ADL26485.1 85 0.06 Segregation and condensation protein A

4 ADL26888.1 196 0.47 Putative lipoprotein

5 ADL25872.1 1182 4.28 Putative carboxyl-terminal protease

6 ADL24825.1 510 2.22 Outer membrane efflux protein

7 ADL25985.1 874 3.17 Hypothetical protein FSU_0659

8 ADL27203.1 5828 320.98 Translation elongation factor Ts

9 ADL27311.1 397 0.56 Putative saccharopine dehydrogenase

10 ADL25838.1 3019 34.16 Glyceraldehyde 3-phosphate dehydrogenase A

aNational Center for Biotechnology Information (NCBI). Bethesda, MD.
bReflects combined scores of all observed mass spectra that can be matched to amino acid sequence within that protein (Matrix Science).
c10PAI−1, where PAI (Protein Abundance Index) denotes the ratio of observed to observable peptides (Ishihama et al., 2005).

adherence blockade that may impair growth-related functions (Jin

et al., 1998; Lee et al., 2002). Addition of anti-RA8 at all doses

had no effect on growth until 18 h. However, OD of R. albus 8

CON remained below 0.35 until 18 h, suggesting slow cell growth

may have decreased the opportunity to observe a response to

antibody inclusion.

Substrate disappearance was measured to determine the

amount of cellobiose remaining throughout the 52 h incubation

period. The medium contained 4 mg/ml of cellobiose at the

beginning of the experiment. The total remaining cellobiose was

greatest (≥ 2.04 mg/ml) with the addition of HI at 0 h. At the end

of the incubation period, the addition of HI at 0 h or 4 h resulted

in increased remaining cellobiose in F. succinogenes S85 and R.

albus 7 compared with CON. This decreased substrate utilization

corresponds with decreased growth measured by OD. In contrast,

at 52 h, R. albus 8 treatments did not differ and had depleted

cellobiose (≤ 0.18 mg/ml). At 24 h, 2.25 mg/ml of cellobiose

remained in HI at 0 h in R. albus 8-treated cells, indicating most

of the substrate utilization for this treatment occurred between

24 h and 52 h. This data also correspond with OD as the addition

of HI at 0 h, increased from 0.06 to 0.58 OD between 24 h and

52 h.

Addition of the HI dose (1.3 mg/ml) at 0 h decreased live

bacterial cells by 98% for F. succinogenes S85, 50% for R.

albus 8, and 100% for R. albus 7. In a similar study, the use

of a lower dose (0.5 mg/ml) of egg-derived Propionibacterium

avidum antibody reduced the lipolytic activity of target P.

avidum by 59% (Edwards et al., 2017). Addition of 2.5ml of

an S. bovis-targeted polyclonal antibody to the feed of ruminally

cannulated steers decreased (P < 0.05) ruminal MPN enumeration

counts of S. bovis by 80% (DiLorenzo et al., 2006). Overall,

these data suggest that anti-FS85 and anti-RA7 have a greater

inhibitory effect on the growth of their targeted strain compared

with anti-RA8. However, 1.3 mg/ml of antibody added at 0 h

will decrease the growth of each targeted strain over a 52-h

incubation period.

4.2. Determination of antibody
cross-reactivity

Whole-cell preparations of polyclonal antibodies can recognize

and bind to many different epitopes of a single antigen. Therefore,

cross-reactivity is more likely to occur with polyclonal antibodies

than with monoclonal antibodies, which detect a single epitope on

the antigen (Frank, 2002). In the present study, antibodies were

capable of reducing the growth activity of strains that they were not

specifically generated against.

In F. succinogenes S85, optical density decreased by 11% in anti-

RA7 compared with 54% in anti-RA8 treatments. However, OD

was similar in all treatments at 24–52 h. Therefore, F. succinogenes

S85 cells treated with non-targeted antibodies had greater max OD

(0.68) compared with cells treated with targeted antibodies (0.20),

suggesting targeted antibodies have greater inhibition efficacy than

non-targeted antibodies. At 12 h, live bacterial cells were decreased

by 49% with the addition of anti-RA7 and by 100% with the

addition of anti-RA8. This data corresponds with the OD at 12 h

with CON being the greatest (0.50), anti-RA7 being intermediate

(0.40), and anti-RA8 being the least (0.10). However, by 18 h, anti-

RA8-treated cells were similar compared with CON, indicating

inhibitory effects had decreased by this stage. A similar cross-

reactivity response revealed that the addition of 0.5 mg/ml of

P. avidum polyclonal antibody decreased the lipolytic activity

of P. acnes by 70% and B. fibrisolvens H17c by 49% (Edwards

et al., 2017). Scanning electron images show more cell surface

disruption with the addition of anti-FS85 compared with anti-RA7

or anti-RA8. Similarly, transmission electron microscopy images

of E. coli O157:H7 incubated with targeted antibodies resulted in

morphological changes and IgY binding around the cell surface

(Sunwoo et al., 2002). Overall, these data suggest that the addition

of anti-RA8 had a greater inhibitory effect on growth characteristics

of F. succinogenes S85 than anti-RA7. Additionally, anti-RA7 had

lesser inhibitory effects on growth characteristics than HI of anti-

FS85.
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In R. albus 8, optical density decreased by 30% in anti-FS85

and 38% in anti-RA7. Throughout the 52 h incubation period,

CON remained the greatest in OD, anti-FS85 was intermediate,

and anti-RA7 was the least. The max OD reached by anti-RA7

was 0.74 at 24 h. In experiment 1, the max OD reached by HI at

0 h was 0.58 at 52 h. Substrate disappearance was decreased with

the addition of anti-RA7 and anti-FS85 compared with control.

However, by 52 h, all treatments had similar remaining cellobiose

concentrations. Overall, acetate concentrations were greater in

CON compared with anti-FS85 and anti-RA7. At 24 h, anti-FS85

and CON had similar acetate concentrations. These data suggest

that both antibodies had an inhibitory growth effect on R. albus 8.

Similarly, a study aimed to evaluate the inhibitory effects of IgY

polyclonal antibodies generated against four strains of H. pylori

showed a cross-strain inhibitory effect, reducing the growth of

non-targeted strains by 29–86% (Solhi et al., 2017).

In R. albus 7, optical density decreased by 49% in anti-RA8

and 87% in anti-F85. This percentage of decrease in anti-FS85

is greater than the percentage of decrease in HI at 0 h of anti-

RA7 (68%). Interestingly, the anti-RA7 antibody only decreased

F. succinogenes S85 cells by 11%, suggesting anti-FS85 had a

greater inhibitory effect on OD toward R. albus 7 than anti-

RA7 had on F. succinogenes S85. Substrate disappearance was

decreased with the addition of anti-RA8 and anti-FS85. At 52 h,

CON and anti-RA8 had similar cellobiose remaining. Additionally,

live bacterial cell percentage and total acetate were decreased

with the addition of anti-RA8 and anti-FS85. Overall, R. albus

7 showed the greatest cross-reactivity to non-targeted antibodies

with anti-FS85 having a greater inhibitory effect than anti-RA8.

Additionally, anti-FS85 and anti-RA7 have similar inhibitory effects

on R. albus 7 when added at the highest dose. Similar to H. pylori,

these cellulolytic bacteria may have similar antigens that each

antibody could interact with, causing this cross-reactivity effect

(Solhi et al., 2017). In contrast, polyclonal antibodies generated

against E.coli O157:H7 had very little cross-reactivity among

other members of the family Enterobacteriaceae (Sunwoo et al.,

2002).

