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Editorial on the Research Topic
Crosslinking of feed nutrients, microbiome and production in ruminants

In ruminants, the rumen serves as the primary organ responsible for converting plant-
based feed into nutrients and energy. Research indicates that microbial derivatives, dietary
composition, and host metabolism collectively affect rumen metabolite concentrations
and microbial community structure, shaping the mechanisms of host-microbiota
interactions (1). Ruminants rely on symbiotic relationships with complex rumen microbial
communities that specialize in degrading recalcitrant plant polymers such as cellulose and
hemicellulose, converting them into digestible compounds. These microbes are critical for
the productivity and health of ruminants because they directly contribute to volatile fatty
acid (VFA) production and microbial protein biosynthesis, both of which are essential
to milk efficiency (2). Additionally, bacterial communities influence growth performance
as well as milk yield and composition in dairy cattle (3). Conversely, rumen microbiota
structure is modulated by host species, dietary energy levels, and environmental factors
(4). This Research Topic primarily explores nutritional interventions to regulate growth
performance, rumen fermentation, and microbial composition in ruminants.

Diet and feed additives are potent modulators of rumen microbiota, serving as
substrates for microbial metabolism and thereby altering rumen environments and
species composition. Early dietary interventions may help establish rumen microbial
communities, leading to long-term changes in community structure and function that
ultimately affect host phenotypes (5). For instance, Liu J. et al. found that supplementing
0.3% moringa polysaccharides to the milk replacer of early-weaned goat kids increased
their average daily gain (ADG), feed intake, serum immunoglobulins (IgA and IgM),
rumen muscle thickness, rumen wall thickness, and rumen pH, while also enriching
Actinobacteria and Butyrivibrio species in the rumen. Zhang S. et al. reported that
adding 1,500 mg/kg of guanidinoacetic acid to the diet increased ruminal ammonia
nitrogen concentration and total reducing sugar flow into the small intestine, thereby
improving creatine levels, glucose utilization, and average daily gain (ADG) in lambs.
Hou et al. demonstrated that supplementing 5% residual black wolfberry fruit enhanced
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growth performance in Duolang sheep, optimized rumen
fermentation parameters without negatively affecting microbial
structure, and improved economic returns. Luo et al. found
that nisin and monensin supplementation in fattening Hu sheep
reduced ruminal acetate concentration and altered fermentation
patterns, although it did not affect their growth performance
or health.

Studies have suggested that fermented feed products can
enhance antioxidant and immune capacity, improve rumen
fermentation, and modulate microbial communities in ruminants
(6). Cheng et al. reported that 15% fermented rice husk
feed improved the growth performance, nutrient digestibility,
and ruminal propionate, butyrate, and valerate concentrations
of Hu sheep, while enriching fiber-degrading bacteria (e.g.,
Ruminococcus) and suppressing inefficient taxa (e.g., Rikenellaceae
RC9). Thus, fermented rice husk represents a promising alternative
to conventional roughage. Zhang J. et al. observed that fermented
soybean meal did not affect milk yield in lactating cows but
increased serum prolactin levels and altered rumen microbiota,
potentially benefiting long-term health and productivity. Liu
Y. et al. demonstrated that dietary fermented jujube powder
(FJP) enhanced ADG and feed efficiency by promoting nutrient
degradation and VFA production via microbial enzyme activity.
Additionally, elevated serum total antioxidant capacity and reduced
malondialdehyde levels indicated improved oxidative defense,
underscoring FJP’s potential as a functional feed additive.

Yeast culture (YC), a feed additive rich in yeast cell wall
components (e.g., mannan oligosaccharides, and p-glucans) and
fermentation metabolites (e.g., organic acids, B vitamins, and
enzymes), stabilizes rumen pH and promotes fiber-degrading
bacteria, enhancing feed efficiency (7). Li et al. found that 10 g/d YC
supplementation in dairy goats increased milk yield and ruminal
acetate, butyrate, and VFA concentrations while reducing NH3-N
levels, suggesting improved microbial protein synthesis. Zhang L.
et al. reported that Saccharomyces cerevisiae-fermented sorghum
distillers’ grains reduced weight loss in early-lactation goats and
improved milk quality, likely via bile acid and caffeine metabolism
pathways linked to energy and immune regulation.

Milk, a vital nutrient source for humans, contains lactose,
triglycerides, proteins, minerals, and vitamins. -casein, a major
milk protein, exists in two primary genotypes (Al and A2) that
differ at position 67 (histidine in A1, proline in A2). A2 milk (from
A2A2 genotype cows) is considered more digestible and health-
promoting. Zhao et al. identified unique rumen microbial and
metabolic profiles (e.g., arachidonic acid, adrenic acid, glycocholic
acid, taurine, and g_Acetobacter) in A2A2 cows that correlated with
higher milk fat content. Arachidonic acid, a key biomarker, may
enhance milk fat synthesis by activating lipogenic genes.

Amino acids (AAs), the building blocks of proteins, are
central to protein nutrition. Reducing dietary protein levels
while supplementing limiting AAs (e.g., lysine and methionine)
can meet ruminant requirements. Wang et al. showed that a
3: 1 ratio of rumen-protected Lys and Met in Holstein bulls
improved nitrogen efficiency and stabilized rumen microbiota
without compromising intake or digestibility, offering a strategy for
stress-resistant feeding. L-carnosine, a dipeptide with antioxidant
and anti-inflammatory properties, was shown by Meng et al. to
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enhance growth performance in fattening lambs by modulating
gut microbiota and serum metabolites, thereby promoting protein
synthesis and energy metabolism.

Alfalfa hay, a widely used forage in livestock production
due to its high palatability, low fiber content, and high protein
content (17%—22%), exhibits nutrient variability depending on
cultivar, storage method, and harvest stage, which may influence
dairy cow performance and rumen microbiota. La et al. observed
that while alfalfa hay from different sources (Spanish SAH
vs. American AAH) significantly altered the rumen microbial
composition and function of dairy cows, these changes did
not affect their production performance, nutrient digestibility,
or blood biochemical parameters. This suggested SAH as a
viable alternative to mitigate market supply fluctuations while
maintaining productivity.

As the demand for high-quality dairy and beef rises, Holstein
cattle—a globally dominant dairy breed—have been extensively
studied, whereas indigenous breeds such as Chinese Sanhe cattle
(which are dual-purpose for milk and meat production) remain
under-researched. Liu 7. et al. compared rumen microbiota
between multiparous Sanhe and Holstein cows, finding similar
species compositions although there were variations in abundance
by parity and breed. Rumen ecology was found to strongly correlate
with metabolic patterns; however, breed remained the decisive
factor for productivity. Crossbreeding, a strategy to enhance growth
and feed efficiency, introduces superior traits into local breeds.
Zhang R. et al. demonstrated that crossbreeding alters rumen
microbiota and metabolites, significantly improving growth. & Poll
Dorset x QHu crosses were found to enhance fiber fermentation
and energy supply, while &Southdown x QHu crosses optimize
amino acid metabolism for protein synthesis, providing insights for
breeding and nutrition strategies.

In summary, ruminant digestion relies on an intricate
host-microbe symbiosis, where feed nutrients shape microbial
activity, influencing nutrient absorption and production outcomes.
Future research should focus on precise microbiota modulation,
functional feed development, and sustainable farming to enhance
productivity, product quality, and environmental stewardship.
These advances will revolutionize ruminant production systems.
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Introduction: Fermented jujube powder (FJP) promotes a balance between the
intestinal microflora and immune factors in animals. In this study, we aimed to
investigate the effects of FJP on the production performance, nutrient digestion,
rumen fermentation, and antioxidant properties of bulls.

Methods: Forty Simmental bulls were randomly divided into four groups based
on body weight and fed a basal diet with [5, 7.5, or 10% dry matter (DM)] or
without FJP. The experimental period was 20 d for adaptation and 60 d for the
feeding trial.

Results: Dietary FIP supplementation did not affect DM intake (P > 0.05) but
increased the average daily gain quadratically (P = 0.049) and decreased the feed
conversion ratio linearly (P = 0.042). FJP quadratically enhanced DM and crude
protein digestibility (P = 0.026 and P = 0.041, respectively) and linearly enhanced
acid detergent fiber digestibility (P = 0.048). It also increased the total volatile
fatty acid concentration quadratically (P = 0.037), acetate molar percentage,
and acetate-to-propionate ratio linearly (P = 0.002 and 0.001), and reduced the
ammonia nitrogen concentration linearly (P = 0.003). Additionally, xylanase and
protease activities and Ruminococcus flavefaciens abundance increased linearly
(P = 0.006, 0.018, and 0.009, respectively), and total bacteria, Ruminococcus
albus, and Ruminobacter amylophilus abundance increased quadratically (P =
0.047,0.011, and 0.021, respectively). FIP linearly increased serum total protein
concentration and antioxidant capacity (P = 0.003 and 0.018, respectively) and
decreased malonaldehyde content (P = 0.006).

Discussion: FJP supplementation (7.5%) enhanced production performance,
nutrient digestion, rumen fermentation, and serum antioxidant capacity in
bulls. The improved nutrient digestion may be due to an increase in ruminal
microorganisms and total volatile fatty acids from the FIP. High blood antioxidant
levels indicate that FJP may preserve proteins, thereby boosting the production
performance of bulls.

KEYWORDS

fermented jujube powder, production performance, rumen fermentation, antioxidant
capacity, bulls
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1 Introduction

Rising animal feed prices necessitate the inclusion of less
expensive regionally produced ingredients as unconventional
feedstocks (1-5). Jujube (Ziziphus jujube), also known as Chinese
date, holds significant importance in nutritional, medicinal,
industrial, and cultural domains (6). Jujube fruits are used in
various food products, and industrial processing of jujube generates
large amounts of by-products, which are rich sources of nutrients
and exhibits potential health benefit (7). Therefore, consideration
of jujube by-products as a feed source has gained increased interest.
China is the leading producer of jujube fruit worldwide and
produced 7.46 million tons in 2019; however, an estimated 1-1.5
million tons were not suitable for consumption (7). Therefore,
using jujube as a feed source not only reduces waste but also
alleviates feed resource shortages. Jujube is rich in sugars, vitamins,
minerals, and amino acids. The key bioactive ingredients in
jujube include polysaccharides, cyclic nucleotides, polyphenols,
and flavonoids, which exhibit antioxidant, immunomodulatory,
antitumor, and other physiological activities (8). Jujube powder
improved average daily gain (ADG), nutrient digestibility, and
muscle protein content in male goats (9). It also boosted total
antioxidant levels in the milk and blood of dairy goats (10).

Fermentation of jujube powder eliminates anti-nutritional
factors and enhances its overall benefits compared to those of
powdered jujube when used as a feed supplement for livestock (11).
For instance, supplementation with fermented jujube powder (FJP)
promoted a balance between intestinal microflora and the immune
system in animals (12). Moreover, dietary supplementation of
FJP enhanced ADG, blood antioxidant levels, and immunological
protein content in bulls (13). The bacterial protein in FJP
contributes to nutrient utilization in animals by stimulating the
secretion of various digestive enzymes (14). These studies suggest
that FJP could improve the production performance of animals
attributed to its nutrient profile and antioxidant properties.

The rumen microflora is crucial for optimal nutrient absorption
and overall health in ruminants (15). A previous study has
demonstrated that supplementation of Bacillus licheniformis in
the feed of Chinese Holstein cows enhances the concentration
of volatile fatty acids (VFAs) in ruminal fluid (16). However, the
specific effects of FJP on rumen fermentation parameters in bulls
remains unclear.

Building on these previous findings, in this study, we aimed
to evaluate the effects of FJP supplementation on the production
performance, rumen fermentation, and serum antioxidant activity
of Simmental bulls. Additionally, we identified an optimal FJP
replacement strategy for intensive cattle farming. Our findings
highlight the value of including FJP in the diets of bulls to improve
their production performance.

2 Materials and methods

2.1 FJP preparation
Dried dates were powdered and mixed with 50% bran, 16.7%

soybean meal, 30% water, and 4% (g/ton) of bacterial solution (2 x
108 colony-forming units of Candida utilis, Bacillus licheniformis,
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TABLE 1 Ingredient and chemical composition of experimental diets (DM
basis).

Contents [g/kg]

Control LFJP  MFJP HFJP
Ingredients
Corn silage 500 500 500 500
Corn grain, ground 275 242 225.5 209
Wheat bran 34 19.6 12.4 5.2
Soybean meal 120 118 117 116
Cottonseed meal 40 39.4 39.1 38.8
Fermented jujube powder 0 50 75 100
Calcium carbonate 5 5 5 5
Salt 5 5 5 5
Calcium biphosphate 15 15 15 15
Sodium bicarbonate 5 5 5 5
Mineral and vitamin premix® 1 1 1 1
Chemical composition
NEm (MJ/kg) 7.53 7.53 7.53 7.53
NEg (MJ/kg) 521 521 521 521
Crude protein 159.1 159.1 159.1 159.1
Neutral detergent fiber 324.2 325.6 326.3 326.9
Acid detergent fiber 177.4 178.5 179.0 179.6
cAMP mg/kg - 0.9 1.35 1.8
Polysaccharides g/kg 2.01 4.03 5.15 6.18
Polyphenols mg/kg 5.24 10.46 13.17 15.53
Flavonoids mg/kg 27.63 83.85 111.04 140.13
Calcium 6.8 6.9 7.0 7.1
Phosphorus 4.3 4.2 42 42

?Contained per kg premix: 100 mg Co, 8,500 mg Cu, 50,000 mg Fe, 30,000 mg Mn, 30,000 mg
Zn, 300 mg I, 300 mg Se, 7,500,000 IU vitamin A, 1,200,000 IU vitamin D, and 40,000 TU
vitamin E.

and Lactobacillus plantarum at 1:1:2). Aerobic fermentation was
conducted for 1 d, followed by sealed fermentation for 9 d at 37°C
and drying at 65°C for 12h. FJP comprised 89.91% dry matter
(DM), 13.63% crude protein (CP), 3.38% ether extract (EE), 0.56%
calcium, and 0.21% phosphorus. Additionally, the feed contained
45.82% neutral detergent fiber (NDF) and 35.99% acid detergent
fiber (ADF).

2.2 Animals and experimental design

The study protocol was approved by the Animal Care and
Use Committee of Lyuliang University and was conducted in
accordance with the Guide for the Care and Use of Agricultural
Animals in Research and Teaching (https://www.asas.org/services/
ag-guide). Forty Simmental bulls [mean age, 311 £ 15.6 d; mean
body weight (BW), 402 £ 7.2 kg] were grouped according to BW
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and randomly allocated to one of the four treatment groups. Bulls
in the control group were fed a basal diet without FJP, whereas those
in the low-, medium-, and high-dose FJP groups (LFJP, MFJP, and
HEJP, respectively) were fed isoenergetic and isonitrogenous diets
with 5, 7.5, and 10% FJP (DM basis), respectively. The composition
and nutrient levels of the diets are shown in Table 1. The amount of
FJP was determined based on a report by Zhang et al. (13). The
diets were formulated based on “Nutrient Requirements of Beef
Cattle: Eighth Revised Edition” (17). The experimental period was
80 d, consisting of adaptation for 20 d and a feeding trial for 60
d. The treatments were administered during the adaptation period.
All bulls were housed individually, fed at 07:00 and 19:00 h daily,
and had free access to feed and water.

2.3 Growth performance analysis

During the feeding trial, every bull was weighed for two
consecutive days before the morning diet on days 1 and 60. For each
bull, the daily DM intake (DMI) was calculated as the difference
between the offered and remaining feed. The feed conversion rate
(FCR) was calculated as DMI/ADG.

2.4 Feed and feces analysis

Feed and feces were sampled on days 51-57. Fecal samples
(~200g) were collected from each bull, as described by Liu et al.
(18). Each sample was dried at 65°C for 48 h and filtered through a
1-mm screen for chemical analysis. Measurements of DM (method
934.01), ash (method 942.05), CP (method 976.05), and ADF
(method 973.18) were performed according to the Association of
Official Analytical Chemists’ guidelines (19). The amount of NDF
was measured as previously described by Van Soest et al. (20).
The digestibility indicator (acid-insoluble ash) was calculated as
previously described by Van Van Keulen and Young (21).

2.5 Ruminal fluid collection and analysis

On days 58-59, the ruminal fluid of each bull was sampled, as
described by Liu et al. (18). The pH of the ruminal fluid samples
was measured using a pH meter (Sartorius Lab Instruments GmbH
& Co. KG, Gottingen, Germany). The ruminal fluid samples were
filtered through four layers of cheesecloth and the filtrates were
collected. The filtrate (5 mL) was premixed with meta-phosphoric
acid (1 mL; 250 g/L) and analyzed using gas chromatography (Trace
1300 gas chromatograph; Thermo Fisher Scientific, Waltham, MA,
USA) with 2-ethylbutyric acid as an internal standard to estimate
total VFA content of the sample (18). The filtrate (5 mL) was mixed
with HSO4 (ImL; 20 g/L) and the ammonia nitrogen (NHj3-
N) content of the sample was estimated in accordance with the
Association of Official Analytical Chemists guidelines (19). The
enzyme activities of ruminal fluids were determined as described
by Agarwal et al. (22).

Microbial DNA was isolated from 1 mL aliquots of blended
ruminal filtrate samples as described in a previous study (23). The
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quality and quantity of the isolated DNA were determined using
agarose gel electrophoresis and spectrophotometry (NanoDrop™
2000 Spectrophotometer; Thermo Fisher Scientific). Microbial
DNA was amplified using quantitative real-time polymerase chain
reaction (RT-qPCR) carried out on a StepOne™ Real-Time PCR
System (Thermo Fisher Scientific) with the primers listed in
Table 2 (24). Each 20 pL RT-qPCR reaction volume included
10 wL of SYBR Green Premix Ex TaqTM II (2x; Takara Bio,
Inc., Shiga, Japan), 2 pL of template DNA, 0.8 pL of forward
and reverse primers (10 wM), 0.4 pL of ROX Reference Dye II
(50%; Thermo Fisher Scientific), and 6 pL of ultrapure water.
The PCR conditions included a denaturation step at 95°C for
2min, followed by 45 cycles of annealing at 95°C for 15s and
elongation at 60°C for 1 min. RT-qPCR products were purified
using the MiniBEST DNA Fragment Purification Kit Ver. 4.0
[Takara Biomedical Technology (Beijing) Co., Ltd., Beijing, China]
and quantified using a spectrophotometer. For each standard
derived from the sample, the concentration of copy numbers was
determined based on the length and mass of the PCR products.
Standard trajectories of specific microorganisms were charted using
serial 10-fold dilutions (25). To assess amplification specificity, the
dissociation patterns of the PCR end-products were determined by
increasing the temperature from 60 to 95°C at 1°C/30 s.

2.6 Blood collection and analysis

On day 60, blood samples were collected from each bull
as described by Liu et al. (18). Total protein concentration,
total (T-AOC), superoxide
(SOD) activity, glutathione peroxidase (GSH-Px)
and malondialdehyde (MDA) content were measured using

antioxidant capacity dismutase

activity,

appropriate enzyme-linked immunosorbent assay kits (Thermo
Fisher Scientific).

2.7 Calculations and statistical analysis

Trial data were analyzed using SAS software (SAS Institute, Inc.,
Cary, NC, USA) with a one-way analysis of variance option of the
generalized linear model, and both linear and quadratic impacts
were examined using orthogonal polynomials (26). A randomized
block experiment format was utilized, which incorporated multiple
measurements, as described by the equation Y;; = w + F; + &5,
where Yj; is the dependent variable, w is the aggregate mean, F; is
the constant impact of FJP addition (i = 0, 5, 7.5, and 10%), and &;;
is the remaining error. Each bull was treated as a single unit in the
experiment. Duncan’s method was used for multiple comparisons,
and significant differences were identified at P < 0.05.

3 Results

3.1 Growth performance
As shown in Table 3, dietary FJP supplementation did not affect

the DMI of the bulls (P > 0.05). The initial and final BWs of the
bulls were similar among the treatment groups (P > 0.05). The
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TABLE 2 PCR primers for amplification of microbial DNA.

10.3389/fvets.2024.1442244

Target species Primer sequence (5'- 3/) GenBank accession no. Size (bp)

Total bacteria F: CGGCAACGAGCGCAACCC AY548787.1 147
R: CCATTGTAGCACGTGTGTAGCC

Total fungi F: GAGGAAGTAAAAGTCGTAACAAGGTTTC GQ355327.1 120
R: CAAATTCACAAAGGGTAGGATGATT

Total protozoa F: GCTTTCGWTGGTAGTGTATT HM212038.1 234
R: CTTGCCCTCYAATCGTWCT

Ruminococcus albus F: CCCTAAAAGCAGTCTTAGTTCG CP002403.1 176
R: CCTCCTTGCGGTTAGAACA

Ruminococcus flavefaciens F: ATTGTCCCAGTTCAGATTGC AB849343.1 173
R: GGCGTCCTCATTGCTGTTAG

Butyrivibrio fibrisolvens F: ACCGCATAAGCGCACGGA HQ404372.1 65
R: CGGGTCCATCTTGTACCGATAAAT

Fibrobacter succinogenes F: GTTCGGAATTACTGGGCGTAAA AB275512.1 121
R: CGCCTGCCCCTGAACTATC

Ruminobacter amylophilus F: CTGGGGAGCTGCCTGAATG MH708240.1 102
R: GCATCTGAATGCGACTGGTTG

Prevotella ruminicola F: GAAAGTCGGATTAATGCTCTATGTTG LT975683.1 74
R: CATCCTATAGCGGTAAACCTTTGG

TABLE 3 Effects of fermented jujube powder (FIP) on production performance of bulls (n = 40).

Treatment? P-values
Control LFJP MFJP HFJP Treatment Linear Quadratic

DMI (kg/d) 10.70 10.72 10.81 10.73 0.100 0.069 0.196 0.078
Body weight (kg)

0d 404.4 401.6 402.0 404.1 4.179 0.329 0.933 0.070
60 d 468.6 467.4 470.5 470.2 5.978 0.640 0.364 0.816
ADG (kg/d) 1.071° 1.097% 1.143% 1.101% 0.057 0.035 0.076 0.049
FCR (kg/kg) 10.02° 9.80% 9.48° 9.74% 0.429 0.033 0.042 0.060

#Control, LFJP, MFJP, and HFJP groups contained respectively 0, 5, 7.5, and 10 g FJP/100 g DM. Different superscript letters in the same row differed significantly.

ADG and FCR of the bulls showed a quadratic increase (P = 0.049)
and linear reduction (P = 0.042) by dietary FJP supplementation,
respectively, with higher ADG (P = 0.035) and lower FCR (P =
0.033) in the MFJP group than those in the control group.

3.2 Total-tract nutrient digestibility and
ruminal fermentation

As shown in Table4, DM and CP digestibility increased
quadratically with FJP supplementation (P = 0.026 and 0.041,
respectively) and was highest in the MFJP group (P = 0.015 and
0.026, respectively). The total-tract apparent digestibility of organic
matter and NDF were similar among the treatment groups (P >
0.05). ADF digestibility showed a linear increase (P = 0.048) with
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FJP supplementation and was greater in the MFJP group than that
in the control group (P = 0.041).

Ruminal pH was similar between the treatment groups (P >
0.05). The rumen total VFA concentration increased quadratically
(P = 0.037) with dietary FJP supplementation and was the highest
in the MFJP group (P = 0.032). The acetate molar proportion
showed a linear increase (P = 0.002) with FJP supplementation
and was higher in the LFJP, MFJP, and HFJP groups than that in
the control group (P = 0.004). FJP supplementation did not affect
the molar proportions of propionate, butyrate, valerate, isobutyrate,
or isovalerate (P > 0.05). The rumen acetate-to-propionate ratio
increased linearly (P = 0.001) with FJP supplementation and was
greater in the MFJP and HFJP groups than that in the control group
(P =0.001). NH3-N concentrations decreased linearly (P = 0.003)
with FJP supplementation and were lower in the MFJP and HFJP
groups than that in the control group (P = 0.020).
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TABLE 4 Effects of fermented jujube powder (FIP) on ruminal fermentation and nutrient digestibility in bulls (n = 40).

Treatment? P-values

Control LFJP MRIP HFJP SEM Treatment Linear Quadratic
Apparent digestibility
Dry matter 67.11° 67.42° 67.98 67.45° 0.640 0.015 0.059 0.026
Organic matter 74.36 74.92 75.12 74.83 0.801 0.182 0.152 0.093
Crude protein 72.15° 72.39° 72.95% 72.43> 0.621 0.026 0.097 0.041
Neutral detergent fiber 58.72 59.02 59.64 59.42 1.169 0.309 0.108 0.481
Acid detergent fiber 53.78" 54.08% 54.51° 54.16® | 0.583 0.041 0.048 0.068
Ruminal fermentation
pH 6.46 6.44 6.43 6.42 0.046 0.373 0.090 0.786
Total VFA (mM) 116.48° 118.15° | 122.77° | 117.94* | 5.163 0.032 0.191 0.037
Mol/100 mol
Acetate (A) 66.14° 66.85* 66.93 66.97* 0.623 0.004 0.002 0.059
Propionate (P) 20.78 20.67 20.42 20.41 0.383 0.067 0.120 0.677
Butyrate 9.34 8.86 9.24 9.09 0.548 0.233 0.634 0.348
Valerate 1.72 1.70 1.67 1.64 0.168 0.761 0.291 0.942
Isobutyrate 0.85 0.84 0.80 0.85 0.088 0.620 0.760 0.411
Isovalerate 1.19 1.08 0.94 1.04 0.213 0.081 0.057 0.118
AP 3.18° 3.23% 3.28% 3.28% 0.067 0.001 0.001 0.184
Ammonia N (mg/100 mL) 10.03* 9.85% 9.65" 9.66" 0.326 0.020 0.003 0.318

2Control, LFJP, MFJP, and HFJP groups contained respectively 0, 5, 7.5, and 10 g FJP/100 g DM. Different superscript letters in the same row differed significantly.

3.3 Ruminal enzyme activity and microflora

As shown in Table 5, the activities of carboxymethyl cellulase,
cellobiase, pectinase, and a-amylase in the rumen were unaffected
by FJP supplementation (P > 0.05). The activities of xylanase and
protease increased linearly with dietary FJP supplementation (P
= 0.006 and 0.018, respectively). Furthermore, xylanase activity
was higher in the MFJP and HFJP groups than that in the control
group (P = 0.031). Protease activity was also elevated in the MFJP
group compared to that in the control group (P = 0.044). FJP
supplementation quadratically increased the populations of total
bacteria, Ruminococcus albus, and Ruminobacter amylophilus (P =
0.047, 0.011, and 0.021, respectively), and their counts were higher
in the MFJP group than those in the control group (P = 0.026,
0.043, and 0.047, respectively). The abundance of Ruminococcus
flavefaciens increased linearly (P = 0.009) and was higher in the
LFJP, MFJP, and HFJP groups than that in the control group (P
= 0.027). FJP supplementation did not affect the abundance of
fungi, protozoa, Fibrobacter succinogenes, Butyrivibrio fibrisolvens,
or Prevotella ruminicola (P > 0.05).

3.4 Blood antioxidant properties
As shown in Table 6, the total blood protein concentration

and T-AOC increased linearly (P = 0.003 and 0.018, respectively)
with FJP supplementation. The total protein concentrations were
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higher in the MFJP and HFJP groups than that in the control
group (P = 0.012). Serum T-AOC was greater in the MFJP group
than that in the control group (P = 0.017). The activities of SOD
and GSH-Px were unaffected by FJP supplementation (P > 0.05).
The blood MDA concentration decreased linearly (P = 0.006) with
FJP supplementation and was lower in the LFJP, MFJP, and HFJP
groups than that in the control group (P = 0.012).

4 Discussion

4.1 Growth performance

Dietary supplementation with FJP did not affect the DMI of
bulls, which was consistent with the results of Zhang et al. (13).
The observed increase in ADG could be due to improved nutrient
digestibility and a higher total rumen VFA concentration. The
decrease in FCR suggests that FJP supplementation enhanced the
efficiency of nutrient utilization in the bulls. The positive effect of
FJP on protein metabolism, indicated by an increase in total blood
protein, likely contributed to the high ADG.

Cyclic adenosine monophosphate (cAMP) plays key roles
in several biological processes. It alters energy partitioning
in animals and energy availability is reduced by proteolysis,
which subsequently increases protein deposition (27). Probiotic
fermentation of jujube powder increases the concentration of
cAMP in jujube (7), indicating the potency of FJP in improving
the growth performance of bulls. Additionally, jujuboside, a
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TABLE 5 Effects of fermented jujube powder (FIP) on rumen microbial enzyme activity and microflora in bulls (n = 40).

Treatment? P-values

Control LFJP MFJP HFJP SEM Treatment Linear Quadratic

Microbial enzyme activityb

Carboxymethyl-cellulase 0.254 0.262 0.265 0.264 0.016 0.459 0.167 0.424
Cellobiase 0.166 0.170 0.178 0.174 0.013 0.194 0.081 0.342
Xylanase 0.816° 0.820° | 0.828% 0.828° 0.012 0.031 0.006 0.487
Pectinase 0.458 0.470 0.472 0.470 0.021 0.433 0.226 0.278
a-amylase 0.464 0.472 0.474 0.470 0.022 0.782 0.559 0.401
Protease 0.346" 0.352%® | 0.360° 0.356" | 0.011 0.044 0.018 0.192

Ruminal microflora (copies/mL)

Total bacteria, x10'! 3.90° 4.12% 4.50* 4.18%® 0.461 0.026 0.051 0.047
Total anaerobic fungi, x10% 3.10 3.26 3.56 3.48 0.536 0.203 0.058 0.475
Total protozoa, x10% 2.14 2.36 2.35 2.25 0.278 0.242 0.407 0.067
R. albus, x10° 5.14° 6.45% 7.07* 5.78%® 1.637 0.043 0.244 0.011
R. flavefaciens, x10° 3.99° 4.70* 4.93* 4.89* 0.813 0.027 0.009 0.118
F. succinogenes, x 10" 2.05 2.18 2.87 2.30 0.764 0.073 0.160 0.134
B. fibrisolvens, x10° 422 4.29 4.43 4.16 1.845 0.990 0.990 0.779
P. ruminicola, x10'° 1.34 1.52 1.72 1.52 0.602 0.589 0.408 0.330
Rb. amylophilus, x10° 1.06° 1.45% 1.68* 1.34% 0.510 0.047 0.115 0.021

2Control, LFJP, MFJP, and HFJP groups contained respectively 0, 5, 7.5, and 10 g FJP/100 g DM. Different superscript letters in the same row differed significantly.
PEnzymatic activity units were as follows: carboxymethyl-cellulase (jumol glucose/min/mL), cellobiase (jmol glucose/min/mL), xylanase (jumol xylose/min/mL), pectinase (jLmol D-
galacturonic acid/min/mL), a-amylase (jumol glucose/min/mL), and protease (jug hydrolyzed protein/min/mL).

TABLE 6 Effects of fermented jujube powder (FIP) on blood antioxidant activity in bulls (n = 40).

Treatment? P-values
Control LFJP MFJP Treatment Linear Quadratic
Total protein (jug/mL) 725° 764 798 791 57.09 0.012 0.003 0.158
T-AOC (U/mL) 6.68" 6.75" 6.97° 6.84% 0.218 0.017 0.018 0.123
SOD (U/mL) 58.86 60.49 63.20 61.22 3.603 0.209 0.087 0.250
GSH-Px (U/mL) 52.10 53.53 54.94 53.22 3.739 0.415 0.375 0.191
MDA (mmol/L) 2.36° 2.02° 1.88° 1.95° 0.366 0.012 0.006 0.055

2Control, LFJP, MFJP, and HFJP groups contained respectively 0, 5, 7.5, and 10 g FJP/100 g DM. Different superscript letters in the same row differed significantly.

bioactive compound found in jujube, promotes cell proliferation  proliferation of Lactobacillus in the rumen, which could inhibit
by regulating the cAMP-protein kinase A/cAMP-response  cell growth by disrupting the cell cycle (28). Moreover, Zhang et al.
element binding protein (PKA/CREB) signaling pathway and  showed reduced ADG in Holstein dairy cattle fed 15% FJP diets
hormone secretion (6). Bioactive substances in jujube, including  compared with the control group (13). Together, these findings
oligosaccharides and flavonoids, inhibit the proliferation of  suggest that while FJP is beneficial in moderate amounts, excessive
harmful bacteria, increase the abundance of probiotics in the  supplementation can be counterproductive. Therefore, careful
intestine, inhibit the competition for nutrients between bacteria  consideration of the appropriate dosage is essential to maximize
and the host, and improve the absorption and utilization of feed  the benefits of FJP supplementation in animal diets.

nutrients (9). A previous study on sows has demonstrated that

FJP supplementation promotes protein utilization and ADG (11).

However, in the present study, ADG did not increase further in 4.2 Nutrient dlge5t|b|l|ty and ruminal

the HFJP group, which is consistent with the observed nutrient ~fermentation

digestibility and rumen VFA concentration. These findings

suggest that the HFJP diet interferes with microbial growth in The increased digestibility of DM, CP, and ADF in the total
the rumen, resulting in decreased nutrient digestion in bulls. A tract was consistent with the increase in total VFA concentration
previous study has shown that excessive FJP in diets result in high  and acetate molar proportion in the rumen, indicating that dietary
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FJP supplementation enhanced rumen nutrient degradation. A
previous study on ruminants has shown that FJP increases the
effective degradability of CP, EE, and ADF in the rumen (14).
Furthermore, FJP alleviates digestive tract injury and promotes
nutrient digestion and absorption attributed to its polysaccharide,
flavonoid, and cAMP contents (13, 29). Probiotics secrete various
digestive enzymes that degrade macromolecules, and the resulting
metabolites enhance gastrointestinal peristalsis (30). Together,
these findings indicate that dietary FJP supplementation improves
the apparent nutrient digestion in the total tract. Our findings also
revealed that FJP maintained rumen pH in the range of 6.42—
6.46, which is conducive to microbial growth (31). Furthermore,
an increase in the acetate-to-propionate ratio indicates a shift in
rumen fermentation toward more acetate production. High total
VFA concentrations and acetate molar proportions in the rumen
are associated with increased xylanase activity, as jujube is degraded
to acetate by cellulolytic enzymes (15). Similarly, dietary probiotic
complexes have been found to increase rumen VFA concentrations
and acetate-to-propionate ratio in sheep (32). Rumen NH;3-N is
mainly derived from feed CP degradation by rumen proteases
(33). However, the decrease in rumen NH3-N concentration by
FJP supplementation was inconsistent with the observed increase
in protease activity, which could be associated with increased
microbial protein content, as cellulolytic bacteria utilize NH3-N
for protein synthesis (34). These findings collectively indicate that
FJP supplementation positively influences rumen fermentation and
nutrient digestibility, leading to better nutrient absorption and
utilization in bulls.