4.3. Evaluation of anti-FS85 cross-reactivity
and antibody-binding specificity

Overall, anti-FS85 displayed greater inhibitory effects on the

growth of F. succinogenes compared with anti-RA8 and anti-RA7

but was still able to inhibit the growth of the other two cellulolytic

strains, R. albus 7 and R. albus 8. Further evaluation of this

antibody was conducted to explore its effects on non-cellulolytic

rumen bacteria. S. bovis JB1, P. bryantii B14, and M. elsdenii T81

were dosed with 1.3 mg/ml of anti-FS85. Overall, OD, substrate

disappearance, and total VFA were not affected by the addition

of anti-FS85. As expected, F. succinogenes had decreased OD,

decreased VFA concentrations, and increased residual cellobiose

when dosed with 1.3mg/ml of anti-FS85. These results indicate that

anti-FS85 has greater binding specificity to F. succinogenes when

compared with S. bovis JB1, P. bryantii B14, and M. elsdenii T81,

suggesting that the epitope regions targeted by anti-FS85 are not

located on these non-cellulolytic rumen bacteria strains.

A 2DWestern blot was performed to further evaluate antibody-

binding specificity. The Western blotting process relies on the

primary antibody’s specificity, to recognize and bind to its target

antigen, and selectivity, to bind to its target antigen in the presence

of other proteins (Pillai-Kastoori et al., 2020). As expected, anti-

FS85 was able to recognize and bind tomultiple epitopes but did not

bind to all proteins separated on the 2D gel. This suggests that anti-

FS85 has both specificity and selectivity toward its target antigens.

To identify these epitope regions, eight protein spots were

excised and analyzed through LC-MS/MS. Protein 1 was annotated

as hypothetical protein FSU_0659 and was most likely associated

with pilus assembly. This protein shares motifs with type IV pilus

assembly proteins and is clustered with genes annotated as pilus

assembly proteins (FSU_0658, FSU_0659, FSU_0660, FSU_0661,

and FSU_0662). Type IV pili are filaments located on the cell

surface of bacteria and have been shown to play a role in cellulose

adhesion in R. albus and R. flavefaciens (Vodovnik et al., 2013).

Protein 2 was annotated as a conserved domain protein identified

from outer membrane proteins in F. succinogenes S85 (Jun et al.,

2007). Protein 3 was annotated as FSU_1323, a segregation and

condensation protein A that forms part of the condensin complex

necessary for chromosomal partition during cell division. The

condensin complex pulls DNA away from the mid-cell into both

cell halves (Dervyn et al., 2004). Protein 4 was annotated as

a putative lipoprotein, which is a hydrophilic protein anchored

to the cell membrane (Wilson and Bernstein, 2016). Similarly,

F. succinogenes outer membrane proteins were identified from

cells grown on cellulose and glucose (Jun et al., 2007), and four

of the identified proteins were putative lipoproteins. Protein 5

was identified as a putative-carboxyl-terminal protease (CtpA),

which functions in post-translational protein processing (Satoh

and Yamamoto, 2007). These proteins have been identified on

the outer membrane of Borrelia burgdorferi (Östberg et al., 2004).

Protein 6 was annotated as an outer membrane efflux protein

and functions as a channel to allow the export of substrates in

Gram-negative bacteria (Johnson and Church, 1999). The most

abundant protein, with an emPAI score of 320, was annotated

as a translation elongation factor Ts, which functions alongside

EF-Tu to assist in protein synthesis (Burnett et al., 2013). EF-

Tu has been found on the cell surface of Gram-positive and

Gram-negative bacteria (Granato et al., 2004). The control proteins

that did not bind to anti-FS85 were annotated as a putative

saccharopine dehydrogenase (protein 9) and a glyceraldehyde 3-

phosphate dehydrogenase (protein 10). These proteins are located

in the cytoplasm. Of the eight selected proteins that did bind to

anti-FS85, seven were associated with the outer membrane, and

SEM images indicated that anti-FS85 caused cell surface disruption

to F. succinogenes. This suggests that the anti-FS85 antibody is

binding or interacting with cell surface proteins. This may prevent

the function of OM proteins or disrupt cellular components

through signal transduction, leading to cell death (Wade and

O’Toole, 2010). Thus, developing polyclonal antibodies from heat-

inactivated whole-cell lysates may be an effective way to target

outer membrane proteins of specific bacteria to inhibit growth.

Future studies should address antibody-binding specificity toward

Gram-positive bacterial cells as they lack an outer membrane layer

and toward non-targeted strains that display high levels of cross-

reactivity.
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5. Conclusion

Overall, polyclonal antibodies generated against key cellulolytic

rumen bacterial strains inhibited the growth of targeted strains in

monoculture. Additionally, antibodies were capable of reducing

the growth activity of strains that they were not specifically

generated against. However, these inhibitory effects on growth

characteristics of non-targeted strains are less impactful to the

overall growth of cells over a 52-h incubation period. This

suggests that while there is cross-reactivity, there may be a

greater specificity for antibodies generated against their target

strain. Additionally, polyclonal antibodies generated against whole

bacterial cell lysates appear to target outer membrane proteins. This

method of antibody generation could be used in future studies to

inhibit the growth of specific bacteria to modify rumen microbial

populations toward improved fermentation patterns and increased

animal performance. Determining the affinity for targeted and non-

targeted strains in mixed cultures can further validate antibody

selectivity and efficacy.
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E�ects of di�erent forage
proportions in fermented total
mixed ration on muscle fatty acid
profile and rumen microbiota in
lambs

Mingjian Liu1,2, Zhijun Wang1,2, Lin Sun3, Yu Wang1,2, Junfeng Li4,

Gentu Ge1,2, Yushan Jia1,2* and Shuai Du1,2*

1Key Laboratory of Forage Cultivation, Processing and High E�cient Utilization of Ministry of Agriculture

and Rural A�airs, Inner Mongolia Agricultural University, Hohhot, China, 2Key Laboratory of Grassland

Resources of Ministry of Education, Inner Mongolia Agricultural University, Hohhot, China, 3Inner

Mongolia Academy of Agricultural and Animal Husbandry Sciences, Hohhot, China, 4Inner Mongolia Yili

Industrial Group Co., Ltd., Hohhot, China

Objective: The objectives of this study were to evaluate the e�ects of di�erent

forage proportions in the fermented total mixed ration (FTMR) on growth

performance, muscle fatty acid profile, and rumen microbiota of lambs.

Methods: Thirty 6-month-old small tail Han sheep × Ujumqin lambs with initial

body weight (BW) of 27.8 ± 0.90 kg were selected for the test and divided into

two groups of 15 sheep in each treatment (three pens per treatment and five

lambs per pen) according to the principle of homogeneity. Two isoenergetic and

isonitrogenous diets were formulated according to the NRC. The diet treatments

were designed as (1) OH treatment containing 25% alfalfa hay and 35% oat hay,

and (2) AH treatment containing 35% alfalfa hay with 25% oat hay. The forage-

to-concentrate ratio for both diets was 65: 35 (DM basis). Three replicates were

randomly selected from each treatment to determine growth performance, fatty

acid profile and rumen bacterial communities in lambs.