4.3 Ruminal enzyme activity and microflora

The observed increase in xylanase activity coincided with
an increase in the population of cellulolytic bacteria, indicating
that FJP supplementation stimulated the secretion of enzymes
by microbes. Cellulolytic bacteria produce enzymes that degrade
fibers (15). The increase in protease activity is associated with an
increase in the proportion of Ruminobacter amylophilus, which
is responsible for protein degradation (35). These results suggest
that dietary FJP supplementation promotes the growth of rumen
microorganisms and enzyme secretion in bulls. Additionally,
cAMP promotes cell proliferation via the PKA/CREB signaling
pathway (6). FJP supplementation has been reported to promote
the colonization of probiotics in the gastrointestinal environments
and regulate the balance of microflora through biological
oxygen capture and competitive inhibition (36). Probiotics can
prevent the colonization of pathogens by niche pre-emption
(37). Dietary supplementation with probiotic complexes has
been found to increase the abundance of Ruminococcus albus,
F. succinogenes, Butyrivibrio fibrisolvens, and P. ruminicola in
the rumen of bulls (30). Consistently, a previous study has
shown that probiotic supplementation increases the proportions
of Butyrivibrio fibrisolvens and Ruminococcus flavefaciens in the
rumen of sheep at a dietary concentrate-to-roughage ratio of
3:7 (38). Together, these findings suggest that FJP serves as a
valuable dietary supplement to improve rumen microbes and
rumen fermentation in livestock.
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4.4 Blood antioxidant properties

Oxidative stress in farming bulls is a major concern because it
negatively affects performance and meat quality and is associated
with high morbidity. In this study, serum T-AOC significantly
increased with FJP supplementation, consistent with the results
of Zhang et al. (13). Additionally, Xu et al. (7) reported
that the hydroxyl groups of polyphenols in jujube can chelate
Cu?t and Fe*t to reduce oxidation rates, whereas the phenolic
hydroxyl groups of flavonoids form stable semiquinone free
radical structures, reducing free radical accumulation. The high
polyphenol content in FJP is attributed to the release of bound
phenols from the cell wall, which are degraded by cellulases secreted
by Bacillus spp. and Lactobacillus plantarum (39). These findings
suggest that an increase in T-AOC due to FJP supplementation
may conserve the protein content and improve the production
performance of bulls.

5 Conclusion

that
supplementation with FJP has beneficial effects on multiple

In conclusion, this study demonstrates dietary

aspects of production performance, rumen fermentation,
and antioxidant properties in Simmental bulls. Our findings
indicate that FJP enhances ADG and improves feed conversion
efficiency, suggesting improved nutrient utilization and growth.
The observed changes in rumen fermentation, including
increases in total VFA and acetate molar proportion, along
with reduced NH3-N concentrations, highlight the role of FJP
in optimizing digestive processes and nutrient metabolism.
in blood T-

indicate

Furthermore, the significant improvements
AOC and in MDA
antioxidant defenses, potentially reducing oxidative stress in

reduction levels enhanced
supplemented bulls. These results underscore the potential of
FJP as a valuable dietary supplement for enhancing growth
performance in cattle farming practices. Future research
should further explore optimal dosages and long-term effects
of FJP supplementation across different cattle breeds and
production environments to fully leverage its benefits in livestock

management strategies.
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Agricultural University, Nanjing, China

Introduction: This study was conducted to compare the effects of nisin (NIS)
and ionophore antibiotic monensin (MON) on the growth performance, rumen
fermentation, nutrient digestion and plasma metabolites of fattening Hu sheep.

Methods: Thirty-six male Hu sheep (23.5 + 1.0 kg) were divided into two blocks
based on BW (low BW and high BW). Sheep within each block were then
allotted to 9 pens respectively (two sheep/pen). Pens within each block were
randomly assigned to one of three dietary treatments: (1) basal diet (CON); (2)
basal diet + 40 mg/kg DM of MON; (3) basal diet + 274.5mg/kg DM of NIS. The
study lasted 9 weeks, with the initial 2 weeks for adaptation and the subsequent
7 weeks for treatment.

Results: The results showed that both NIS and MON addition had no impacts on
average daily gain (ADG), dry matter intake (DMI), and feed conservation rate (G:F)
of sheep (p>0.05). The digestibility of ether extract (EE) was lower in the MON-
fed and NIS-fed sheep (p<0.01) than in the CON group, whereas crude protein
(CP) digestibility was higher in the MON-fed sheep compared to those fed NIS
(p<0.05). Both NIS and MON supplementation decreased acetate levels and
acetate/propionate ratio in the rumen of Hu sheep (p<0.05). Sheep fed MON
exhibited higher total cholesterol concentrations (p < 0.05) compared to the CON
and NIS groups. However, there were no significant differences in other plasma
metabolites, including blood urea nitrogen (BUN), total bile acid, triglyceride, total
protein, albumin, globulin, glucose, etc., among the three groups (p > 0.05).

Discussion: In conclusion, dietary addition of NIS and MON altered the rumen
fermentation mode by reducing acetate levels, with no discernible effects on
the growth performance of the fattening Hu sheep.

KEYWORDS

nisin, fattening Hu sheep, growth performance, rumen fermentation, nutrient
digestibility, monensin
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1 Introduction

The increasing demand for livestock products such as milk, beef, and
mutton has driven a shift toward large-scale and intensive livestock
production, leading to higher livestock farming intensity and an elevated
prevalence of diseases among livestock (1). Antibiotics are commonly
utilized to enhance feed conservation rate and promote animal growth
to meet societal demands for animal products and maximize economic
benefits (2). In ruminant production, monensin (MON), the most widely
employed antibiotic, is frequently used to modulate rumen fermentation,
mitigate energy and nitrogen losses, and enhance feed conservation rate.
Numerous studies have demonstrated that MON can optimize rumen
fermentation patterns, suppress the production of methane, ammonia,
and lactic acid in the rumen (3), and enhance the growth performance
of ruminants (4). Nevertheless, the excessive use of antibiotics has led to
the emergence of bacterial resistance and drug residue issues. In light of
safety concerns, many countries have prohibited the use of antibiotics as
dietary growth promoters for animals (5). Therefore, there is an urgent
necessity to explore environmentally friendly, safe, effective, and residue-
free alternatives to antibiotics to address this challenge.

Nisin (NIS), a 34-amino acid polypeptide antimicrobial substance,
primarily inhibits gram-positive bacteria. It is the most extensively
researched bacteriocin and has been approved by the FDA and the
European Union as a food preservative (6, 7). Initially utilized in the
food industry, NIS has demonstrated significant potential as an antibiotic
alternative in recent years within the farming industry (8, 9). Prior
studies have shown that NIS can enhance broiler growth performance
through the modulation of gut microbiota composition, reduction of
inflammatory responses, and intestinal apoptosis (7). Notably, Pogany
Simonova et al. (8) observed a 9.4% increase in the average daily gain
(ADG) of broiler rabbits fed NIS compared to a control group. Research
in pigs has also indicated that NIS can influence the intestinal functional
microbiota involved in acetate, butyrate, and propionate synthesis (10).
Presently, most investigations on NIS in ruminants are conducted in
vitro (11-13), and limited knowledge exists regarding its in vivo effects.

Previous in vitro studies have shown that both NIS and MON at
appropriate concentrations can alter rumen fermentation patterns and
increase propionate concentrations (11, 12). Unlike MON, NIS inhibited
methane production without affecting dry matter disappearance rates
(12). However, subsequent in vivo experiments, following the in vitro
results, demonstrated that incorporating 30.5 mg/kg dry matter (DM)
of NIS into the diet had no significant impact on the growth performance
(14) and rumen microbiota of fattening Hu sheep (15). Notably, the in
vitro artificial rumen lacks the complexity of the actual rumen
environment in terms of substrates and microorganisms (16). It is
hypothesized that the lack of the anticipated effects in previous animal
experiments may be due to the insufficient dosage of NIS
supplementation (14). Therefore, this study aimed to investigate the
effects of a higher dose of NIS (274.5 mg/kg DM) on rumen fermentation
and growth performance in fattening Hu sheep compared to MON.

2 Materials and methods
2.1 Animals, diets, and experimental design
The experimental procedures used in this study were approved by

the Animal Care and Use Committee of Nanjing Agricultural
University (protocol number: SYXK2017-0007).
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Thirty-six healthy male Hu sheep (23.0+£1.0kg) at the age of
3 months were divided into two blocks (18 sheep per block) based
body weight (low BW: 22.3 +0.5kg; high BW: 23.8 +0.6kg). Within
each block, the sheep were further divided into 9 pens (2 sheep/pen),
and then randomly assigned to one of the three treatments: (1) basal
diet (CON); (2) basal diet +40mg/kg DM of MON; (3) basal diet
+274.5mg/kg DM of NIS. The NIS (Zhejiang New Yinxiang
Bioengineering Co., Ltd.) used in this study contained 2.5% NIS with
an activity of >1x10°IU/g. The MON premix (Shandong Shengli
Bioengineering Co., Ltd.) added to the MON treatment consisted of
monensin sodium at a concentration of 20 g per 100 g of premix.

The basal diet was designed in accordance with the Feeding
Standard of Meat Sheep (2004) issued by the Ministry of Agriculture
of the People’s Republic of China (Table 1). The TMR was fed twice
daily at 08:00 and 16:00 in all treatment groups, with a surplus of
5%-10% being ensured. All sheep were housed indoors pens
(2m x4 m) with wooden slatted floors and had free access to drinking
water. The study lasted for 9weeks, incorporating a 2-week
acclimatization phase followed by a 7-week experimental period.

2.2 Sampling and measurement

The diet provided and refusals were measured daily during weeks
2,4, 5,and 7 to calculate dry matter intake (DMI). Prior to morning

TABLE 1 Composition and nutrient levels of basal diets (DM basis).

ltem ‘ Content

Ingredient (% of DM)
Corn silage 23.00
Peanut vine 22.00
Corn grain 30.00
Soybean meal 7.00
DDGS 12.00
Wheat bran 2.00
Urea 0.75
NaCl 0.75
NaHCO; 1.00
CaCO;, 1.00
CaHPO, 0.37
Mineral Premix' 0.10
Vitamin Premix® 0.03

Nutrient composition, %
DM 49.7
CP 15.71
NDF 30.38
ADF 17.92
EE 3.51
Ash 9.48
DE, MJ/kg’ 13.25

"Trace mineral element content per kg of premix: Cu 18,000 mg, Fe 35,500 mg, Co 300 mg,
11,650 mg, Se 340 mg, Zn 42,000 mg, Mn 36,000 mg. *Vitamin content per kg of premix: VA
20,040,000 1U, VD; 6,600,000 1U, VE 200,000 IU. *DE was a calculated value, while the others
were measured values.
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feeding, the Hu sheep were weighed over 2 consecutive days in weeks
0,4, and 7. These data were utilized to compute the average daily gain
(ADG) of the sheep and the feed conservation rate (Gain:Feed, G:F),
calculated as the ratio of ADG to DML

Ruminal fluid was obtained via an oral stomach tube around 3 h
post morning feeding on the 5th day of weeks 4 and 7. The initial
50mL of rumen fluid was discarded to minimize potential saliva
contamination. Subsequently, the ruminal fluid was filtered through
four layers of cheesecloth, and the pH of each sample was promptly
measured using a portable pH-meter (Ecoscan pH-5, Eutech
Instruments, Singapore). One milliliter of each ruminal fluid sample
was preserved with the addition of 0.2mL of 25% HPO, for VFA
analysis using gas chromatography (GC-2014AFsc, Shimadzu, Japan)
as described by Shen et al. (12). Another 1 mL of each ruminal fluid
sample was stored at —20°C for subsequent analysis for ammonia
nitrogen using a colorimetric method (17).

Diet and ort samples were collected continually for 2 days in
weeks 2, 4, 5, 7. The feeds were mixed thoroughly using the quadrat
method and stored in a sealed container at —20°C. Over the final
3 days of the study, feces samples were collected twice daily and stored
in sealed containers at —20°C. The feed samples from each group and
fecal samples from each sheep were combined for three consecutive
days, subsequently dried in an oven for 48h at 65°C. The dried
samples were pulverized through a 1-mm screen utilizing a Cyclotec
mill (Tecator 1093; Tecator AB, Hogands, Sweden). Subsequently, all
samples underwent analysis for dry matter (DM) (18), organic matter
(OM) (18), and crude protein (CP) (18). The contents of ADF and
NDF were determined according to Van Soest et al. (19). The acid-
insoluble ash (AIA) in both the diet and fecal samples was measured
according to the procedure outlined by Van Keulen and Young (20),
which served as internal markers for estimating apparent
nutrient digestibility.

On the 6th day of weeks 4 and 7 at approximately 3h after
morning feeding, blood samples were drawn from the jugular vein of
each sheep into blood collection tube containing sodium heparin. The
sample was then centrifuged at 3,000 x g/min for 10 min to separate
plasma. Subsequently, all plasma samples were stored at —20°C for
subsequent analysis of blood urea nitrogen (BUN), glucose, total
protein (TP), albumin, creatinine (CRE), total cholesterol (TCHO),
triglyceride (TG), total bile acid (TBA), alkaline phosphatase (ALP),
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) using commercial kits (Nanjing Jiancheng Technology Co.,
Ltd.). The Globulin levels were calculated by determining the
difference between TP and albumin.

2.3 Statistical analyses

The statistical analyses were performed using the mixed model
procedure of SAS version 9.4. The observational unit was defined as
the pen when measurements were taken collectively for all aspects
related to the pen, including DMI, ADG, feed conservation rate,
nutrient intake, and apparent digestibility. Conversely, the
observational unit was considered as the individual sheep when
measurements were conducted on each lamb within the pen for
parameters like BW, rumen fermentation characteristics, and plasma
metabolites. Data for DMI, ADG, feed conservation rate, rumen
fermentation characteristics, and plasma metabolites were analyzed
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with week as repeated measures. The statistical models incorporated
fixed effects of treatment and week, together with their interaction,
along with random effects of block, pen x block x treatment, and
lambs within the pen x block x treatment. In contrast, data for BW,
nutrients intake and apparent digestibility, the statistical models
comprised fixed effects of treatment, along with random effects of
block, pen x block x treatment, and lambs within the pen x block x
treatment. When the pen served as the observational unit, the random
effects in the aforementioned models were simplified to block and
pen x block x treatment. Degrees of freedom were determined
utilizing the Kenward-Roger option. Differences were considered to
be statistically significant when the p-values were <0.05, and trends
were declared at 0.05<p<0.10. All reported values are least squares
means unless otherwise stated.

3 Results
3.1 Growth performance

No difference (p>0.05) in initial BW were observed across all
treatments (Table 2). Dietary NIS and MON addition had no effect
(p>0.05) on the final BW, ADG, DMI and feed conservation rate of
fattening Hu sheep. Nonetheless, the ADG of 267.8 g/d was the highest
among fattening Hu sheep fed with MON compared to the other
two groups.

3.2 Rumen fermentation characteristics

The inclusion of dietary NIS and MON resulted in a significant
decrease (p<0.05) in the concentration of acetate and the acetate/
propionate ratio in the rumen of the fattening Hu sheep (Table 3),
accompanied by a tendency toward decreased butyrate concentrations
(p=0.07). Notably, the NIS group exhibited significantly lower
isobutyrate concentrations compared to the other treatment groups
(p<0.05). However, the dietary addition of NIS and MON had no
impact on rumen pH, NH;-N, TVFA, propionate, valerate, isovalerate
and TBCFA concentrations in fattening Hu sheep (p>0.05).

3.3 Nutrients intake and apparent
digestibility

Dietary NIS and MON addition had no effect (p>0.05) on the
intake of DM, OM, CP, NDF, ADF and EE in fattening Hu sheep
(Table 4). Both NIS and MON groups notably reduced the digestibility
of EE (p<0.05) in comparison to the CON group (Table 4).
Furthermore, the MON group exhibited significantly higher
digestibility of CP in contrast to the NIS group (p <0.05). However,
there were no differences in the digestibility of DM, OM, NDF and
ADF among the treatments (p>0.05).