Results: Results revealed no statistically significant (p > 0.05) di�erences in dry

matter intake and average daily gain between the two diet groups. Cholesterol

and intramuscular fat were significantly (p > 0.05) higher in the AH group, while

no statistically significant di�erence (p > 0.05) was found in pH24 value. The

muscle fatty acid compositions of lambs were obviously (p < 0.05) influenced

by the diet treatments. Compared with the OH group, the C16:1, C17:0, and

C20:3n6 contents were higher (p < 0.05) in the AH group, whereas the content

of C18:1n9c, C20:1, C18:3n3, and C22:6n3 was obviously (p < 0.05) increased in

the OH group. Themonounsaturated fatty acid (MUFA) contents were significantly

higher in the OH group, whereas no significant di�erences (p > 0.05) were

detected in saturated fatty acid (SFA) and polyunsaturated fatty acid (PUFA)

contents among the two diet treatments. Bacterial composition was generally

separated into two clusters based on principal coordinate analysis, and the

OH group had a higher Shannon index. The relative abundance at the genes

level of the Rikenellaceae_RC9_gut_group was obviously (p < 0.05) increased

in the AH group and the relative abundances of Prevotella_1, Fibrobacter,

and Bacteroidales_UCG_001_unclassified were obviously (p < 0.05) enriched in

the OH group. Integrated correlation analysis also underscored a possible link

between the muscle fatty acid compositions and significantly altered rumen

microbiota.
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Conclusion: Overall, oat-based roughage in FTMR could promote a beneficial

lipid pattern in the Longissimus lumborum muscles of lambs. These findings

provide a potential insight into diet e�ects on fatty acid profile and the rumen

microbiome of lambs, which may help make decisions regarding feeding.

KEYWORDS

oat, alfalfa, fermented total mixed ration, meat quality, rumen microbiota

Introduction

Alfalfa (Medicago sativa L.) is a promising forage used for

animals worldwide due to its strong adaptability and good

nutritional value (Zhao et al., 2021). However, the higher cost of

alfalfa might affect economic efficiency (Wang et al., 2021; Chávez

et al., 2022). Thus, a high-priority task is to find suitable forages to

replace alfalfa hay in order to meet the needs of the herbivorous

animal industry.

Oat (Avena sativa L.) has high protein and digestible fractions,

can grow well in the cooler temperatures of spring and fall, and

is an important part of feedstuff for ruminants (Harper et al.,

2017; Jia et al., 2021). Previous research has demonstrated that

oat hay has been widely used due to its advantages of higher

apparent digestibility of fiber, which can balance the stable state

of the rumen internal environment in animals (An et al., 2020).

Zou et al. (2018) demonstrated that partially replacing alfalfa hay

with oat hay in total mixed rations (TMR) could promote nitrogen

utilization. However, TMR is associated with a high level of aerobic

deterioration and needs to be freshly prepared prior to each use,

which limits its use in some farms due to labor shortages (Du et al.,

2022). Previous research has demonstrated that fermented total

mixed ration (FTMR) could be used as a diet in animal production

(Kumagai et al., 1983). In addition, FTMR could improve total tract

apparent digestibility while decreasing fecal N excretion, which

enhances economic benefits and reduces environmental pollution

(Zhang et al., 2020). Furthermore, Zhao et al. (2020) confirmed

that bamboo (Bambusoideae) as a roughage source of FTMR

had no adverse effect on fermentation quality while improving

aerobic stability.

The rumen serves as a natural bioreactor and is occupied

by a highly diverse and dense microbiota population consisting

of bacteria, fungi, archaea, and protozoa (Carballo et al., 2021).

The rumen is responsible for the ruminant’s ability to convert

fibrous plant materials and indigestible plant mass into energy and

protein (Carrasco et al., 2017). The rumen microbial population

ferments feedstuffs and converts fibrous-rich plant materials into

microbial proteins. This unique microbial ecosystem provides

∼70% of the daily energy requirement for ruminant needs and

improves the growth and performance of the host (Krause

et al., 2020; Du et al., 2022). Additionally, rumen bacteria are

involved in biological hydrogenation and isomerization in vivo,

which may eventually affect muscle fatty acid (FA) deposition

by changing the FA composition of the rumen digesta (Enjalbert

et al., 2017). The fatty acid composition of meat is closely related

to human health benefits, and the excessive consumption of

saturated fatty acid (SFA) will increase the risk of cardiovascular

disease (Abuelfatah et al., 2016). A previous study suggested that

replacing SFA with polyunsaturated fatty acid (PUFA) may be

beneficial to human health, which can be achieved by altering

rumen microbial metabolism (Zhu et al., 2022). In turn, the

host provides an anaerobic and substrate-rich environment for

microbes to thrive (Ellison et al., 2017). Generally, bacteria are

the most important players among rumen microorganisms during

feed biopolymer degradation and fermentation (Welkie et al.,

2010). However, the composition and distribution of rumen

microflora are affected by many factors, especially diet, season,

environmental temperature, and the development and growth stage

of the host animals (Cui et al., 2022). Previous research showed

that dietary composition was the main factor affecting rumen

microbial compositions and functions (Liu et al., 2022). Li et al.

(2020) provided evidence that the rumen microbial community

and their functions could be dramatically affected by different

diets and further affect the metabolism of fatty acids by ruminal

microorganism biohydrogenation in the muscle of animals. Studies

have shown that the 20% changes in feed efficiency could be

explained by the rumen microbiome (Liu et al., 2022). Therefore,

a greater understanding of the functions of rumen microbiota is

necessary to investigate the mechanisms involved in the effects

of dietary composition on the formation and improvement of

the quality of meat produced by animals. However, data on the

influences of different forage proportions in FTMR on the fatty acid

profile and ruminal microbiota are still lacking.

We hypothesized that increasing the proportion of oat hay in

FTMR would provide sufficient physical active fiber to enhance

rumen functions and the meat quality of lambs. Therefore, this

study aimed to evaluate the effects of forage proportion in FTMRon

muscle fatty acid composition and the rumen microbiota of lambs.

Materials and methods

Animals, diets, and experimental design

The study protocol selected for this experiment was based

on the Institutional Guidelines for Animal Experiments and

the Regulations for the Administration of Affairs Concerning

Experimental Animals of the College of Grassland, Resources, and

Environment, Inner Mongolia Agricultural University, Hohhot,

China. All the experimental protocols carried out in this study

were approved by the Animal Care Committee of Inner Mongolia

Agricultural University. The feeding experiment was carried out at
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TABLE 1 Growth performance of lambs feed fermented total mixed

rations with di�erent ratios of alfalfa and oat.

Items OH AH SEM P-value

Initial BW (kg) 27.67 28.00 0.366 0.875

Final BW (kg) 41.00 42.51 0.569 0.267

ADG (g/day) 222.22 241.83 5.119 0.181

DMI (kg/day) 1.10 1.16 0.017 0.210

BW, body weight; ADG, average daily gain; DMI, dry matter intake; SEM, standard error

of the mean. Means within the same rows with different letters are significantly different (p

< 0.05). SEM, standard error of means. OH, high oat percentages group; AH, high alfalfa

percentage group.