3.4 Plasma metabolites

Compared with the CON and NIS groups, MON addition
significantly elevated the blood levels of TCHO in Hu sheep (p <0.05;
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TABLE 2 Comparative effects of nisin and monensin supplementations on growth performance of fattening Hu sheep.

10.3389/fvets.2024.1441431

Trt x Wk
BW, kg - - -
Initial 22.92 23.01 23.17 0.792 0.54 - -
Final 35.76 36.23 35.75 0.796 0.74 - -
DM, g/d 1194.9 1178.5 1180.8 46.88 0.95 <0.01 0.76
ADG, g/d 260.8 267.8 2553 9.30 0.65 <0.01 0.79
G:F 0.22 0.23 0.22 0.006 0.37 <0.01 0.40

CON, control (no additives); MON, monensin, 40 mg/kg DM; NIS, nisin, 274.5 mg/kg DM; Trt, treatment; Wk, week; Trt x WK, interaction of treatment and week; G:F, Gain:Feed.

TABLE 3 Comparative effects of nisin and monensin supplementations on ruminal fermentation of fattening Hu sheep.

Trt X Wk
pH 6.37 6.46 6.52 0.079 0.20 0.49 0.89
NH;-N, mg/dL 13.82 11.79 14.43 1.955 0.52 0.06 0.07
Total VFA, mM 97.9 90.8 88.6 3.27 0.16 0.83 0.86
Acetate, mM 62.0* 55.4° 54.8° 2.03 0.05 0.92 0.88
Propionate, mM 209 222 20.6 0.94 0.47 0.95 0.64
A:P 2.99* 2.52° 2.70° 0.082 <0.01 0.62 0.78
Butyrate, mM 11.91 10.09 10.27 0.532 0.07 0.14 0.35
Valerate, mM 1.08 0.95 0.94 0.059 0.21 0.97 0.89
Isobutyrate, mM 0.77% 0.77% 0.65" 0.036 0.04 0.35 0.88
Isovalerate, mM 1.21 1.45 1.26 0.096 0.24 0.06 0.86
TBCVFA, mM 1.98 222 1.91 0.126 0.22 0.27 0.86

CON, control (no additives); MON, monensin, 40 mg/kg DM; NIS, nisin, 274.5 mg/kg DM; Trt, treatment; Wk, week; Trt x WK, interaction of treatment and week; A:P, acetate:propionate;
TBCVFA, total branched-chain VFA. **Means within a row with different superscripts differ (p <0.05).

TABLE 4 Comparative effects of nisin and monensin supplementations
on nutrient digestion of fattening Hu sheep.

Item CON MON NIS SEM p-value

Intake, g/d
DM 13025 1322.8 1289.9 90.5 0.92
OM 1179.3 1197.3 1167.8 81.91 0.92
CP 203.6 208.4 200.6 14.12 0.83
NDF 392.1 398.6 393.0 27.37 0.96
ADF 228.6 235.4 234.7 16.14 0.88
EE 45.6 46.2 45.1 3.16 0.93

Digestibility, %
DM 72.7 73.0 72.5 0.80 0.93
OM 77.8 78.3 77.6 0.71 0.79
Cp 73.9% 75.3 73.2 0.51 0.03
NDF 53.8 55.7 52.0 1.66 0.31
ADF 52.5 54.1 53.2 1.84 0.84
EE 84.9° 80.0° 78.0° 1.25 <0.01

CON, control (no additives); MON, monensin, 40 mg/kg DM; NIS, nisin, 274.5 mg/kg DM.

**Means within a row with different superscripts differ (P<0.05).
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Table 5). However, the addition of NIS and MON in the diet had no
effect (p>0.05) on the plasma levels of ALP, ALT, AST, BUN, CRE,
glucose, TBA, TG, TP, albumin, and globulin in fattening Hu sheep
(Table 5).

4 Discussion
4.1 Growth performance

MON is a commonly used antimicrobial growth promoter in
livestock production aimed at enhancing feed conservation rate. The
mechanism by which MON improves energy efficiency is primarily
linked to increased ruminal propionate synthesis (21). Interestingly, in
the current study, it was observed that dietary supplementation of
MON had no impact on ADG and feed conservation rate in Hu sheep,
which corresponded to the absence of changes in propionate
concentration. The efficacy of MON on feed conservation rate is
influenced by various factors, such as dosage, feeding strategies, and
the dietary nutrient composition. Vyas et al. (22) reported that
incorporating 33 mg/kg DM of MON into a high-forage (65%) diet led
to enhanced feed conservation rate, whereas its addition to a
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TABLE 5 Comparative effects of nisin and monensin supplementations on blood biochemical parameters of fattening Hu sheep.

Trt x Wk
ALP, U/L 443.0 457.4 433.5 34.14 0.88 0.16 0.93
ALT, U/L 154 13.7 13.1 1.16 0.38 <0.01 0.56
AST, U/L 119.1 1214 114.0 6.59 0.53 0.30 0.06
BUN, mg/dL 28.0 28.9 28.1 0.94 0.58 0.64 0.04
CRE, mg/dL 0.71 0.71 0.72 0.029 0.96 0.80 0.67
Glucose, mg/dL 64.5 66.0 65.7 1.35 0.50 <0.01 <0.01
TBA, pmol/L 10.61 10.32 12.70 1.279 0.37 0.31 0.86
TCHO, mg/dL 37.1° 45.2° 37.3 2.15 <0.01 <0.01 0.09
TG, mg/dL 335 345 36.2 0.95 0.14 0.28 0.46
TP, g/dL 4.88 4.81 4.83 0.104 0.83 0.97 0.06
Albumin, g/dL 1.92 2.00 1.96 0.024 0.10 <0.01 0.01
Globulin, g/dL 2.95 2.81 2.87 0.076 0.42 0.37 0.37
AG 0.66 0.72 0.69 0.019 0.08 0.06 0.61

CON, control (no additives); MON, monensin, 40 mg/kg DM; NIS, nisin, 274.5 mg/kg DM; Trt, treatment; Wk, week; Trt x WK, interaction of treatment and week; ALP, alkaline phosphatase;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CRE, creatinine; TBA, total bile acid; TCHO, total cholesterol; TG, triglyceride; TP, total protein;

A:G, Albumin:Globulin. **Means within a row with different superscripts differ (P<0.05).

high-concentrate (92%) diet showed no effect on feed conservation
rate. This discrepancy can be attributed to the higher energy content in
high-grain diets, which stimulates a relatively higher production of
ruminal propionate compared to high-forage diets (23). Consequently,
the supplementation of MON in high-concentrate diets had no
noticeable effect on feed conservation rate. In the current study, where
the dietary composition was balanced (forage:concentrate =45:55) to
meet the energy requirements of Hu sheep, it is plausible that the feed
conservation rate remained unaffected. Correspondingly, NIS exhibited
a parallel effect to MON, consistent with the results of a previous study
by Shen et al. (14), where supplementation with 30.5 mg/kg DM of NIS
yielded similar results. The influence of NIS observed in this study may
be influenced by the dietary forage-to-concentrate ratio similarly to
MON, potentially limiting its ability to significantly enhance growth.

4.2 Rumen fermentation characteristics

In the present study, it was found that adding 274.5 mg/kg DM of
NIS and 40mg/kg DM of MON to the diet decreased acetate
concentration and altered rumen fermentation pattern, which is
consistent with the results of previous studies (12, 24). Acetate is
primarily produced through the microbial fermentation of fibrous
materials. It has been reported that both NIS and MON can inhibit
acetate production by increasing the permeability of cell membranes
to suppress gram-positive fiber-degrading bacteria in the rumen, such
as Ruminococcus spp. and other major acetate-producing bacteria
(12). The reduced acetate concentration in the present study indicated
that the addition of NIS and MON may also inhibit the abundance of
cellulolytic bacteria in Hu sheep. Further studies are warranted to
assess the impact of NIS and MON on ruminal microorganisms.

Following the decrease in the acetate/propionate ratio, a shift in
rumen fermentation mode is indicated. The VFA profile is closely
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related to the hydrogen metabolism pathway and methane production
in the rumen. Acetate and butyrate formation releases hydrogen,
aiding methane synthesis, whereas propionate formation competes for
hydrogen utilization in the rumen. Although methane production was
not quantified in the present study, an estimation based on the
equation proposed by Moss et al. (25) indicated a reduction in
methane production with NIS supplementation. Previous studies have
shown that dietary NIS supplementation can inhibit rumen methane
production (12, 13, 26). Therefore, direct measurement of methane
production is advisable for validation. Furthermore, it is generally
believed that inhibiting methane production can alter hydrogen
utilization pathways, reduce energy loss and improve production
performance (27). However, the present study did not find an
improvement in ADG or feed conservation rate in fattening Hu sheep,
aligning with the findings of a previous low-dose in vivo study (14).
This suggests that the conserved energy is not digested, absorbed, and
utilized effectively by the host.

Ruminal propionate is the principal substrate for hepatic
gluconeogenesis, where glucose synthesis from propionate
significantly contributes to the total energy production in ruminants,
ranging from 24% to 61% (28). In the current study, the ruminal
concentration of propionate in Hu sheep fed with NIS and MON did
not exhibit significant variations. The results are in agreement with
those of Santoso et al. (29) and Benchaar et al. (30), but inconsistent
with previous reports that NIS and MON can enhance propionate
production (12, 31). Several pathways, such as the succinate pathway,
acrylate pathway, and tricarboxylic acid cycle, are involved in ruminal
propionate synthesis (32). Shen et al. (12) reported that the addition
of 1 pM and 5 pM nisin led to an increase in the relative abundance
of genera with succinate as the metabolic end product, such as
Fibrobacter succinogenes and Succinivibrio, and increased the
concentration of propionate through the succinate pathway. It also
reduces the relative abundance of streptococci involved in the
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acrylate pathway, thereby weakening the production of propionate
through the acrylate pathway. Therefore, the compensatory
interactions between these metabolic pathways may explain the stable
propionate levels observed in this study. Additionally, dietary
composition, particularly the concentrate-to-forage ratio, plays a
significant role in the effectiveness of additives. Ramanzin et al. (33)
observed a more pronounced effect of MON on propionate
concentration in diets with lower forage content (50%) compared to
those with higher forage content (70%). Hence, the discrepancies in
study results may be due to variations in dosage, dietary
composition etc.

4.3 Nutrients intake and apparent
digestibility

Shen et al. (14) previously reported that dietary supplementation
with 30.5mg/kg DM of NIS had no effect on the digestibility of DM,
NDE ADF, EE and CP in fattening sheep, which consistent with the
results of the present study. This similarity in outcomes may
be attributed to the maintenance or potential increase in the
population of rumen protozoa and the relative abundance of major
cellulolytic bacteria, as suggested by Shen et al. (12). However, Azzaz
et al. (34) found that adding 500U/kg NIS improved nutrient
digestibility in ewes. Discrepancies in results observed across studies
could be influenced by factors such as species differences, gender, and
nutritional composition. Furthermore, in the current study, the
inclusion of NIS significantly decreased the digestibility of EE. The
rationale behind this finding remains unclear. Conducting further
analysis on intestinal enzyme activity could potentially provide
insights into the observed variations in EE digestibility.

This study found that dietary supplementation of MON had no
effect on DM digestibility, which was consistent with previous study
in cannulated wethers (35). In contrast, Soltan et al. (36) found that
the addition of monensin led to reduced DM digestibility. The adverse
effect of MON on feed digestion is primarily attributed to its inhibition
of cellulolytic bacteria, such as Fibrobacter succinogenes. However,
research has indicated that Fibrobacter succinogenes can develop
resistance to MON over time. Thus potentially explaining the lack of
effect on DM digestibility with MON supplementation (11, 37).
Moreover, in the present study, the CP digestibility of the MON group
exceeded that of the NIS group, consistent with the findings of Polizel
et al. (35). MON may reduce MCP synthesis by decreasing the
population of rumen bacteria, subsequently diminishing the
proportion of RDP and elevating RUP levels (38). Studies have shown
that RUP is more readily digested in the small intestine compared to
microbial proteins (39), and the addition of MON can enhance amino
acid absorption in the small intestine (40). Therefore, the increased
CP digestibility in the MON group may be associated with heightened
CP digestion and absorption rates in the small intestine.

4.4 Plasma metabolites
Blood metabolites are crucial indicators of the nutritional and

health status of animals. In this study, the plasma metabolites of Hu
sheep in each treatment were found to be within the normal range
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(41), suggesting that the dietary inclusion of NIS and MON did not
have any adverse effects on the metabolism or health of the fattening
Hu sheep. Shen et al. (14) reported that dietary supplementation of
30.5mg/kg DM of NIS had no significant impact on the blood
biochemical parameters of fattening sheep, consistent with our
findings. Furthermore, previous studies have indicated that the
levels of ALT, ALP, and AST in the blood are linked to inflammation,
while the concentrations of globulin and albumin can serve as
indicators of humoral immunity and protein synthesis in animals
(42). These outcomes indirectly imply that the incorporation of
MON and NIS into the diet does not affect the immune response of
the Hu sheep.

The current study noted an elevation in the blood concentration
of total cholesterol in Hu sheep supplemented with MON. Comparable
findings have been documented by Duffield et al. (43) and O’Kelly and
Spiers (44). It has been reported that MON can enhance energy
metabolism by promoting fat export from the liver while decreasing
the fat transported to the liver and reducing non-esterified fatty acids
(NEFA), consequently mitigating liver fat accumulation and
enhancing liver function (43). It is recognized that hepatic fat export
is frequently released into the blood as lipoproteins, composed of
triacylglycerol, cholesterol, and phospholipids synthesized in the liver
with apolipoproteins. Hence, the rise in cholesterol levels triggered by
MON supplementation may result from increased lipoprotein export
from the liver. Further studies investigating the mechanisms of energy
metabolism are needed to validate this hypothesis.

5 Conclusion

Both dietary supplements of NIS and MON reduced rumen
acetate concentration and induced changes in the rumen fermentation
pattern. However, neither of these additives impacted the growth
performance or health status of the fattening Hu sheep. The regulatory
mechanism of NIS and MON on rumen fermentation needs further
investigation, especially through microbiome analysis. Moreover, the
inclusion of MON in the diet led to elevated total cholesterol levels in
the blood of Hu sheep in comparison to the other groups. The
variations in cholesterol levels may be linked to energy metabolism,
warranting further research on the specific metabolic pathways.
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Effects of yeast culture
supplementation on milk yield,
rumen fermentation, metabolism,
and bacterial composition in dairy
goats
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!College of Animal Science and Technology, Qingdao Agricultural University, Qingdao, China,
2Qingdao Animal Husbandry and Veterinary Research Institute, Qingdao, China

The effects of yeast culture (YC) on dairy goat milk yield and potential effects
of rumen microbial population changes on rumen fermentation are poorly
understood. This study aimed to evaluate the effects of YC on milk yield
and rumen fermentation in dairy goats and explore the potential microbial
mechanisms. Forty Laoshan dairy goats with a weight of 51.23 + 2.23 kg and daily
milk yield of 1.41 + 0.26 kg were randomly divided into 4 groups: control (no YC),
YC1 (10 g/day per goat), YC2 (25g/day per goat), and YC3 (40 g/day per goat).
The pre-feeding period was 15 days, and the official period was 60 days. Laoshan
dairy goats were milked twice daily, and the individual milk yield was recorded.
On the last day of the official period, rumen fluid was collected to measure
rumen fermentation, perform quantitative polymerase chain reaction (PCR), and
detect metabolites. Compared to the control group, the YC group had greater
milk yield; higher acetic acid, butyric acid, and total volatile fatty acid contents;
and lower ammonia-N (NH3z-N) content in the rumen (p <0.05). YC increased
the abundance of Clostridia_UCG-014 and Paraprevotella (p < 0.05). Differential
metabolites L-leucine and aspartic acid were screened. This study revealed the
microbial mechanisms linking the relative abundance of Paraprevotella and
Clostridia_UCG-014 to L-leucine and aspartic acid utilization. These results
describe the potential benefits of supplementing 10 g/day per goat YC in the
diets of Laoshan dairy goats for improving the rumen environment and milk
yield.

KEYWORDS

dairy goats, production performance, rumen fermentation parameters, rumen
microflora, rumen metabolism

1 Introduction

Increasing dairy production efficiency is a key goal in dairy goat nutrition, and dietary
interventions play a crucial role. Yeast culture (YC) has been reported to improve milk yield
(1, 2), stabilize rumen pH, and promote consistent environments for rumen fermentation (3-5).

Commercial YC and yeast-containing feed ingredients vary in many characteristics, including
the yeast strain, viability, culture and associated media, and post-fermentation processing [e.g.,
fractionated yeast (6)]. YC is unique among yeast products because it contains yeast biomass and
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fermentation metabolites (6). The composition and characteristics of the
fermentation metabolites are highly dependent on the medium used to
grow the yeast. The freeze-drying method of yeast culture can also retain
a small amount of active yeast and the fermentation activity of yeast (6,
7). The benefits of YC have been attributed to the presence of functional
metabolites (e.g., organic acids, B vitamins, and enzymes) that may
influence ruminal fermentation by supplying key nutrients that are
otherwise scarce in the ruminal environment (8, 9).

The abundance of various rumen bacterial taxa is correlated with
production performance and rumen fermentation parameters,
indicating that bacterial communities play important roles in
regulating host physiological parameters (10, 11). According to
Chaucheyras-Durand et al. (12), the main effects of YC are related to
rumen fermentation and benefit key microbial populations and their
metabolism, increase fiber degradation, and stabilize rumen pH. In
vivo and in vitro experiments have shown that YC can stimulate the
growth of rumen cellulolytic bacteria (13), promote fiber degrading
bacteria establishment in the digestive tract of lambs, and accelerate
microbial activity in the rumen (14). Rumen cellulolytic bacteria can
decompose dietary macromolecular carbohydrates into glucose,
which is then fermented to produce volatile fatty acids (VFAs), such
as acetic acid, propionic acid, and butyric acid. These VFAs contain
large amounts of energy and are the main energy sources for dairy
cows (15, 16). In addition, studies have reported that the ratios of
these VFAs are affected by changes in microbial metabolism and
species (17). However, the effects of YC on the production
performance and rumen fermentation parameters of dairy goats and
the exact microbial mechanisms underlying these effects are unclear.
Therefore, understanding the microbial mechanisms underlying the
effects of YC on the rumen is important for optimizing the utilization
of YC for ruminant nutrition.

Therefore, the current study evaluated the effects of YC on the
production performance, rumen fermentation characteristics, rumen
microorganisms, and metabolites of dairy goats. Moreover, the main
metabolites and metabolic pathways affecting rumen fermentation
parameters were explored through the weighted gene correlation
network analysis (WGCNA) method to further understand the
microbial mechanisms underlying the effect of YC on rumen
fermentation parameters in dairy goats.

2 Materials and methods
2.1 Ethical considerations and location

This study was conducted at the Aote Breeder Goat Co., Ltd.,
Qingdao City, Shandong Province (120°36E, 36°58'N), and the
experiments were performed in strict accordance with the guidance
of the National Council for the Control of Animal Experimentation
under an experimental protocol approved by the Animal Science and
Technology College of Qingdao Agricultural University, Qingdao,
Shandong (protocol code DKY20200701, dated July 1, 2020).

2.2 Diet and livestock management

The studied YC, which was provided by Danongwei Technology
(Shenzhen) Co., Ltd., is a concentrated and dried product of
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Saccharomyces cerevisiae after fermentation. It is mainly composed of
yeast cell lysate, yeast cell wall (e.g., mannan-oligosaccharide, -glucan,
and chitin), post-fermentation denaturation medium, and extracellular
metabolites (e.g., nucleosides, organic acids, proteins, peptides, plant
Zi alcohol, natural antioxidants, and digestive enzymes). The crude
protein (CP) content was 16.2%, crude fat (EE) content was 1.53%, ash
content was 7.71%, and moisture content was 9.87%.

A completely randomized experimental design was adopted.
Forty Laoshan adult dairy goats (born in late April 2020) that had
previously given birth twice and exhibited good body condition,
(51.23+2.23kg body weight; 40 + 4 days in milk; 1.41 +0.26 kg/d milk
yield) were selected and randomly divided into four groups. Each
treatment consisted of 10 Laoshan dairy goats.

The diets were formulated based on the nutrient requirements of
lactating goats reported by Cannas et al. (18, 19). The goats were fed a
basal diet ad libitum and allowed approximately 5% orts twice a day at
08:00 and 14:30. The daily feeding quantity was 3.5% of the body weight.
The dietary composition and nutritional levels are shown in Table 1.

The control group (CON) was fed a basic diet, while the YC1, YC2,
and YC3 groups were fed the basic diet and 10, 25, and 40 g YC/day
per goat, respectively. To ensure that the YC groups ingested sufficient
YC per day per goat, YC was mixed with a small amount of basic diet
and fed to each goat separately every morning. After each goat had
finished all of the basic diet with YC, the remaining feed would
be given to them. The YC dose was based on the recommendations of
the supplier, which suggested a range of 10-40g/day per goat. The
adaptation period was 15days, and the experimental period was
60 days. During the test period, all Laoshan dairy goats were allocated
to individual pens with natural light and cool environmental
temperatures and provided ad libitum access to drinking water.

TABLE 1 Ingredients and chemical composition of diets (DM basis).

ltem | 9/100g
Ingredients

Corn silage 16.46
Peanut vine 20.77
Pomace 6.21
Garlic stalks 3.53
Hay 2.16
NaCl 0.29
Mineral-vitamin-protein mix* 50.58
Total 100
Nutrient content?, dry matter basis

DE, MJ/kg 13.85
CP, % 13.95
NDE % 47.59
ADE % 22.19

'Mineral-vitamin-protein mix was purchased from Oulifeide Feed Science and Technology
Co, Ltd. (Shandong, China), and it contained corn, corn dry alcohol grains, spray corn husk,
corn germ meal, soybean meal, bran, cotton meal, calcium bicarbonate, stone powder,
sodium chloride, sugarcane molasses, palm fat powder, sodium bicarbonate, minerals, and
vitamin ingredients. The feed had the following contents, crude protein (CP), 20.1%; Ash,
9.7% and NaCl, 1%.

“For the nutrient levels, the digestible energy (DE) was based on the calculated value. CP,
neutral detergent fiber (NDF), and acid detergent fiber (ADF) were the measured value.
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2.3 Data and sample collection

Laoshan dairy goats were milked twice daily at approximately
06:00 and 18:00, and individual milk yield was recorded using an
Afikim milking system (AfiFlo milk meters, S.A.E. Afikim, Israel).
The milk samples (morning and afternoon) of each animal were
mixed to form a composite sample, which was placed in plastic
containers with Brono-pol® preservative and stored in a freezer at
—20°C until the chemical composition (50 mL sample) was analyzed.
Milk fat concentrations were analyzed once weekly using the Gerber
method (20). The 4% fat corrected milk (FCM) yield was calculated
as follows: [(0.4xmilk yield)+(15xmilk fat percentagex milk
yield)] (21).

The rumen fluid was collected from 40 Laoshan dairy goats on the
final day of the study period. Laoshan dairy goats were sampled in the
afternoon via an esophageal tube at 14:00. The esophageal tubing
apparatus was assembled by coupling the esophageal tube to a metal
strainer (22) at one end and the opposite handle side of a manual
vacuum pump (Med-Eze stomach pump, MAI Animal Health, China)
at the other end. The rumen fluid samples were collected by passing the
fluid through the hollow shaft of the pump into a plastic beaker. After
discarding the first 200 mL of fluid to minimize salivary contamination,
approximately 50 mL of rumen fluid was collected. After collection, the
pH was immediately measured using a pH meter (Waterproof pH Testr
30, Oakton Instruments, United States), and two aliquots (10 mL) were
acidified with either 200 pL of 50% sulfuric acid or 2mL of 25% meta-
phosphoric acid and stored at —20°C until analysis of ammonia-N
(NH;-N) and VFAs, respectively. In addition, 2mL of rumen fluid
samples were collected and immediately frozen in liquid nitrogen and
stored at —80°C until DNA isolation and subsequent relative
abundance analysis of bacteria species, which was performed via the
quantitative polymerase chain reaction (QPCR) method. Detection of
metabolites was performed via non-targeted metabolomics analysis on
Ultra-high-performance Liquid Chromatography-Tandem Mass
Spectrometry (UHPLC-MS/MS) system (ExionLC AD, SCIEX,
United States; QTRAP®, SCIEX, United States).

Rumen fluid samples preserved in 50% sulfuric acid and 25%
meta-phosphoric acid were thawed and transferred into 2mL
microcentrifuge tubes. Then, the samples were centrifuged at 30,000 x g
for 20min at 4°C (model 5403, Eppendorf, Germany), and the
supernatant from samples in sulfuric acid was used to analyze NH;-N
using the colorimetric assay described by Chaney and Marbach (23).
The supernatant of rumen fluid containing 25% meta-phosphoric acid
was analyzed for the acetic acid, propionic acid, butyric acid, and total
VFA (TVFA) concentrations using an automated gas chromatograph
(model 689, Hewlett-Packard, Juyi Hui supply chain Co., Ltd., China)
equipped with a 0.25 mm i.d x 15-m column (Nukol 24106-U, Supelco,
Inc., United States), and the internal standard was 2-ethylbutyrate.

2.4 Ruminal bacteria DNA isolation and
qPCR amplification of 16S rDNA genes

Microbiome DNA was extracted from each sample (250 pL of
rumen fluid was used) using a PowerSoil DNA Isolation Kit (MoBio
Laboratories, Inc., Canada), following the manufacturer’s instructions.
The extracted DNA was detected using a NanoDrop 2000
(ThermoFisher Scientific, Inc., United States) to determine the DNA
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quality and concentration. The samples qualified for quality inspection
were stored at —20°C for use in follow-up experiments.

The V3-V4 region of the 16Sr RNA gene of bacteria was amplified
by primers 338F (5-ACTCCTACGGGAGGCAGCAG-3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3'). Eight base-pair barcode
sequences were added to the 5" ends of upstream and down-stream
primers to distinguish different samples. The PCR reaction system
contained the following (25pL total volume): 12.5uL 2x Taq Plus
Master Mix II (Vazyme Biotech Co., Ltd., China), 3 uL BSA (2ng/uL),
1 pL forward primer (5pM), 1 pL reverse [rimer (5uM), 2 uL DNA (total
amount of added DNA was 30ng)], and 5.5pL dd H,O to a volume of
25pL. The reaction parameters were pre-denatured at 95°C for 45 min,
denatured at 95°C for 45s, annealed at 55°C for 50, annealed at 55°C
for 455, extended at 72°C for 45 for 28 cycles, and extended at 72°C for
10min. The PCR products were amplified using an ABI 9700 PCR
instrument (Thermo Fisher Scientific, Inc., United States). The size of
the amplified bands was detected by 1% agarose gel electrophoresis, and
the bands were purified using an Agencourt AMPure XP nucleic acid
purification kit (Beckman Coulter, Inc., United States).

The library was constructed using the NEB Next Ultra II DNA
Library Prep Kit (New England Biolabs, Inc., United States), which is a
library building kit, and paired-end sequencing was performed using the
Mumina MiSeq PE300 (Illumina, Inc., United States) high-throughput
sequencing platform. Trimmomatic software was used to control the
quality of Fastq data, and it used the sliding window strategy, a window
size of 50mbp, average quality value of 20, and minimum reserved
sequence length of 120. Using Pear (v0.9.6), the minimum overlap was
set to 10bp, and the mismatch rate was 0.1. After splicing, Vsearch
(v2.7.1) software was used to remove sequences whose length was less
than 230bp, and the UCHIME method was used to remove chimera
sequences according to the Gold Database. Using the Vsearch (v2.7.1)
software uparse algorithm for operational taxonomic unit (OTU)
clustering of high-quality sequences. Valid tags with sequence similarity
thresholds >97% were assigned to the same taxon (OTU), and the tag
sequence with the highest abundance was selected as the representative
sequence in each OTU cluster. The BLAST algorithm with Silval38 was
used to annotate the species classification. The « diversity index results
were analyzed by QIIME (v2.0.0) software, and the a diversity among
groups was compared by Wilcoxon rank test using the R package ggpubr
(0.4.0). Based on the species annotation and relative abundance results,
R (v3.6.0) software was used to analyze the histogram of species
composition. QIIME (v2.0.0) was used to calculate the beta diversity
distance matrix. NMDS analysis and mapping were performed using the
RPG plot2 (3.3.2) and vegan software packages. The Sankey diagram of
the species community composition was visualized using the R-package
ggplot2. Short time-series expression miner (STEM) (24). The
abundance distributions of all OTUs were analyzed. Co-occurrence
network analysis was performed using the R-package Psych and
visualized using the Cytoscape software (version 3.7.1).

2.5 Metabolite extraction and UHPLC-MS/
MS analysis

Rumen fluid samples were collected in 1.5mL Eppendorf
miniature centrifuge tubes, and 1 mL 70% methanol internal standard
extract was added. The samples were oscillated for 5min, maintained
on ice for 15min, centrifuged at 12000 x g for 10 min at 4°C. The
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supernatant was then extracted, and 400pL was placed in a
corresponding EP tube after centrifugation. The supernatant was then
placed in a —20°C refrigerator overnight. Then, it was centrifuged at
12000 x g for 3 min at 4°C. Subsequently, 200 pL of supernatant was
placed into the inner liner of the corresponding injection bottle for
UHPLC-MS/MS analysis, which combined ultra-performance liquid
chromatography (UPLC) (ExionLC AD, SCIEX, United States) with
MS/MS (QTRAP®, SCIEX, United States). Samples collected from the
supernatant mixture were used as quality control samples. During the
instrument analysis, one quality control sample was injected into
every six test samples to monitor the repeatability and stability of
the instrument.

The original data obtained from the UHPLC-MS/MS platform
were converted into the TXT format using MSconventer software.
Based on the self-built target database MWDB (software database),
the software Analystl.6.3 was used to qualitatively analyze the
information and secondary spectrum data according to the retention
time (RT), parent ion pair, and secondary spectrum data. Heat maps
of different metabolites were drawn using the R-package pheatmap.
Metabolites were enriched using MetaboAnalyst4.0.!

The WGCNA method is a correlation-based method that
describes and visualizes networks of data points, regardless of whether
they are estimates of gene expression, metabolite concentration, or
other phenotypic data (25, 26). WGCNA can identify a module by
building a metabolite correlation network and deriving the
characteristic metabolite score (related to the first principal
component) (27) from the identified module. To explore the
mechanism of rumen acid-related metabolism, WGCNA was used to
identify highly related metabolite modules based on annotated
metabolites. These modules were associated with the rumen acid
indexes determined in this study. The parameters used were a soft
power of five and a minimum module size of 10 metabolites. The
modules with p<0.05 and R> 0.5 were considered to be related to the
rumen acid index. The molecule pathway database MetaboAnalyst4.0°
was used to analyze the pathway enrichment of metabolites in the
rumen acid-related modules. This pathway was defined as significantly
enriched at p <0.05. Coeflicients of the Spearman correlation of acetic
acid, propionic acid, and butyric acid with key metabolites were
analyzed using the R-package Psych (2.0.7) and visualized using the
R-package pheatmap (1.0.12). This correlation was statistically
significant (p <0.05).

2.6 Statistical analysis

Data on the production performance and rumen fermentation
parameters were analyzed using one-way ANOVA and Tukey’s honest
significant difference test using SPSS statistical software (version 20.0;
SPSS Inc., Chicago, IL, USA). Statistical significance was set at p <0.05.
The results are expressed as the mean +standard deviation. The
experimental units were replicates, and the statistical model used was
as follows:

Yj=u+ 4 +ejj

1 www.metaboanalyst.ca/
2 https://smpdb.ca/
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where Y; represents an observation, y is the overall mean, A;
represents the effect of YC, and e; represents random error.

3 Results
3.1 Milk yield

The effects of YC on the average daily 4% FCM yield of Laoshan
dairy goats are presented in Table 2. At weeks 4, 5, and 10, the average
daily 4% FCM yield of YC1 was significantly greater than that of CON,
YC2, and YC3 (p<0.05). At week 4, the average daily 4% FCM yield
of YC1 surpassed that of CON, YC2, and YC3 by 12.94, 14.29, and
9.09%, respectively; at week 5, it reached 16.77, 17.47, and 10.80%,
respectively; and at week 10, it further rose to 24.55, 26.06, and
18.18%, respectively. At the 9th week, the average daily 4% FCM yield
of YC1 was significantly greater than that of CON and YC2 (p <0.05),
with increases of 23.84 and 18.99%, respectively. However, no
significant differences were observed between the YC1 and YC3
groups (p>0.05).

3.2 Rumen fermentation

The effects of YC on ruminal fermentation parameters in Laoshan
dairy goats are shown in Table 3. Significant differences in ruminal pH
were not observed between the CON, YCI, YC2, and YC3 groups
(p>0.05). Compared with the CON group, a significant decrease in
ruminal NH;-N content was observed in the YC2 group (p<0.05).
However, significant differences were not observed in ruminal NH;-N
content between the YCI, YC2, and YC3 groups (p>0.05). Compared
with the CON group, significant increases in ruminal acetic acid,
butyric acid, and TVFA contents were observed among the YCI, YC2,
and YC3 groups (p<0.05), whereas no significant differences in
ruminal acetic acid, butyric acid, and TVFA contents were observed
between the YC1, YC2, and YC3 groups (p>0.05).

TABLE 2 Effects of yeast culture on the milk yield of Laoshan dairy goats,
kg/d.