Inner Mongolia Hongpeng Technology Co. Ltd (Balin Left Banner,

Chifeng, China). A total of 30 small-tail Han sheep × Ujumqin

sheep crossed uncastrated male lambs weighing ∼27.8 ± 0.90 kg

were randomly allocated to the two diet groups, with 15 sheep

in each treatment (three pens per treatment and five lambs per

pen) according to the principle of homogeneity. The pens were

separated into five single stalls (0.8 × 1.3m). Two isoenergetic

and isonitrogenous diets were formulated according to the NRC

(NRC, 2007; Nasehi et al., 2018). The forage-to-concentrate ratio

for both diets was 65:35 (DM basis) to meet the essential energetic

and nutritional requirements of the experimental lambs. The gross

energy (GE), energy in feces (FE), energy in urine (UE), and energy

in gaseous products of digestion (Eg) were analyzed using an

oxygen and nitrogen analyzer (IKAWorks GmbH andCo., Staufen,

Germany). Metabolizable energy (ME) was estimated following the

procedure reported by Freer et al. (2007), and the formula was as

follows: ME = GE – FE – UE – Eg. The composition and nutrition

of the diets are listed in Supplementary Table 1. The FTMR was

prepared with alfalfa hay, oat hay, corn stover, natural forage,

and concentrate mixtures provided by Chaoyue Feed Co. Ltd. The

experimental treatments were designed as (1) OH containing 25%

alfalfa hay with 35% oat hay and (2) AH containing 35% alfalfa

hay with 25% oat hay. The diets were prepared as follows. The

forage samples were chopped into ∼1–2 cm and mixed according

to the above ratios, and then adjusted for moisture to 500 g/kg

using a water sprayer after additives had been dissolved in water.

The additives were compound bacterial agents (containing bacillus

subtilis R2 and bacillus subtilis N10) purchased from Hebei Zhong

bang Biotechnology Co. Ltd. (Strong brand, Hebei, China) and

were added in proportion to 1 g/kg of fresh TMR. FTMR was

placed in fermentation bags (55 × 85 cm) equipped with a one-

way exhaust valve, compacted, and sealed at the mouth of the bag,

and all samples were stored indoors (∼15◦C) for 60 days. The

experiment was performed over 75 days, with the first 15 days for

adaptation. During the adaptation period, the animals also received

their respective test diets. The lambs were fed twice daily (7: 00 h

a.m. and 5: 00 h p.m.), and no more than 10% of refusals were

allowed. The lambs were provided with free access to drinking

water and fed ad libitum on their respective FTMR diets.

Sample collection and processing

The weight of feed delivered and refused was registered every

day to evaluate the dry matter intake (DMI). The weight of all

lambs was assessed after their adaptation period and every 2 weeks

thereafter. The initial body weight and final body weight were

measured to estimate the average daily gain (ADG). Following

the experimental tests, the experimental lambs were provided with

free access to drinking water and fasted for 12 h, then stunned

electrically, and exsanguinated to death by severing the jugular vein

at a butchery. The slaughter procedures were performed according

to operating procedures of livestock and poultry slaughtering for

sheep and goat (NY/T 3469-2019, Ministry of Agriculture, China)

(Ministry of Agriculture, 2019). The muscle samples of Longissimus

lumborum were isolated from the right side of the carcass to

determine pH value, cooking loss rate, and dripping loss rate, and

the part of the isolated sample was immediately stored at−20◦C in

a freezer until further assay of chemical composition, meat quality,

and fatty acid profile. In addition, rumen fluid samples of all lambs

were collected immediately after slaughtering, and six ruminal

fluid samples were randomly selected from each group for further

measurement. Approximately 50ml of rumen fluid was gathered

from each lamb by straining the rumen content with four layers of

cheesecloth. The rumen fluid samples were immediately frozen in

liquid nitrogen and then stored in a cryogenic refrigerator at−80◦C

for 16S rRNA sequencing analysis.

Feed composition analysis

Feed samples were dried for 48 h in a convection oven at

60 to 65◦C until constant weight to calculate dry matter content

(DM) and then ground with a sample mill (1mm screen) for

further analysis of crude protein (CP), organic matter (OM),

neutral detergent fiber (NDF), acid detergent fiber (ADF), and

ash. DM, CP, OM, and ash were analyzed following the AOAC

(2005) standard procedures (925.04, 954.01, 920.39, and 942.05,

respectively). ADF and NDF contents were measured based on

the methods previously published by Van Soest et al. (1991). Ten

grams of FTMR samples were randomly selected and further mixed

with 90mL sterilized saline and homogenized in a blender for

2min to extract the fermentation broth. After that, the bacterial

solution was diluted from 10−1 to 10−5 to count the number

of microorganisms. The amount of LAB and aerobic bacteria

was calculated with the MRS medium base (MRS) medium and

nutrient agar, respectively. The pH value of the FTMR extract was

measured immediately with a calibrated glass electrode pH meter

(STARTED 100/B, OHAUS, Shanghai, China). The concentrations

of organic acids were characterized based on high-performance

liquid chromatography (HPLC) following the method reported by

You et al. (2021). Ammonia nitrogen (NH3-N) was assayed by

the phenol-hypochlorite procedure according to the methods of

Broderick and Kang (1980).

Meat quality analysis

Association of Official Analytical Chemists methods (AOAC,

2005) were used to assess the contents of moisture, protein,

cholesterol, intramuscular fat, and ash. The pH24 value of the

longissimus lumborum muscle samples was estimated after 24 h
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FIGURE 1

Dynamic changes of ADG and DMI every 2 weeks among di�erent treatments. DMI, dry matter intake; OH, high oat percentages group; AH, high

alfalfa percentage group.

TABLE 2 Meat quality of lambs feed fermented total mixed rations with

di�erent ratios of alfalfa and oat.

Items OH AH SEM P-value

pH24h 5.56 5.55 0.033 0.907

Dripping loss

rate (%)

4.73 3.31 0.296 <0.001

Cooking loss

rate (%)

34.34 33.77 0.329 0.492

Moisture (%) 76.17 75.57 0.250 0.324

Protein (%) 21.00 20.50 0.142 0.111

Cholesterol

(mg/100 g)

35.60 47.10 2.406 0.001

Intramuscular

fat (%)

1.83 3.60 0.363 <0.001

Ash (%) 0.85 0.76 0.020 0.019

Means within the same rows with different letters are significantly different (p < 0.05). SEM,

standard error of means; OH, high oat percentages group; AH, high alfalfa percentage group.

(stored at 4◦C) by a pre-calibrated portable pH meter equipped

with a glass electrode shaped to easily penetrate meat (STARTED

100/B; Ohaus, Shanghai, China). The cooking loss rate of the

longissimus lumborum muscle samples was calculated by taking

the difference between the initial uncooked weight and the final

weight of the sample after cooking following the recommendations

of the American Meat Science Association (Seman et al., 2017).

The samples were stored in inflated plastic bags at 4◦C for 24 h.

The dripping loss rate was represented by the ratio of weight

loss (Honikel, 1998). The fatty acids of longissimus lumborum

samples were tested by gas chromatography (GC) of fatty acid

methyl esters (FAMEs). The GC was equipped with a fused silica

capillary column (crosslinking bonded stationary phase containing

50% propyl, 60mm × 0.25mm × 0.25µm), split injector, and

flame ionization detector fitted with a Galaxie Chromatography

Data System (Version 1.0 software). The oven was programmed

as follows: initial temperature of 130◦C for 1min, which was

first increased to 170◦C at 6.5◦C/min, then increased to 215◦C at

2.75◦C/min and held at that temperature for 12min, and finally,

the temperature was further increased to 230◦C at 4◦C/min and

held at that temperature for 3min. The injector and detector

temperatures were 270 and 280◦C, respectively. Helium was used

as a carrier gas at the column flow of 0.8 ml/min and a split ratio of

50:1. The methylation of fatty acids in meat samples was carried

out based on the procedure of AOAC (2005). The compositions

of muscle saturated fatty acid (SFA), monounsaturated fatty acid

(MUFA), and polyunsaturated fatty acid (PUFA) were obtained

from individual fatty acid percentages.