Items! CON YC1 YC2 YC3 p-
value

Istweek 1752017 | 1784006 = 176+0.03  1.83£0.09 0.76
ondweek 1764017 | 173+012 1712014  182£0.17 0.81
3rd week 1.87+0.31 1.78+0.09 1.69+0.13 1.88+0.12 0.56
dthweek  1.7040.04> | 1.92+0.10' 1.68+0.59" | 1.76+0.12"  <0.05
Sthweek = 1.67+015°  195£0.03 1.66+£0.07°  176+004  <0.05
6thweek | 1772090 1954011 | 176+0.11 1832020 021
7thweek = 1744007 = 207+027 = 174%0.11  1.85%020 0.12
Sthweek = 1744008 = 218030 184%0.11  1.90+0.86 0.07
gthweek | 1.72£0.13°  2.13£023* 179+0.08° 1.89+0.20°  <0.05
10th

ek 1.67+016" | 2.08£017° 1.65+0.11" | 1.76+0.69  <0.05

**Values within the same row with different superscripts are significantly different (p <0.05).
'CON, control diet; YC1, CON +10g YC/d/goat; YC2, CON +25g YC/d/goat; YC3,
CON +40g YC/d/goat; YC; yeast culture.
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TABLE 3 Effects of yeast culture on the rumen fermentation parameters of Laoshan dairy goats.

Items! CON YC1 YC2 YC3 p-value
pH 5.90+0.18 5.89+0.22 6.03+0.16 6.22+0.35 0.22
NH;-N, mg/dL 13.72£2.42° 11.01+1.97® 9.28+1.24" 11.04 +0.44% <0.05
Acetic, mmol/L 36.83£6.09° 51.94 +6.82° 50.39£6.57° 52.67+11.33 <0.05
Propionate, mmol/L 16.21+2.11 22.05+3.67 21.21+2.90 21.33+3.51 0.07
Butyrate, mmol/L 11.33+1.21° 16.85+3.48° 15.11+1.94° 16.48+2.14° <0.05
TVFA, mmol/L 64.39+£9.35 90.84 +13.92° 86.72+£11.25° 90.48 +16.96" <0.05
Acetic/Propionate 226+0.13 2.37+0.08 2.38+0.13 2.45+0.13 0.21

**Values within the same row with different superscripts are significantly different (p <0.05).

'CON, control diet; YC1, CON +10g YC/d/goat; YC2, CON +25g YC/d/goat; YC3, CON +40g YC/d/goat; YC, yeast culture; NH;-N, ammonia-N; TVFA, total volatile fatty acids.

3.3 Characteristic analysis of OTUs

A total of 1,734,238 tags were generated from 16 samples (with an
average of 106,831 tags). These samples were obtained by randomly
selecting four samples from each treatment group. After performing
quality control, denoising, splicing, and de-chimerism, and
eliminating singleton OTUs, 16 samples (average 96,824) generated
1,564,718 high-quality data points (valid tags). At a 97% similarity
level, a total of 33,640 OTUs were described. The abundance of 33,640
OTUs was analyzed using STEM software. Six significantly enriched
modules were identified (Figure 1A). Upset diagrams (Figure 1B)
depict the number of OTUs that are unique to each group or shared
among multiple groups. The CON, YC1, YC2, and YC3 groups had
17,820, 18,883, 19,329, and 17,254 unique OTUs, respectively, with
7,961 OTUs in total.

3.4 Abundance of ruminal bacteria

The o diversity of microbiota in the rumen fluid of dairy goats was
analyzed by calculating the Chaol, Simpson, Shannon, Observed_
species, PD_whole_tree, and Goods_coverage indexes. The results
showed that the six o diversity indexes did not significantly differ
among the different groups (p>0.05) (Figure 2A). § diversity analyses
were then performed, and the results showed that there were
significant differences in phylogenetic distance among the four
groups. Principal component analysis (PCA) showed that CON, YCl1,
YC2, and YC3 could not be distinguished, indicating that different
treatments did not change the microbial diversity of the rumen fluid
of dairy goats as a whole (Figure 2B). However, the partial least
squares discriminant analysis (PLS-DA) model showed significant
differences among CON, YC1, YC2, and YC3 (Figure 2C).

Changes in the composition of different microorganisms were
analyzed at the phylum and genus levels. The results showed that
Bacteroidota and Firmicutes were the two main phyla observed, and
in CON, YC1, YC2, and YC3. Compared to that in CON, YC1 and
YC2 showed relative increases in the abundance of Bacteroidota but
decreases in the abundance of Firmicutes (Figure 2D). At the genus
level, compared with the CON group, the relative abundance of
Prevotella increased in the YC1 and YC2 groups but decreased in YC3,
whereas the relative abundance of Rikenellaceae_RC9_gut_group
increased in YC3. The relative abundances of NK4A214_group and
F082 were stable (Figure 2E). In summary, YC supplementation
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increased the abundance of the phylum Bacteroidota and genera
Prevotella and Rikenellaceae_RC9_gut_group in the rumen of Laoshan
dairy goats. Microbial co-occurrence networks have been widely used
to explore the relationships in microbial communities. The Circos
species relationship diagram at the phylum level of microbial
community composition (Figure 1C) revealed that the CON, YC1,
YC2, and YC3 groups mainly contained Bacteroidota and Firmicutes.
An analysis of changes in relative abundance revealed that the genera
Prevotella, Rikenellaceae_RC9_gut_group, Bacteroi-dales_RF16_group,
F082, p_251_05, Muribaculaceae, and Prevotellaceae_ UCG_001 of the
NK4A214_group,
Christensenellaceae_R_7_group, and Ruminococcus of the phylum

phylum  Bacteroidota and  genera
Firmicutes were highly abundant (Figure 1D). As shown in Figure 1D,
the red lines between phyla represent positive correlations. Notably,
the network demonstrated a multitude of positive correlations, as
indicated by the dense web of red edges, indicating the existence of
synergistic interactions among the phyla Firmicutes, Spirochaetota,

Bacteroidota, Patescibacteria, and Synergistota.

3.5 Rumen fluid metabolic spectrum

In this study, a UPLC-MS/MS non-targeted metabolomics analysis
method was used to study the rumen fluid samples from dairy goats
subjected to different treatments. Based on the results of secondary
quality determination, 366 metabolites were annotated, of which 224
were annotated based on the HMDB database,® and 203 were annotated
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. A heat map of the expression profiles of the 366 metabolites
was generated (Figure 3A). The PCA and PLS-DA maps were consistent
with the results for the microorganisms (Figures 3B,C). The KEGG
enrichment analysis of 336 metabolites showed that the metabolites
were mainly concentrated in the primary metabolic pathways. The
pathways with significant enrichment were purine metabolism; valine,
leucine, and isoleucine bio-synthesis; phenylalanine metabolism;
pyrimidine metabolism; aminoacyl-tRNA biosynthesis; alanine,
aspartate, and glutamate metabolism; arginine biosynthesis; histidine
metabolism; vitamin B6 metabolism; glycine, serine, and threonine

3 https://hmdb.ca/metabolites
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FIGURE 1

Characteristic analysis of operational taxonomic units (OTUs). (A) Temporal expression cluster analysis of OTUs. The color module showed a significant
enrichment trend (p < 0.05). (B) Upset map of rumen fluid OTUs. The left bar chart shows the total elements in each original data set; vertical lines
connect points to show intersections between data sets, and values represent common OTUs. (C) Circos map of OTUs in rumen fluid samples. The
outermost circle on the left is sample grouping, on the right is phylum species, and the innermost part is the relative abundance percentage circle. The
lines indicate the species and relative abundance information in the samples. (D) Change in the relative abundance of the genus. Using the Spearman
test method, the top 20 genera in samples were selected for correlation analysis, and corresponding phyla were used as the legend. Results with p
values greater than 0.05 were filtered out. The size of the point represents abundance, the thickness of the line represents correlation, and the color of
the point represents the phylum. Red lines indicate positive correlations and blue lines indicate negative correlations.
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metabolism; phenyl-alanine, tyrosine, and tryptophan biosynthesis;
and pantothenate and CoA biosynthesis (Figure 3D).

3.6 Weighted co-expression network
analysis of metabolomics and rumen
fermentation parameters

To explore the relationship between metabolites and rumen acid
indexes, 366 metabolites were analyzed using WGCNA, and highly
related metabolite modules were identified and correlated with the
acetic acid, propionic acid, and butyric acid contents. WGC-NA used
a soft threshold (power) of 5 to cluster 366 metabolites into 14
modules (Figures 4A,B). Among the 14 modules, 21 metabolites in the
red module were significantly correlated with acetic, propionic, and
butyric acids (p<0.05, |r|>0.5) (Figure 4C). The red module was
negatively correlated with acetic, propionic, and butyric acids,
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indicating that the metabolites in this module may be the substrates
used in the synthesis of acetic, propionic, and butyric acids. The
abundances of 21 metabolites in the red module that were significantly
related to rumen fluid were plotted. The results showed that the
aspartic acid and L-leucine levels in the YC1 group were significantly
lower than those in the CON group (Figure 4D).

3.7 Pathway enrichment analysis of
important modules

Twenty metabolic pathways were identified, among which five
were significant (p <0.05) (Figure 5A): aminoacyl-tRNA biosynthesis;
valine, leucine, and isoleucine biosynthesis; valine, leucine, and
isoleucine degradation; arginine biosynthesis; and histidine
metabolism. To further explore the potential correlation between
these metabolites and related bacteria, R-package Psych software was
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FIGURE 2
Abundance of ruminal bacteria. (A) Alpha diversity of rumen fluid microbiota of dairy goats with different treatments. The horizontal bar in the box
represents the average. The top and bottom of the box represent the upper and lower quartiles, respectively. Single asterisk (*) means p <0.05, and no
asterisk means p > 0.05. (B) Principal component analysis (PCA) and (C) Partial least squares discriminant analysis (PLS-DA) models. Different colors
represent samples from different groups of rumen liquid from dairy goats. The distance between the points on the map represents the similarity of all
samples in terms of microflora composition and abundance. (D) Sankey diagram of species composition at the phylum level. Different colors represent
different phyla. (E) Sankey diagrams of species composition at the genus level. Different colors represent different genera.

used to calculate the Spearman correlation coefficients. Figure 5B
shows the relationship between the key metabolites and bacteria. The
results revealed a significant positive correlation between
Acetitomaculum and aspartic acid (p<0.05), a significant negative
correlation between Clostridia_UCG-014 and aspartic acid (p <0.05),
a significant positive correlation between Acetitomaculum, Blautia,
Lachno-spiraceae_NK3A20_group, and Butyrivibrio and L-leucine
(p<0.05); and a significant negative correlation between Paraprevotella
and L-leucine (p<0.05). As shown in Table 4, the abundance of
Acetitomaculum in the YCI, YC2, and YC3 groups was significantly
greater than that in the CON group (p<0.05); the abundance of
Clostridia_UCG-014 in the YC3 group was significantly greater than
that in the CON group (p <0.05); and the abundance of Blautia and
Paraprevotella in the YC1 and YC2 groups was significantly greater
than that in the CON group (p<0.05).

4 Discussion

The findings showed that dietary supplementation with YC has
positive and significant effects on the milk yield of Laoshan dairy goats,
which is consistent with the results of Khan et al. (28), who studied the
effects of yeast supplementation on Beetal goats during early lactation
and concluded that dietary yeast supplementation had beneficial effects
on the milk yield. Moreover, the finding is consistent with that of
Zaworski et al. (29), Dias et al. (4, 5), Nocek et al. (30), Halfen et al. (31),
and Shi et al. (32) for cows and Baiomy (33) and Zicarelli et al. (34) for
goats. In this study, the increased milk yield of dairy goats owing to YC
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supplementation was attributed to elevated levels of acetate, propionate,
butyrate, and TVFAs in the rumen, which enhanced the fermentation
activity of cellulolytic bacteria (35). In contrast, our findings are
inconsistent with the results of Hadjipanayiotou et al. (36), who
evaluated the effect of YC on milk yield in Damascus goats and reported
that the milk yield did not differ between animals. The variance in
results might be attributed to differences in the yeast strains and
animal species.

Dietary carbohydrates are fermented by ruminal bacteria,
fungi, and protozoa into end products, including VFA (e.g., acetate,
propionate, and butyrate), which constitute nearly 50% of the
energy requirements for ruminants (37). In this study, dietary YC
supplementation increased the ruminal acetic, butyrate, and TVFA
contents. These findings are consistent with those of Carpinelli
et al. (38), Zhu et al. (14), Sun et al. (39) for cows, and Xue et al.
(40), Ozsoy et al. (41), and Ogbuewu et al. (42) for goats. In our
study, we observed that YC supplementation increased the
abundance of fiber degrading bacteria (Bacteroidetes and
Prevotella) in the goat rumen, thereby promoting cellulose
metabolism, which ultimately led to an increase in the ruminal
acetate, butyrate, and TVFA contents (43). Studies have shown that
YC supplementation reduces NH;-N levels in ruminants. For
instance, a study on dairy cows observed a tendency for lower
rumen NH;-N concentrations with YC compared to the control
(44). In this study, among the 21 metabolites that presented
significant correlations with rumen fermentation parameters,
aspartic acid and L-leucine contents in the rumen of the YC group
were significantly reduced. Furthermore, KEGG analysis of these
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FIGURE 3

rumen acid pathway.

Rumen fluid metabolic spectrum. (A) Cluster analysis. Metabolite changes from green to red are shown for different samples. Darker red indicates
greater abundance, darker green indicates lower abundance. (B) PCA and (C) PLS-DA diagrams. Different colors represent different groups of rumen
fluid samples from dairy goats. The distance between points represents the similarity in microflora composition and abundance. (D) Kyoto
encyclopedia of genes and genomes (KEGG) enrichment analysis, showing primary and tertiary pathways and KOID for each metabolic pathway. "All
detected” indicates the number of metabolites annotated by KEGG data; “enrichment” indicates the number of differential metabolites enriched in the

21 metabolites highlighted significant amino acid synthesis
pathways, including aminoacyl-tRNA biosynthesis, valine, leucine,
arginine biosynthesis, and histidine metabolism. These results
suggest that YC supplementation enhances the efficiency of
microbial protein synthesis in the rumen, thereby enabling more
effective utilization of NH;-N (45).

Higher microbial diversity in the mammalian gastrointestinal
system is often associated with a stronger metabolic capacity (46).
In this study, p-diversity analyses showed that microbial diversity
was increased in the YC groups. Furthermore, studies have shown
that feed efficiency in dairy cows was significantly associated with
lower microbial diversity in the rumen (47). However, YC
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supplementation increased the abundance of the phylum
Bacteroidota and genera Prevotella and Rikenellaceae_RC9_gut_
group in the rumen of goats, mitigating the negative impacts on milk
production and feed efficiency. The rumen is a complex microbial
anaerobic fermentation chamber that harbors one of the most
diverse intestinal microbial communities in the animal kingdom
(48). Firmicutes and Bacteroidota are the dominant species in the
goat rumen (49). The positive correlations observed among the
phyla Firmicutes, Spirochaetota, Bacteroidota, Patescibacteria, and
Synergistetes in this study are consistent with the synergistic
interactions among related taxa identified in previous studies (50).
These relationships may arise from shared metabolic pathways or
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FIGURE 4
Weighted co-expression network analysis (WGCNA) of metabonomic and rumen fermentation parameters. (A) Determination of the soft threshold for
WGCNA analysis. The scale-free fitting index and average connectivity show that a soft threshold greater than 5 satisfies a scale-free topology greater
than 0.8. (B) Clustering tree map of different metabolites based on topological overlap. The dynamic cutting method identifies modules, shown in
different colors below the tree view. (C) Heatmap diagram visualization module-feature association. Each row is a module characteristic, and each
column is a feature, with correlation and p value in each unit. Red and green represent positive and negative correlations, respectively, with darker
colors indicating stronger correlations. (D) Violin diagram of the abundance of 21 metabolites. p < 0.05 indicates a significant difference.
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FIGURE 5
Pathway enrichment analysis of important modules. (A) KEGG enrichment analysis of differential metabolites significantly related to rumen acid. The
Xx-axis shows the rich factor of each pathway, the y-axis shows the pathway names, and the color of the dot is the p value. A redder color indicates
more significant enrichment. The size of the point represents the number of differential metabolites enriched. (B) Correlation analysis between rumen
fluid-related metabolites and top 20 most abundant bacteria. Blue represents a negative correlation, red represents a positive correlation, and a darker
color indicates a more significant correlation. An asterisk (*) indicates significance at p <0.05, and no asterisk indicates p > 0.05.

TABLE 4 Differences in abundance of bacteria related to aspartic acid and L-leucine.

Items! CON YC1 YC2 YC3 p-value
Acetitomaculum 1.32£0.03¢ 1.58+0.07¢ 1.48+0.04° 1.43+0.05° <0.01
Clostridia_UCG-014 2.2240.16 2.42+0.03" 2.3340.05" 3.01+0.14* <0.01
Blautia 1.32+0.09° 1.63£0.11° 1.57+0.06* 1.36+0.11° 0.01
Lachnospiraceae_NK3A20_

2.65+0.55 2.06+0.91 3.06+0.97 3.02+0.85 0.47
group
Butyrivibrio 2.77+0.70 2.76+£0.83 3.50+0.99 4.83+0.83 0.06
Paraprevotella 1.42+0.01° 1.86+0.09* 1.84+0.01* 1.07 £0.04¢ <0.01

**Values within the same row with different superscripts are significantly different (p <0.05).

'CON, control diet; YC1, CON +10g YC/d/goat; YC2, CON +25g YC/d/goat; YC3, CON +25g YC/d/goat; YC; yeast culture.

mutualistic interactions, such as cross-feeding, in which one genus
produces a metabolite utilized by another (51). Moreover, the
relative abundance of Bacteroidetes increased in the rumen of the
dairy goats treated with YC in this study, which is similar to the
findings of Li et al. (52) regarding cows. The positive effects of YC
on Prevotella growth have also been previously documented (53)
and supported by the results of the current study. Such effects are
related to YC growth factors (i.e., organic acids, B vitamins, and AA)
that stimulate fiber-digesting bacteria, such as Bacteroidetes and
Prevotella (54, 55).