Bacterial DNA extraction, polymerase chain
reaction amplification, and 16s rRNA
sequencing

The microbial DNA of six rumen fluid samples was

isolated using E.Z.N.A.
R©
Stool DNA Kit (D4015, Omega,

Inc., USA) and then eluted with elution buffer (50 µL)

following the manufacturer’s instructions. The V3–V4

region of the 16S rRNA gene was amplified from extracted

DNA as previously described using the universal primers

of 341 (5
′
- CCTACGGGNGGCWGCAG-3

′
) and 805 (5

′
-

GACTACHVGGGTATCTAATCC-3
′
) (Logue et al., 2016). The

PCR products were extracted and purified by 2% agarose gel

electrophoresis and AMPure XT beads (Beckman Coulter

Genomics, Danvers, MA, United States), respectively. The

sequencing library was prepared using the gDNA samples applying

the Illumina library quantification kit (Kapa Biosciences, Woburn,

MA, United States). The amplicon libraries were evaluated

and characterized for size distribution and number using an

Agilent 2100 Bioanalyzer (Agilent, United States). The sample

libraries were sequenced using the NovaSeq PE250 platform.

Sequencing data for the 16S rRNA gene sequence of the rumen

samples in the two FTMR diet groups were uploaded and stored

in NCBI BioProject, and the accession number can be found

under PRJNA888233.

Bioinformatics analysis

The 16S rRNA gene sequences were performed using an

Illumina NovaSeq platform according to the recommended

vendor’s instructions (LC-Bio Technology Co. Ltd., Hangzhou,
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TABLE 3 Muscle fatty acid composition of longissimus lumborummuscle

(mg/100g of fatty acid methyl esters).

Items OH AH SEM P-value

C14:0 4.55 5.99 0.904 0.529

C15:0 0.49 1.44 0.263 0.091

C15:1 0.25 0.13 0.079 0.557

C16:0 51.06 86.18 8.982 0.057

C16:1 3.77 5.98 0.554 0.049

C17:0 1.85 4.69 0.844 0.033

C17:1 1.95 1.94 0.010 0.547

C18:0 67.83 54.74 10.580 0.629

C18:1n9t 5.44 5.06 0.265 0.581

C18:1n9c 128.87 122.66 0.332 0.004

C18:2n6t 0.63 0.70 0.034 0.368

C18:2n6c 19.73 19.66 1.188 0.889

C20:0 0.32 0.57 0.092 0.253

C20:1 0.37 0 0.075 <0.001

C18:3n3 1.66 1.22 0.101 0.022

C21:0 0.75 1.22 0.145 0.151

C22:0 0.54 0.54 0.037 0.984

C20:3n6 0 0.55 0.113 <0.001

C22:6n3 0.47 0.38 0.018 <0.001

SFA 128.83 153.92 10.339 0.318

PUFA 22.38 22.61 0.283 0.756

MUFA 140.53 135.89 1.021 0.008

Means within the same rows with different letters are significantly different (p < 0.05). SEM,

standard error of means; OH, high oat percentages group; AH, high alfalfa percentage group;

c, cis-fatty acid; t, trans-fatty acid.

Zhejiang Province, China). Paired-end reads were assigned to

samples based on their unique barcode and truncated by cutting

off the barcode and primer sequence. FLASH (v1.2.8, http://

ccb.jhu.edu/software/FLASH/) was used to merge the paired-

end reads. Quality filtering was performed on the raw reads

under specific filtering conditions to obtain high-quality clean

reads according to fqtrim (v0.94, http://ccb.jhu.edu/software/

fqtrim/), and Vsearch (v2.3.4) was performed to filter the

chimeric sequences. QIIME2 (v2019.7) was selected to import

and process the sorted reads for bioinformatics analysis. The

imported paired reads were quality filtered, denoised, and merged

by plugin DADA2 (v3.11) to produce the amplicon sequence

variants (ASV) feature table. The taxonomy classification was

carried out using the q2-feature-classifier, a taxonomic classifier

plugin for the QIIME 2 microbiome analysis platform (https://

qiime2.org/) based on the scikit-learn naive Bayes classifier. After

that, a SILVA database (Release 138, http://www.arb-silva.de)

was used to assign taxonomy to filtered ASVs, predicting 99%

identity of bacteria and representative sequences. To determine

the species diversity in each sample of the two treatments,

alpha diversity and beta diversity analyses were conducted using

the procedure of plugin q2-diversity in QIIME2 (v2019.7). To

assess bacterial communities between individuals and groups in

the current research, weighted UniFrac outputs were evaluated

and visualized using PCoA. The communities that showed

statistical differences among the two groups were identified using

PERMANOVA (vegan 2.5.4). Treatment-dependent features were

identified using LEfSe. A size-effect threshold of 3.0 on the

logarithmic LDA score was used to identify discriminating taxa,

as proposed by Segata et al. (2011). Using the Mann–Whitney

U-test, the differences in relative abundance were identified

between groups. To illuminate the interactions between microbes

and meat quality, the relationships between the top 20 genera

bacterial community and meat quality were visualized by Pearson’s

correlation heatmap, which was performed using R Core Team

(2014) after ranking and normalizing the correlation matrix.

Phylogenetic Investigation of Communities by Reconstruction of

Unobserved States 2 (PICRUSt2) was used to infer the rumen

microbiota functional pathways based on the information from

the KEGG database (Douglas et al., 2020). Bar graphs were

drawn with the software GraphPad Prism 9 (San Diego, CA,

United States).

Statistical analysis

Analyses of feed nutrition, growth performance, meat quality,

and muscle fatty acid composition were performed using SAS ver.

9.2 (SAS Inc, 2007 Cary, NC, USA). The statistical model of the

SAS was as follows: Y = µ + α+ ε, where Y = observation, µ

= overall mean, α = diet effect, and ε = error. Differences in

means among the two groups were evaluated using an independent

sample t-test, and a p-value of <0.05 was considered to be

statistically significant.

Results

Animal performance

The initial BW, final BW, ADG, and DMI of all lambs

across the entire fattening trial are shown in Table 1.

Interestingly, no statistically significant (p > 0.05) difference

in final BW between these two different diet groups was

observed. There were no significant (p > 0.05) differences

observed in DMI or ADG between the two diet treatments.

As shown in Figure 1, the dynamic changes in DMI and ADG

followed the same trend and gradually increased in the two

diet treatments.

Meat quality

Table 2 shows that there was no statistically significant

(p > 0.05) difference in pH24 value between the two diet

treatments. The dripping loss rate of the longissimus lumborum

muscle was obviously (p < 0.05) increased in the AH group,

whereas no significant (p > 0.05) qualitative difference

was detected in the cooking loss rate between the two diet
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FIGURE 2

Microbial community among di�erent treatments (n = 3). (A) Venn diagram representing the common and unique amplicon sequence variants (ASVs)

found at each treatment. (B) Principal coordinates analysis (PCoA) of samples conducted based on weighted UniFrac distance. OH, high oat

percentage group; AH, high alfalfa percentage group.

groups. No statistically significant (p > 0.05) differences

were observed in muscle moisture or protein of lambs in

the two diet treatments. Compared with the OH group, the

cholesterol and intramuscular fat were significantly (p <

0.05) higher in the AH group, while ash was significantly

(p > 0.05) lower.

FA components of the longissimus lumborum muscle of lambs

allocated to each treatment group are shown in Table 3. Notably,

the muscle fatty acid compositions of lambs were significantly

(p < 0.05) influenced by the diet treatments. Differences in

C14:0, C15:0, C16:0, C15:1, C16:0, C17:1, C18:0, C18:1n9t,

C18:2n6t, C18:2n6c, C20:0, C21:0, and C22:0 content were not

detected among the two diet treatments. Compared with the

OH group, the AH group greatly (p < 0.05) increased the

contents of C16:1, C17:0, and C20:3n6. The OH group expressed

significantly higher (p < 0.05) C18:1n9c, C20:1, C18:3n3, and

C22:6n3 content relative to the AH group. Finally, the MUFA

contents were greatly (p < 0.05) reduced in the OH group,

whereas the SFA and PUFA contents were not affected by

diet treatment.
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FIGURE 3

Relative abundance (%) of bacterial phyla (1% at least in one group) of ruminal microbiome of lambs fed FTMR with di�erent alfalfa and oat ratios (n =

3). (A) Phylum level. (B) Extended error bar plot showing the bacteria at the phylum level that had significant di�erences among the AH and OH

groups. (C) Genus level. (D) Extended error bar plot showing the bacteria at the genus level that had significant di�erences among the AH and OH

groups. OH, high oat percentage group; AH, high alfalfa percentage group.

TABLE 4 Diversity indices of ruminal microbiota of lambs.

Items OH AH SEM P-value

Observed_asvs

(ASVs)

1,423 2,859 368.079 0.081

Shannon 9.58 8.59 0.245 0.141

Simpson 1.00 0.99 0.001 0.184

Chao1 3,141.20 1,525.10 415.820 0.086

Goods_coverage 0.99 0.99 0.003 0.184

Means within the same rows with different letters are significantly different (p < 0.05). SEM,

standard error of means; OH, high oat percentage group; AH, high alfalfa percentage group.

Rumen microbiota

The Venn diagram of the rumen samples from the two FTMR

diet groups revealed that a total of 11,816 ASVs were identified, and

the groups shared 1,106 ASVs, whereas the OH and AH groups had

6,973 and 2,631 exclusive ASVs, respectively (Figure 2A).

The percentage of Good’s coverage index for all samples in

the two diet treatments was >99%. In the current study, the AH

treatment increased the ASVs index and reduced the Shannon and

Simpson indexes, but the differences were not significant (p> 0.05)

(Table 4).

PCoA plots with the weighted UniFrac distance metric revealed

that the compositions of the bacterial community in the OH and

the AH groups were basically distinguishable from each other (R=

0.3704, P = 0.098) (Figure 2B).

A list of rumenmicrobiota taxonomic distributions and relative

abundances of the ruminal microbiota with a mean relative

abundance of >1% and the top 20 at both phylum and genus

levels are presented in Figure 3. Across all groups, 24 phyla and

413 genera were identified. At the phylum level, 15 bacteria

phyla were detected (relative abundance > 1% at least in one

group). The relative abundances in OH and AH groups revealed

that Bacteroidetes (44.63 and 44.83%) was the most abundant
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FIGURE 4

Linear discrimination analysis (LDA) coupled with e�ect size (LEfSe) analysis of the rumen microbial community of lamb in the AH and OH groups (n

= 3). (A) Cladogram showing microbial species with significant di�erences among the two treatments. Red and green represent di�erent groups.

Species classification at the phylum, class, order, family, and genus level is displayed from inner to outer layers. The red and green nodes represent

microbial species in the phylogenetic tree that play important roles in the AH and OH groups, respectively. Yellow nodes represent no significant

di�erence between species. (B) Significantly di�erent species with an LDA score greater than the estimated value (default score = 3). The length of

the histogram represents the LDA score of di�erent species in the two groups. OH, high oat percentage group; AH, high alfalfa percentage group.
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FIGURE 5

Heatmaps of Pearson’s correlations between dominant genera and meat quality, and fatty acid profile. Red represents a positive correlation, while

blue represents a negative correlation. Levels of significance are shown as follows: *P < 0.05; **P < 0.01.
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FIGURE 6

Dynamics of rumen bacterial predicted functional profiles fed with di�erent diets analyzed by PICRUSt2 (n = 3). (A) Level 1 metabolic pathways. (B)

Level 2 Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog functional predictions of the relative abundances of the top 20 metabolic

functions. (C) Level 3 KEGG ortholog functional predictions of the relative abundances of the top 30 metabolic functions. OH, high oat percentage

group; AH, high alfalfa percentage group. *P < 0.05; **P < 0.01.

bacterial phylum, followed by Firmicutes (27.18 and 30.66%),

Kiritimatiellaeota (12.66% and 14.06%), Fibrobacteres (4.57 and

1.16%), Proteobacteria (3.08 and 2.40%), Spirochetes (3.12 and

1.48%), Lentisphaerae (1.36 and 1.01%) and Patescibacteria (1.04

and 0.62%), Cyanobacteria (0.48 and 0.39%), Elusimicrobia (0.11

and 0.63%), Tenericutes (0.34 and 0.25%), Synergistetes (0.27 and

0.24%), Planctomycetes (0.11 and 0.11%), and Chloroflexi (0.15

and 0.04%), respectively (Figure 3A). Abundances of Fibrobacteres

and Chloroflexi were significantly (p < 0.05) different between

the OH and AH groups (Figure 3B). At the genus level, 94

bacteria genera were thought to be the identifiable genera (relative

abundance > 1% at least in one group). WCHB1-41_unclassified

accounted for 12.66 and 14.06%, Rikenellaceae_RC9_gut_group

accounted for 7.84 and 13.97%, F082_unclassified accounted for
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8.40 and 10.43%, Prevotella_1 accounted for 9.86 and 4.55%,

and Succiniclasticum accounted for 3.09 and 3.44%, in the OH

group and the AH group, respectively, and these were the

dominant genera (Figure 3C). The OH and AH treatments resulted

in significant (p < 0.05) differences in WCHB1-41 unclassified,

Rikenellaceae_RC9_gut_group and F082_unclassified (Figure 3D).

Figure 4A shows a cladogram representative of the

predominant bacteria and their structure, indicating that the

most differentially abundant taxa enriched in the two groups.

The results indicated that 15 clades were enriched in the OH

group, and 11 clades were enriched in the AH group. The

abundance differences among OH and AH were measured,

and the results are shown in Figure 4B. The bacterial genus of

Prevotella_1, Fibrobacter, Bacteroidales_UCG_001_unclassified,

Candidatus_Saccharimonas, and Ruminococcus_1 was the most

enriched in the OH group, and the Pseudomonas,Dehalobacterium,

Ruminococcaceae_UCG_014, and Rikenellaceae_RC9_gut_group

were most enriched in the AH.

Correlation analysis

Correlation analysis provided new insights into the

confirmation of several bacterial genera potentially implicated

in host development and meat quality improvement (Figure 5).

Notably, the results revealed that the genera Fibrobacter and

Prevotella_1 were strongly correlated with dripping loss rate

(r = 0.8986, p = 0.0149; r = 0.9856, p = 0.0003, respectively)

and protein (r = 0.8857, p = 0.0333; r = 0.9429, p = 0.0167,

respectively) but negatively correlated with cholesterol (r =

−0.9429, p = 0.0167; r = −0.8857, p = 0.0333, respectively).