The metabolites in the rumen mainly include nutrients that can
be used by the host and rumen microorganisms, and differences in
the levels of ruminal metabolites are associated with changes in the
microbiota (56). We identified 13 tertiary metabolic pathways,
which primarily included secondary metabolic pathways of lipid
metabolism, glycan biosynthesis and metabolism, amino acid
metabolism, and cofactor and vitamin metabolism. These findings
are consistent with the results of Li et al. (57). As the main pathways

Frontiers in Veterinary Science 34

of microbial VFA production, lipid metabolism, glycan biosynthesis
and metabolism, and carbohydrate metabolism play important
roles in the rumen (3, 58, 59). In addition, microorganisms satisfy
the host’s nutritional needs by performing amino acid metabolism
and cofactor and vitamin metabolism to produce amino acids,
vitamins, and cofactors (60). This study observed the consistency
between the differences in metabolite types between the YC and
CON groups and the differences in microbial populations,
indicating that the diversity of microbial populations also affects
the diversity of rumen metabolite types. Similarly, Xue et al. (61)
also reached similar conclusions in a study on the impact of
different feed types on the rumen microbiome and serum
metabolome in lambs.

Goat rumen metabolites were significantly negatively
correlated with acetate, butyrate, and propionate, which is
consistent with a previous study in which negative correlations
were observed between specific metabolites and rumen
fermentation parameters (62). This study found that among the 21

frontiersin.org


https://doi.org/10.3389/fvets.2024.1447238
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Lietal.

metabolites negatively correlated with ruminal acetate, propionate,
and butyrate, YC supplementation significantly reduced the
ruminal aspartic acid and L-leucine. This observation is in line
with a previous study in which YC significantly influence the
metabolite profiles in the rumen of dairy cows, thereby affecting
the fermentation processes (63). Studies have also shown that
L-leucine could be converted into branched chain VFAs, such as
acetic acid and butyric acid, during oxidative deamination (64). In
addition, Jalc and Ceresnakova (65) investigated the effect of
aspartic acid on rumen fermentation and found that aspartate
influenced propionate production during rumen fermentation. To
explore the microbes that caused the differences in ruminal
aspartic acid and L-leucine levels, this study conducted a
correlation analysis between aspartic acid and L-leucine and the
top 20 most abundant genera in the rumen, and then it performed
an analysis of variance among the groups for the correlated
microbial populations. The negative correlation between aspartic
acid and L-leucine and Clostrid-ia_UCG-014 and Paraprevotella
and the greater abundance of Clostridia_UCG-014 and
Paraprevotella in the YC groups revealed that differences in these
genera in the rumen lead to the differences in ruminal aspartic acid
and L-leucine levels.

Further investigation into these specific metabolites could
reveal more about their roles and how they influence the rumen’s
acidic environment. Among the five significant pathways identified
in this study, aspartic acid directly participates in the amino-acyl-
tRNA biosynthesis and arginine biosynthesis pathways and
L-leucine directly participates in the aminoacyl-tRNA
biosynthesis, valine, leucine, and isoleucine biosynthesis, and
valine, leucine, and isoleucine degradation pathways. Moreover,
research has shown that aminoacyl-tRNA biosynthesis is the
foundation of microbial protein synthesis in the rumen, supporting
their growth and metabolism, which in turn influences the
in the In addition,

microorganisms can use L-leucine to produce propionyl-CoA and

fermentation process rumen (66).
acetyl-CoA through valine, leucine, and isoleucine degradation
metabolic pathways, and then propionyl-CoA and acetyl-CoA can
be further metabolized into VFAs, such as propionic acid and
acetate, thus affecting rumen fermentation parameters (67).
Integrating the findings of this study with previous research reveals
that the impact of YC on ruminal fermentation parameters in
goats was attributed to its promotional effect on Clostridia_
UCG-014 and Paraprevotella, which then utilize more aspartic acid
and L-leucine through pathways such as aminoacyl-tRNA
biosynthesis and valine, leucine, and isoleucine degradation. These
lead to
fer-mentation parameters.

changes  ultimately alterations in  ruminal

5 Conclusion

Yeast culture dietary supplementation at 10g/day per goat
improved the milk yield and ruminal fermentation parameters in
Laoshan dairy goats. Moreover, YC increased the ruminal Clostridia_
UCG-014 and Paraprevotella abundance, which facilitated aspartic acid
and L-leucine utilization by these genera, thereby enhancing the
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ruminal acetic, butyrate, and TVFA contents and reducing the ruminal
NH;-N content.
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Bohui Yang'??, Zhenfei Xu'?** and Yaojing Yue®?**
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Sciences, Lanzhou, China, 2Sheep Breeding Engineering Technology Research Center of Chinese
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on Tibetan Plateau, Ministry of Agriculture and Rural Affairs, Lanzhou, China, *Qingyang Research
Institute of Agricultural Sciences, Qingyang, China, *Agricultural and Rural Comprehensive Service
Center of Gengwan Township, Qingyang, China

Hybridization can substantially improve growth performance. This study used
metagenomics and metabolome sequencing to examine whether the rumen
microbiota and its metabolites contributed to this phenomenon. We selected
48 approximately 3 month-old male dHu x Hu (HH, n = 16), dPoll Dorset X @Hu
(DH, n=16), and gSouthdown x QHu (SH, n=16) lambs having similar body
weight. The sheep were fed individually under the same nutritional and
management conditions for 95 days. After completion of the trial, seven sheep
close to the average weight per group were slaughtered to collect rumen tissue
and content samples to measure rumen epithelial parameters, fermentation
patterns, microbiota, and metabolite profiles. The final body weight (FBW),
average daily gain (ADG), and dry matter intake (DMI) values in the DH and SH
groups were significantly higher and the feed-to-gain ratio (F/G) significantly
lower than the value in the HH group; additionally, the papilla height in the DH
group was higher than that in the HH group. Acetate, propionate, and total
volatile fatty acid (VFA) concentrations in the DH group were higher than those
in the HH group, whereas NH;-N concentration decreased in the DH and SH
groups. Metagenomic analysis revealed that several Prevotella and Fibrobacter
species were significantly more abundant in the DH group, contributing to
an increased ability to degrade dietary cellulose and enrich their functions in
enzymes involved in carbohydrate breakdown. Bacteroidaceae bacterium
was higher in the SH group, indicating a greater ability to digest dietary fiber.
Metabolomic analysis revealed that the concentrations of rumen metabolites
(mainly lysophosphatidylethanolamines [LPEs]) were higher in the DH group, and
microbiome-related metabolite analysis indicated that Treponema bryantii and
Fibrobacter succinogenes were positively correlated with the LPEs. Moreover,
we found methionine sulfoxide and N-methyl-4-aminobutyric acid were
characteristic metabolites in the DH and SH groups, respectively, and are related
to oxidative stress, indicating that the environmental adaptability of crossbred
sheep needs to be further improved. These findings substantially deepen the
general understanding of how hybridization promotes growth performance
from the perspective of rumen microbiota, this is vital for the cultivation of new
species and the formulation of precision nutrition strategies for sheep.
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1 Introduction

Hybridization is an important method of breeding sheep that can
produce heterosis, resulting in a new breed that is stronger or performs
better than its parents (1). Binary hybridization in the cultivation of new
varieties of mutton sheep has been frequently reported in China (2).
Even though three-way crossbreeding is commonly used in pig
production and for developing new breeds (3, 4), relevant research is still
in the early stages of selecting suitable species on mutton sheep industry
(5). Compared with the former, the latter could effectively utilize the
heterosis of three hybrid individuals, producing a significantly stronger
effect. Hu is a native sheep breed with perennial estrus, high fecundity,
high lactation, good parenting traits, and strong adaptability; therefore,
they are often used as crossbreeding ewes for mutton sheep, however,
their meat production rate and dressing percentage are unsatisfactory (6,
7). Poll Dorset is native to Australia and New Zealand, has the
characteristics of fast growth, early maturity, and perennial estrus, and is
considered the main parent for hybridization in the Chinese sheep
breeding industry (8). Southdown is considered the best breed for meat
quality in the United Kingdom due to its ideal meat structure, early
maturity, easy breeding, good carcass quality, and dressing
percentage >55% (9, 10). Southdown and Poll Dorset are small sheep
species that grow rapidly in the early stages and are suitable for producing
high-grade fat lambs, which aligns with the current market demand for
mutton in China. Therefore, we attempted to cultivate a new breed of
sheep by using Poll Dorset and Southdown as sires, crossing them with
Hu sheep, and monitoring the production traits of the F, generation.

Growth performance is the main selection trait for breeding new
sheep varieties. The rumen microbiota is associated with animal
growth and health (11). The rumen is colonized by bacteria, protozoa,
archaea, fungi, and viruses, which degrade complex plant fibers and
polysaccharides to produce volatile fatty acids (VFAs), microbial
proteins, and vitamins, in turn providing nutrients to meet host
requirements for maintenance and growth (12, 13). Although diet
plays a major role in shaping the gastrointestinal microbiota, recent
evidence has revealed host genetics to be an important factor in
determining the gut microbiota composition in cattle (13-15).
However, research on the effects of host genetics on the rumen
microbiota composition of hybridized sheep is limited.

Therefore, in this study, we hypothesized that rumen microbiota
composition and function in sheep are affected by host genetics,
affecting growth performance in turn. We assessed the rumen
microbiota and metabolite profiles of different hybridized sheep raised
in the same farm environment, aiming to elucidate the underlying
molecular mechanisms from the perspective of rumen microbiota and
thus provide a theoretical and practical basis for improving the growth
performance of hybridized sheep.

2 Materials and methods

2.1 Animals, experimental design, and
sample collection

This study was conducted at the Qinghuan Mutton Sheep Breeding
Company in Huanxian County, Gansu, China from October 2022 to
January 2023. The experimental design, procedures, and methods were
approved by the Animal Administration and Ethics Committee of the
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Lanzhou Institute of Husbandry and Pharmaceutical Science of the
Chinese Academy of Agricultural Science under permission number
2022-018 and followed the Chinese standards for the use and care of
animals. Forty-eight approximately 3 month-old male 3Hux Hu (HH,
n=16), 3Poll Dorset x QHu (DH, n=16), and 3Southdown x @Hu (SH,
n=16) lambs were selected and raised in a single pen under the same
nutritional and management conditions for 95 days (including a 15 day
pre-test period). Hu sheep were chosen from 216 approximately
3 month-old male lambs with an average body weight of 22.98 +6.37 kg,
and F, generation sheep of similar body weight were selected. Poll
Dorset and Southdown sires (aged 31 months) generated from embryo
transplantation and Hu sires (aged 24 months) were crossed with Hu
ewes (parity one or two) by estrus synchronization and artificial
insemination. The offspring (one, in case of twins) were confirmed to
stem from different fathers. All sheep were fed the same total mixed
ratio composed of oat hay (6.08% DM), Leymus chinensis (13.04% DM),
corn silage (13.53% DM), corn (32.78% DM), megalac (6.08% DM) and
grain mixtures (28.49% DM) twice daily at 08:00 and 15:00
(Supplementary Table S1). During the experimental period, all animals
had access to feed and water ad libitum. Feed intake was recorded daily
based on the feed offered and refusals to calculate the average dry matter
intake (DMI). Body weight was recorded every 20 d using a digital
livestock scale (TCS Electronic Platform Scale, Rongcheng, China) to
calculate the average daily gain (ADG) and feed-to-gain ratio (F/G).
At the end of the experiment, seven sheep close to the average
weight per group were selected and fasted for 12h before harvesting.
Harvesting was based on standard commercial procedures,
individually restrained, exsanguinated, skinned, and gutted. Rumen
tissue samples of approximately 2 cm x 2 cm were carefully separated
from the left dorsal sac to fixed in 4% paraformaldehyde solution for
hematoxylin-eosin (H&E) staining. Then, two portions of 5mL rumen
content were collected from each animal, transferred into a sterile tube,
immediately frozen using liquid nitrogen, and stored at —80°C for
DNA and metabolite extraction. Another 15mL rumen content was
sampled and stored in a sterilized container at —20°C for evaluation of
fermentation parameters. The rumen contents of all animals were
collected from the left dorsal sac as a mixture of liquid and solid
components. All samples were collected within 30 min of slaughter.

2.2 Rumen epithelial parameters

Rumen epithelial parameters, including papilla height, papilla width,
and muscle thickness, were obtained using the H&E staining technique
(16). The fixed rumen tissues were dehydrated in alcohol, cleared in
xylene, and embedded in paraffin. Then the cooling concretionary
samples were sectioned at 5pm thickness and mounted on glass slides.
Paraffin-embedded sections were dewaxed with xylene, passed through
a graded ethanol series to remove the xylene, rinsed with distilled water,
and stained with H&E. Subsequently, the paraffin was sealed with
neutral gum after dehydration and immediately examined. Finally, two
digital slides were acquired from each animal using a Slide Viewer device
(3D HISTECH Ltd.) at two-fold magnification; then, five papillae
(excluding damaged ones) were chosen randomly from each digital slide
to measure papilla height using Image] software (National Institutes of
Health, Bethesda, MD, United States). Within those papillae measured
for height, three different regions (apical, middle, and basal) were
identified to measure papilla width. Each digital slide was divided into
five equal parts to measure muscle thickness.
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2.3 Rumen fermentation parameters

The pH of the rumen was measured immediately after the sheep
were slaughtered using an Ark Technology PHS-10 portable acidity
meter (Chengdu, China). The NH;-N concentration was determined by
colorimetry. Briefly, 2g of rumen content was accurately weighed and
mixed with deionized water at a 1:5 ratio. The mixed solution was shaken
for 1h at 105r/min and centrifuged at 12,000 rpm at 4°C for 20 min. The
supernatant was then passed through a 0.45pm polymer fiber filter
membrane and stored for further analysis. Subsequently, the NH;-N
concentration was measured using a kit (Biosino Biotechnology Co. Ltd.,
Beijing, China) according to the manufacturer’s instructions and a
microplate reader (DR-200BS; Hiwell-Diatek, Wuxi, China). VFA
concentrations were measured as previously described (16). Briefly,
rumen contents were centrifuged at 5,400rpm for 10min.
We subsequently uniformly mixed 1 mL of the resulting supernatant and
a 0.2mL 25% metaphosphate solution containing 2-ethylbutyric acid as
an internal standard in a new centrifuge tube. This reaction tube was
then immersed in an ice bath (30 min) and centrifuged at 10,000 rpm for
another 10 min. The supernatant was passed through a 0.22 pm organic
phase filter membrane and stored in 2mL bottles for subsequent
analysis. A gas chromatograph (GC 7890A; Agilent Technologies, Santa
Clara, CA, United States) fitted with an AT-FFAP capillary column
(50mx0.32 mm x 0.25 pm; Agilent Technologies) was used to determine
VFA concentrations. The column temperature was maintained at 60°C
for 1 min, raised by 5°C/min to 115°C, and increased by 15°C/min to
180°C. Notably, the detector and injector temperatures were 260°C and
250°C, respectively.

2.4 Metagenome sequencing and
bioinformatics analysis

Total genomic DNA was extracted from rumen content sample
using the E.ZN.A. Soil DNA Kit (Omega Biotek, Norcross, GA,
United States). The DNA concentration and purity were determined
Madison, WI,
United States) and NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, United States), respectively. The DNA was
fragmented to approximately 400 bp for paired-end library construction

using TBS-380 mini-fluorometer (Promega,

using a Covaris M220 (Gene Company Limited, Hong Kong, China).
Metagenome libraries sequencing was performed using an Illumina
NovaSeq 6,000 platform (Illumina Inc., San Diego, CA, United States).

Quality control of the metagenomic sequence reads was performed
using the Fastp software (version 0.20.0) to trim the 3’-end and 5’-end of
reads, cut low-quality bases, and remove short reads and “N” records
(17). The quality-filtered reads were then aligned to the Ovis aries
reference genome using BWA v 0.7.1 to filter out the host DNA (18). The
remaining reads were assembled using Multiple Megahit (version 1.1.2)
(19), and contigs with lengths >300bp were selected as the final
assembling result for the prediction of open reading frames (ORF) using
MetaGene v 0.3.38 (20). Non-redundant contigs were identified using
CD-HIT with 95% sequence identity and 90% coverage (21). Original
sequencing reads were mapped to predicted genes to estimate their
abundance using SOAPAligner v. 221 (22). Subsequently, the
non-redundant gene catalog was aligned to the NCBI non-redundant
protein sequence database using BLASTP (version 2.2.28+) to obtain
taxonomic annotations and species abundances (23). Taxonomic profiles
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were conducted at domain, phylum, genus and species levels, with relative
abundances calculated. The PCoA based on Bray-Curtis dissimilarity
matrices at domain level was performed. Bacteria with a relative
abundance >0.01% and archaea with a relative abundance >0.001% were
analyzed. Finally, a BLAST search (version 2.2.28+) with an optimization
criterion cutoff of 1e™® was annotated against the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (24). Carbohydrate-active
enzyme (CAZyme) annotation was conducted using hmmscan' against
CAZy database version 5.0* with an e-value cutoff of 1e™>.