The relative abundance of the Rikenellaceae_RC9_gut_group was

positively correlated with cholesterol (r = 0.9429, p = 0.0167)

but inversely correlated with dripping loss rate (r = −0.9276, p

= 0.0167). The study findings support the idea that the genera

Fibrobacter and Prevotella_1 were positively related to C18:3n3 (r

= 0.9429, p = 0.0167; r = 1.0000, p = 0.0028, respectively), C20:1

(r = 0.8783, p = 0.0213; r = 0.8783, p = 0.0213, respectively),

and C22:6n3 (r = 0.8783, p = 0.0213; r = 0.8783, p = 0.0213,

respectively) content but inversely correlated with C20:3n6 (r

= −0.8804, p = 0.0206; r = −0.8804, p = 0.0206, respectively)

content. The genera Rikenellaceae_RC9_gut_group was positively

related to C20:3n6 (r = 0.9411, p = 0.0051) content but inversely

correlated with C18:3n3 (r = −0.9429, p = 0.0167), C18:1n9c

(r = −0.8804, p = 0.0206), C20:1 (r = −0.8783, p = 0.0213),

and C22:6n3 (r = −0.8783, p = 0.0213) content. No significant

correlation was found between the fat performance indexes and

other changed genera whose abundance differed significantly

between groups (p > 0.05).

Predicted functional profiles

To enable a better understanding of the functions of rumen

microbiota, metabolic pathways of the microbiota involved were

predicted according to the PICRUSt analysis using the KEGG

pathway database (Figure 6). The primary predicted functional

genes at level 1 in all groups were predominantly categorized

into metabolism (48.60–49.66%), environmental information

processing (23.04–23.87%), and genetic information processing

(9.05–10.36%), respectively (Figure 6A). Among the enriched

pathways, the relative abundance of replication and repair

(11.35%), amino acid metabolism (11.01%), and carbohydrate

metabolism (10.49%) accounted for more than 10% among the

two groups. At the three levels, differences among the two groups

in the microbial gene-predicted functions of bacteria are shown

in Figure 6C. Notably, the genus associated with phenylalanine,

tyrosine, and tryptophan biosynthesis, ABC transporters, and

transporters were mainly accumulated in the AH group, while the

genus correlated with alanine, aspartate, and glutamate metabolism

and aminoacyl-tRNA biosynthesis were mainly expressed in the

OH group.

Discussion

Roughage serves as the major source of nutrients for ruminants

and is potentially crucial for ruminant nutrient metabolism. An

appropriate composition of roughage not only improves rumen

microbiota but also promotes the rapid growth and development

of ruminants (Cui et al., 2022). In the current research, the

effect of FTMR diets with different forage proportions on fatty

acid profile and rumen microbiota in lambs was investigated.

The results provide a reference for promoting the formation of

meat quality in lambs by regulating ruminal microbiota with

roughage composition.

The results of this investigation indicated that forage

proportion in FTMR had no adverse effects on the DMI of lambs,

which is in agreement with Dung et al. (2020), who found the

forage sources in FTMRs could directly reduce fiber characteristic

effects on DM intake. Additionally, animals can adjust their feed

intake behavior based on the energy level in the diet within a

certain range (Wang et al., 2020). Thus, no significant difference

was detected in DMI among the two groups due to their similar

energy intake (Du et al., 2022). Furthermore, no remarkable

difference was detected in ADG among AH and OH groups, which

might be due to the similar DMI and energy intakes among the two

groups (Mushi et al., 2009; Galvani et al., 2014).

The pH24 was kept within the normal range from 5.5 to 5.8 as

suggested by Malva et al. (2016), which indicates that the lambs in

this experiment did not have pre-slaughter animal stress and had

a sufficient content of muscle glycogen. Intramuscular fat (IMF)

is an important constituent of meat and affects its edibility (Brand

et al., 2018). It has been demonstrated that the forage proportion in

the diet affects the IMF content (Kotupan and Sommart, 2021). In

the present investigation, intramuscular fat in lambs supplemented

with AH was greater than that of the OH group. This result may be

associated with the greater lactic acid bacteria amount in the diet of

the AH group, which can produce the lactate to limit chylomicron

secretion from enterocytes and lead to lipid synthesis and storage,

a mechanism involving the conversion of lactate to malonyl-CoA,

which subsequently inhibits β-oxidation and ultimately leads to

IMF deposition after a series of reactions (Araujo et al., 2020). In

addition, the increased lactic acid content in the AH group could

be secondarily fermented in the rumen by lactate-utilizing bacteria
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to produce propionic acid (Li et al., 2021), resulting in increased fat

deposition (Zhou et al., 2014). The significant difference between

the two groups observed in cooking loss rates, dripping loss rates,

and cholesterol could be explained by the difference in IMF content,

and it has been shown that fat content affects meat palatability,

including flavor and tenderness (Costa et al., 2012).

The component of fatty acids (FAs) in meat is crucial for the

human health effects of meat consumption (Zhu et al., 2022).

Meat from lamb is characterized by an abundance of saturated

fatty acids (SFAs), monounsaturated and trans-fatty acids, and a

low amount of polyunsaturated fatty acids (PUFA) (Behan et al.,

2021). A previous study reported that unsaturated fatty acids

can have positive effects on human health and the prevention

of cardiovascular disease, and the excessive intake of saturated

fatty acids can cause diseases such as arteriosclerosis (Shahidi and

Ambigaipalan, 2018). The FA component of meat can be easily

shaped by animal diets, as indicated by goats fedMitragyna speciosa

Korth leaves having more monounsaturated fatty acid than those

fed Pangola grass hay (Chanjula et al., 2022). The intramuscular fat

content of lambs fed OH had a higher C18:3n3 concentration than

the AH group (p < 0.05). These differences may be interpreted as

the difference in the FA compositions of AH and OH treatments

because there is evidence that the content of C18:3n3 in oat hay

is higher than that in alfalfa hay (Abidi et al., 2009; Whitney and

Smith, 2015; Zhu et al., 2022). C18:3n3 is an important precursor

of n-3 PUFA, especially the C22:6n3, which can promote the

development of the nervous system and brain as an important raw

material for the formation of biofilms (Youdim et al., 2000; Xu

et al., 2019). In the current experiment, the results suggested that

oat supplementation in FTMR diets improved the C22:6n3 content

of lambs in terms of fatty acid nutrition, which was generally similar

to the finding of Sun et al. (2021), who showed that C18:3n3

in muscle is a precursor substance for the synthesis of C22:6n3.

C18:0 was the predominant SFA of lambs in the present study.

The concentration of C18:0 was decreased in the AH diet, which

might be because flavonoids in alfalfa played a certain role, as

described by Su et al. (2022), who reported that the flavonoids of

dietary alfalfa powder could decrease C18:0 content by regulating

the activity of fatty acid metabolism-related enzymes. C18:1n9c

was the main MUFA, as previously reported for lamb meat (Hajji

et al., 2016). Significantly increased C18:1n9c content with the

supplement of oat was observed in this study, which could be

explained by the higher C18:0 content of the AH group that could

form the C18:1n9c by the enzyme stearoyl Co-A desaturase (Wood

et al., 2008). In addition, a higher concentration of MUFA was also

found in the AH group, whichmay be due to the conversion of SFAs

into MUFAs, especially the conversation of C18:0 into C18:1n9c

(Sprecher et al., 1995).

Diet is a major factor in the formation of bacterial communities

in the rumen (Huang et al., 2021). In this study, we evaluated

the forage proportion in FTMR using information about ruminal

bacteria based on high-throughput sequencing of the 16S rRNA.

Differences in alpha diversity of ruminal bacteria were not detected

among the diet treatments. This is consistent with some studies

on ruminants (McGovern et al., 2018; McLoughlin et al., 2020).

Similarly, Yang et al. (2018) also found that the diversity of ruminal

bacteria was not affected by the forage type in Hu lambs. The

current study showed that most of the two core phyla were

Bacteroidetes and Firmicutes, which is consistent with previous

studies (Derakhshani et al., 2017), in which Bacteroidetes and

Firmicutes were found predominantly in rumen fluid. A previous

study indicated that these two phyla were closely correlated with

the decomposition of cellulose, hemicellulose, and polysaccharides

(Liang et al., 2021). However, the phylum composition of

Fibrobacteres was higher in the OH group relative to the AH group.

Fibrobacteres play a primal function in the decomposition of fiber

and cellulose to provide nutrients for ruminants (Chen et al., 2021).

The current results may be interpreted as the higher fiber content

of the OH group as described by An et al. (2020), who confirmed

that the number of Fibrobacteres in the rumen tended to increase

with an increase in coarse feed.

At the genus level, WCHB1-41_unclassified,

Rikenellaceae_RC9_gut_group, F082_unclassified, and Prevotella_1

were the dominant bacteria in the two diet groups. No differences

were observed in WCHB1-41_unclassified and F082_unclassified

bacteria among the two groups, but the OH group had a significant

influence on the content of Rikenellaceae_RC9_gut_group,

Prevotella_1, and Fibrobacter in rumen fluid. Although we do not

know with certainty the function of Rikenellaceae_RC9_gut_group,

a previous study has suggested that Rikenellaceae_RC9_gut_group

is closely correlated with acetate and propionate (Clarke et al.,

2013; Holman and Gzyl, 2019). Taken together, an increase in

Rikenellaceae_RC9_gut_group in the AH group is suggestive

of its major role in utilizing the carbohydrate and nitrogen in

ruminants. This explains, partially at least, the improvement

in IMF (Table 2). Prevotella_1 is associated with carbohydrate

metabolism and propionate production, which play a significant

role in the synthesis and decomposition of plant non-cellulosic

polysaccharides, starch, and protein (Liu et al., 2019; Zhang X.

et al., 2021). The increase in the abundance of this genus in the

AH group suggested that the higher percentage of oat in FTMR

could promote the degradation both in fibrous and non-fibrous

carbohydrates, and these differences may be due to responses

to dietary nutrition changes, such as increased dietary starch

(Liu et al., 2019), as has also been shown in previous research

(Cui et al., 2022). Fibrobacter are cellulolytic bacteria, which

specialize in cellulose and hemicellulose fermentation (Zhou et al.,

2019; Wei et al., 2021). In this study, the AH group had a higher

abundance of Fibrobacter, which may indicate its higher fiber

content (Supplementary Table 1). This suggestion agrees with the

finding of An et al. (2020), who reported that supplementing with

oat hay in the diet promotes the decomposition of carbohydrates

and dietary cellulose in the rumen, and then increased the content

of Fibrobacter.

Correlation analysis revealed relationships between meat

quality, fatty acid profile, and rumen microbial abundances. In

this study, the AH treatment resulted in a higher abundance

of Rikenellaceae_RC9_gut_group and higher cholesterol content,

which is mainly due to the Rikenellaceae_RC9_gut_group belonging

to the butyrate-producing bacteria, which could increase AMPK

activity and further regulate lipid deposition traits by regulating

the production of VFAs (Zhang Y. K. et al., 2021; Cheng et al.,

2022). Furthermore, the increase in Rikenellaceae_RC9_gut_group

abundance may affect C18:1n9c content (Figure 6), which can
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regulate cholesterol (Li et al., 2022). Ruminal microorganisms

establish the key link between dietary nutrition and the fatty

acids in ruminant products (Abuelfatah et al., 2016). Precursors

for de novo fatty acid synthesis are mainly produced by rumen

microbial fermentation (Shingfield et al., 2013). Therefore, ruminal

rumen microbial metabolism is crucial in determining the ideal

muscle fatty acid composition of ruminant products (Wang et al.,

2022). A previous study has reported that reasonable muscle fatty

acid compositions could be facilitated via the regulation of the

bacterial community (Bi et al., 2018). The results of this study

revealed that most parameters related to muscle FA deposition

were correlated with the genera Fibrobacter, Prevotella_1, and

Rikenellaceae_RC9_gut_group. C18:3n3 and C22:6n3 are the most

bioactive components of ω-3 polyunsaturated fatty acids (PUFAs)

and play an important role in reducing hepatic triglyceride content

(Pirillo and Catapano, 2013). In this experiment, Fibrobacter

and Prevotella_1 were correlated positively with the C18:3n3 and

C22:6n3 content. This result is mainly due to Prevotella_1 and

Fibrobacter being relevant for fiber digestion, which plays a crucial

role in energy harvesting in the rumen ecosystem and provides

precursors for UFA synthesis (Abuelfatah et al., 2016; Wang

et al., 2019). Similar findings have been reported in fattening

yaks (Hu et al., 2020). Rikenellaceae_RC9_gut_groupwas negatively

correlated with the concentrations of C18:3n3 and C22:6n3. This

result may be explained by the Rikenellaceae RC9 gut group having

important metabolic functions in lipid metabolism (Ahmad et al.,

2020). Research has shown that the Rikenellaceae_RC9_gut_group

is negatively correlated with propionic acid (Cheng et al., 2022),

which is produced by the biohydrogenation of PUFA (Beam et al.,

2000). Furthermore, a previous study has reported that n-3 PUFA

deficiency increased Rikenellaceae (Leyrolle et al., 2021).

Microorganisms are important in modulating the host’s

adaptive immunity and regulating the degradation, distribution,

and absorption of nutrients (Fan et al., 2020).

In the current research, the predicted function from the level 1

gene was generally consistent among the two diet groups. However,

the observations indicated that the diets directly impacted the

levels 2 and 3 estimated gene functional profiles of lamb rumen

microbiomes. Compared to the AH group, the metabolism of

amino acids, including phenylalanine, tyrosine, and tryptophan

biosynthesis, was decreased in the OH group. These results may be

interpreted as due to the significant enrichment of Prevotella_1 and

Fibrobacter regulating the rumen protein metabolism and cellulose

and hemicellulose metabolism and favoring the preferential use of

carbohydrates, whichwould thenweaken amino acids fermentation

(Zhang et al., 2022). Hence, the pathways of “phenylalanine,

tyrosine, and tryptophan biosynthesis” identified in this experiment

may be attributed to the higher fiber content in the FTMR of lambs

fed OH diets. However, our study findings do not represent the

actual function of rumen bacteria. Further detailed analyses are

needed to investigate the potential mechanisms and reveal the gene

functions of microbiota under diets with different forage sources in

FTMR fed to lambs.

Conclusion

This preliminary investigation explored the effect of forage

proportions in FTMR on fatting performance and the rumen

bacterial community of lambs. The fatting performance analysis

showed that partial replacement of alfalfa with oat in FTMR

promotes a beneficial lipid pattern in the Longissimus lumborum

muscles for lambs. In addition, the correlation analysis revealed

that there was a strong correlation between specific rumen bacteria

and fatty acids in the Longissimus lumborum muscles. Of course,

the lack of rumen fermentation parameters and quantification

of probiotics as well as the small sample size are potential

limitations of this study. Regardless, the results of the current

research suggested that oat-based FTMR was more conducive

to the production of beneficial fatty acids in the Longissimus

lumborum muscles for lambs. These results can also provide some

references for the application of FTMR in animal production, and

information on interactions of the fatting performance of lamb

and microbiota of the rumen, which may help make decisions

regarding feeding.
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