2.5 Metabolome sequencing and
bioinformatics analysis

Rumen sample metabolite extraction was based on previously
published procedures (16). The metabolome of the rumen content was
analyzed by ultra-performance liquid chromatography (UPLC; Shim-
pack UFLC Shimadzu CBM30A; Shimadzu, Kyoto, Japan) and tandem
mass spectrometry (MS/MS, QTRAP® 6,500+, SCIEX, Framingham,
MA, United States) (25). After obtaining the liquid chromatography-
mass spectrometry data of the samples, the extracted ion
chromatographic peaks of all metabolites were integrated using
MultiQuant software (Applied Biosystems, Foster City, CA,
United States). The chromatographic peaks of the metabolites in
different samples were corrected using integration (26). The relative
concentrations of rumen metabolites were screened by fold change
(FC) (FC>2 or FC<0.5) and variable importance in projection (VIP)
(VIP >1) to identify the different metabolites. Identified metabolites
were annotated using the KEGG compound database (27).

2.6 Statistical analysis

All data were checked for normality and outliers using SPSS
version 26.0 (IBM Corp., Armonk, NY, United States) before any
statistical analyses were conducted. One-way ANOVA and LSD post-
hoc test was used to analyze the data of growth performance as well as
rumen epithelial and fermentation parameters. Spearman’s correlation
test was used for correlation analyses. Statistical significance was set
to p<0.05. GraphPad Prism version 8.5 (GraphPad Software, La Jolla,
CA, United States) drew the statistical maps.

3 Results

3.1 Hybridization promoted growth
performance in Hu sheep

A summary of the growth performance data is presented in Table 1.
The initial body weight (IBM) did not differ significantly among the three
groups (p=0.156). The DH and SH groups exhibited greater ADG than
did the HH group (p=0.008) but did not differ from each other. The final
body weight (FBW) was greater in the DH and SH groups than in the HH

1 http
2 http

hmmer janelia.org/search/hmmscan

/[www.cazy.org|
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TABLE 1 Hybridization promoted growth performance in Hu sheep.

10.3389/fvets.2024.1455029

Measurements HH DH SH SEM p value
Initial body weight (IBM, kg) 23.36 23.64 24.21 0.43 0.156
Final body weight (FBW, kg) 44.33° 49.31* 49.16* 0.81 <0.001
Average daily gain (ADG, g/d) 223.57° 259.29* 258.66* 11.36 0.008
Dry matter intake (DMI, kg/d) 0.86" 0.88* 0.89* 0.01 0.001
Feed/gain (F/G) 7.84° 6.86" 6.90° 0.33 0.013

Different lower-case letters indicate significant differences between groups. HH = 3Hu x QHu; DH = gPoll Dorset x @Hu; SH = 3Southdown x Hu; SEM = standard error of the mean.

group (p<0.001). DMI was also greater in the DH and SH groups,
resulting in a lower F/G value than that in the HH group (p=0.013).

3.2 Hybridization increased rumen
epithelial development in Hu sheep

Three rumen epithelial development indices, including papilla
height, papilla width, and muscle thickness, were measured using
H&E staining (Figures 1 A-C). Hybridization had no effect on rumen
papilla width or muscle thickness (p>0.128; Figures 1E,F). The largest
difference was observed in papilla height, the DH group exhibited a
greater height than the HH group (p =0.046; Figure 1D).

3.3 Hybridization altered rumen
fermentation parameters in Hu sheep

The NH;-N concentration was significantly lower in the SH and DH
groups than in the HH group (p=0.023; Figure 2). Acetate and
propionate concentrations in the DH group were significantly higher
than those in the HH group (p <0.041), resulting in higher total VFAs
(p=0.048). The pH value as well as butyrate, valerate, isobutyrate,
isovalerate, and acetate/propionate concentrations remained unchanged.

3.4 Profiling of the rumen metagenome

Metagenome sequencing generated a total of 1,443,800,424 raw
reads, with an average of 68,752,401 +5,953,935 reads (mean + SD)
per sample. After quality control and removing host genes, a total of
1,284,320,034 reads were retained, or 61,158,097 +5,264,516 per
sample. After assembly, a total of 19,962,258 contigs were generated
(with an average N50 length of 825+ 60), with 950,584 + 91,196 per
sample (Supplementary Table S2). The results indicated that the
sequencing data were credible and could be used for subsequent
bioinformatics investigations. The a-diversity analysis using Kruskal-
Wallis Test revealed that the Shannon index was significantly
increased in the DH group compared to that in the SH group
(p=0.016; Figure 3A), while the Ace and Simpson indices did not
differ among the three groups (Supplementary Table S3). The rumen
metagenome comprised 97.18% bacteria (591,631,456 sequences),
1.60% archaea (9,758,146 sequences), 0.43% eukaryotes (2,601,458
sequences), and 0.78% viruses (4,731,066 sequences). Principal
coordinate analysis (PCoA) at the domain level revealed a separation
between the HH and DH groups and HH and SH groups based on
bacteria (Figure 3B), as well as between the SH and HH groups and
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SH and DH groups based on archaea (Figure 3C), no separation was
observed based on eukaryotes or viruses (Supplementary Figure S1).
Therefore, the comparative analysis of rumen microbial taxa among
the three groups focused only on bacteria and archaea.

3.5 Compositional profiles of the rumen
microbiome and taxonomic differences

The dominant bacterial phyla in the rumen were Bacteroidetes
(HH: 44.39%; DH: 44.87%; SH: 45.53%) and Firmicutes (HH: 42.72%;
DH: 40.33%; SH: 43.24%), followed by Spirochaetes (HH: 2.81%; DH:
4.64%; SH: 2.55%); however, no significant differences were found
among the three groups (p>0.05; Supplementary Figure S2A). A total
of 5,413 genera were identified. Among them, unclassified o
Bacteroidales (HH: 19.53%; DH: 14.50%; SH: 20.21%), Prevotella (HH:
14.31%; DH: 19.93%; SH: 14.87%), and unclassified ¢ Clostridia (HH:
8.33%; DH: 7.03%; SH: 8.83%) were the predominant bacteria in the
rumen samples (Supplementary Figure S2B). A total of 20,943 species
were found, among which the dominant bacteria were the Bacteroidales
bacterium (HH: 19.35%; DH: 14.42%; SH: 20.00%), Prevotella sp. (HH:
12.37%; DH: 16.29%; SH: 12.71%) and Clostridia bacterium (HH:
8.33%; DH: 7.03%; SH: 8.83%) (Supplementary Figure S2C).

Differential analysis revealed a total of 28 significantly different
bacterial species between the DH and HH groups. Among them, 18
exhibited significantly higher abundances in the DH group. The relative
abundances of Treponema bryantii, Fibrobacter sp., Prevotella sp. tc2-28,
Spirochaetia bacterium, and Alloprevotella sp. were the top five most
significantly increased. Additionally, the relative abundances of
Prevotella copri, Prevotella sp. BP1-148, Prevotella sp. E13-3, Fibrobacter
succinogenes, Fibrobacter sp. UWB4, Fibrobacter sp. UWB2, Fibrobacter
sp. UWR2, Fibrobacter sp. UWOV 1, and Fibrobacter sp. UWBI was also
significantly increased in the DH group. Ten bacteria were significantly
enriched in the HH group, mainly Bacteroidales bacterium,
Anaerolineaceae bacterium, Sarcina sp., Sarcina sp. DSM 11001, and
Flexilinea sp. (Figure 4A). Compared to levels in the HH group, only
one bacterium (Bacteroidaceae bacterium) was significantly enriched
in the SH group, whereas three (Succiniclasticum ruminis, Sarcina sp.
DSM 11001, and Ruminococcus sp. M6(2020)) were significantly more
abundant in the HH group (Figure 4B). When compared to levels in
the DH group, 19 bacterial abundances were significantly different,
Pyramidobacter  sp.,
bacterium, bacterium WCE2004,
Bacteroidetes bacterium, and unclassified p Firmicutes) with higher

(Bacteroidales  bacterium,

Bacteroidales

including  six

Clostridiaceae
abundances in the SH group and 13 (Treponema sp., Acidaminococcaceae

bacterium, Fibrobacter sp., Treponema bryantii, Schwartzia sp.,
Prevotella sp.tc2-28, Spirochaetia bacterium, Schwartzia succinivorans,

frontiersin.org


https://doi.org/10.3389/fvets.2024.1455029
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhang et al.

10.3389/fvets.2024.1455029

FIGURE 1

width. (F) Muscle thickness. n =7 individuals/group; * indicates p < 0.05.

D E F
400
500 1200+
3000+
£ g 400 £
2 = 2 800
S 3 300 e
2 2000+ 2 S
o
= = 200 =
= 2 s
8 2 400+
a 1000+ o 3
100 s
0 0 0
HH DH SH DH SH HH DH SH

Hybridization promoted rumen epithelial development in Hu sheep. (A) Rumen epithelium hematoxylin and eosin (H&E) staining in the HH group.
(B) Rumen epithelium H&E staining in the DH group. (C) Rumen epithelium H&E staining in the SH group. (D) Rumen papilla height. (E) Rumen papilla

Fibrobacter succinogenes, Fibrobacter sp. UWB2, Fibrobacter sp. UWB3,
Eubacterium ruminantium, and Fibrobacter sp. UWBI2) with higher
abundances in the DH group (Supplementary Figure S3A).

At the species level, the abundance of two archaeal species
(Nitrosopumilales archaeon and Candidatus Methanomethylophilus
alvus) was significantly enriched and one (Methanophagales archaeon)
significantly decreased in the DH group compared to levels in the HH
group 4C). 'The abundance of three
(Methanomicrobium  sp.,  Methanolobus — bombayensis, and
Methanococcus voltae) was significantly enriched and three

(Figure archaea

(Candidatus Helarchaeota archaeon, Thermoplasmata archaeon
MS8B2D, and Theionarchaea archaeon) decreased in the SH group
compared to levels in the HH group (Figure 4D). When compared
with levels in the DH group, the abundances of Methanocorpusculum
sp. and Candidatus Altiarchaeales archaeon WOR SM1 86-2 were
significantly higher, whereas the abundances of Candidatus
Methanomethylophilaceae archaeon, Candidatus Methanomethylophilus
sp., Methanomicrobium sp., Methanobacterium sp. ERen5, unclassified
g Methanobacterium, and Methanolobus bombayensis were significantly
lower than those in the SH group (Supplementary Figure S3B).

3.6 Functional profiles and differences of
the rumen microbiome

The functions of the rumen microbiome were determined using
KEGG profiles and genes encoding CAZymes. For KEGG profiles, a
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total of six pathways were annotated at the first level among the three
groups, including “metabolism” (HH: 49.78%; DH: 50.16%; SH:
50.85%), “genetic information processing” (HH: 16.78%; DH: 16.71%;
SH: 17.05%), “environmental information processing” (HH: 12.92%;
DH: 12.98%; SH: 12.77%), “cellular processes” (HH: 9.71%; DH:
9.68%; SH: 9.42%), “human diseases” (HH: 6.67%; DH: 6.47%; SH:
6.22%) and “organismal systems” (HH: 4.15%; DH: 4.00%; SH: 3.70%).
At the second level, we obtained only one profile, “metabolism of
cofactors and vitamins,” that was significantly enriched in the DH
group compared tolevel in the HH groups (Supplementary Figure S4A).
Nine KEGG profiles were significantly enriched in the SH group
compared to levels in the HH group, among them, “replication and

»

repair;” “nucleotide metabolism,” and “biosynthesis of other secondary
metabolites” were the most dominant (Supplementary Figure S4B).
Seven KEGG profiles were significantly different between the DH and
SH groups. “glycan biosynthesis and metabolism” and “nucleotide
metabolism” were the most enriched in the SH group, while “signal
enriched in the DH  group
(Supplementary Figure 54C). When comparing the identified KEGG

pathways at the third level, “biofilm formation—pseudomonas

transduction” was

»

aeruginosa,” “bacterial chemotaxis,” and “riboflavin metabolism” were
significantly enriched in the DH group, while the “lysosome” and
“biosynthesis of various plant secondary metabolites” pathways were
significantly decreased compared to levels in the HH group
(Figure 5A). A total of 21 differential pathways were identified in the
HH and SH groups. Among them, 13 were significantly enriched in

the SH group, mainly including “biosynthesis of amino acids,’
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“homologous  recombination,” “peptidoglycan  biosynthesis,”  metabolism,” “pyrimidine metabolism,” and “other glycan
“nucleotide metabolism,” “pyrimidine metabolism,” “mismatch repair,;  degradation” were the top five pathways the most significantly
“DNA replication,” “alanine, aspartate and glutamate metabolism,”  enriched in the SH group (Supplementary Figure S5A).

“carbon fixation pathways in prokaryotes,” “beta-lactam resistance,” For the CAZyme profiles, 55 differentially expressed genes

» <«

“lysine biosynthesis,” “glycine, serine and threonine metabolism,”and  encoding CAZymes were identified between the HH and DH groups
“one carbon pool by folate”; whereas eight were significantly enriched ~ at the family level (Figure 5C). Among them, 23 involved in the
in the HH group (Figure 5B). Twenty differential pathways were  breakdown of carbohydrates (including cellulose, hemicellulose,
identified in the DH and SH groups. Among them, five were  starch, protein, and lignin) were enriched in the DH group (2
significantly enriched in the DH group and 15 in the SH group.  carbohydrate esterases [CEs], 18 glycoside hydrolases [GHs], and 3

» <« .

“Carbon metabolism,” “aminoacyl-tRNA biosynthesis,” “nucleotide ~ polysaccharide lyases [PLs]), and 18 in the HH group (2 CEs, 15 GHs,
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and 1 PL). Five glycosyltransferases (GTs) involved in carbohydrate
synthesis were enriched in the DH group, while three were enriched
in the HH group. Several non-catalytic CAZymes were involved in the
degradation of complex carbohydrates as parts of carbohydrate-
binding modules (CBMs), including two enriched in the DH group
and four in the HH group. A total of six differentially expressed genes
encoding CAZymes were observed between the HH and SH groups
(Figure 5D). Among these, 2 GHs and 1 GT were enriched in the SH
group, whereas 1 GH and 2 CBMs were enriched in the HH group.
We obtained 41 differential genes encoding CAZymes between the
DH and SH groups (Supplementary Figure S5B). Among those
involved in carbohydrate breakdown, 21 were enriched in the SH
group (2 CEs, 15 GHs, 2 GLs, and 2 PLs), whereas 12 were enriched
in the DH group (2 CEs, 8 GHs, and 2 PLs). Additionally, 3 GTs were
enriched in the DH group.

3.7 Correlation analysis between
phenotype and microbiome

Spearman’s correlation coefficient analysis identified correlations
between growth performance, rumen epithelial parameters,
fermentation parameters, and significantly different microbiomes
(|r]>0.5; p<0.05). When we compared the HH and DH groups, the
relative abundance of Alloprevotella sp. was positively correlated with
FBW), as well as the relative abundance of Fibrobacter sp. UWR2 and
Fibrobacter sp. were positively correlated with DMI, and the relative
abundance of Alistipes sp. was negatively correlated with FBW, ADG,
and DMI (Figure 6A). When we compared the HH and SH groups,
the relative abundance of Bacteroidaceae bacterium was positively
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correlated with FBW and DMI; however, the relative abundances of
Ruminococcus sp. M6(2020) and Theionarchaea archaeon were
negatively correlated with NH;-N concentration (Figure 6B). When
we compared the DH and SH groups, we found that Pyramidobacter
sp. was negatively correlated to acetate, propionate, and butyrate
the of Candidatus
Methanomethylophilus sp. and Candidatus Methanomethylophilaceae

concentrations, relative  abundances
archaeon were negatively related to acetate, propionate, and total VFA

concentrations (Supplementary Figure S6).

3.8 Rumen metabolome analysis

In total, 947 metabolites were identified in the 21 rumen samples.
The orthogonal projections to latent structures-discriminant analysis
(OPLS-DA) score plots showed good separation of metabolites
between the HH and DH (R>X=0.419, R*Y=0.994, Q*=0.345), HH
and SH (R?’X=0.495, R*Y=0.992, Q*=0.580), and DH and SH
(R*X=0.451, R’Y=0.991, Q*=0.315) groups (Figure 7A). After
screening the relative concentrations of rumen metabolites by FC
(FC>2and FC<0.5) and VIP (VIP > 1), we obtained 14 metabolites
significantly differently enriched in the HH and DH groups, including
nine upregulated and five downregulated metabolites (Figure 7B).
Levels of lysophosphatidylethanolamine (LPE) (P-18:1), (P-17:0),
(0-17:1), (P-17:1), and methionine sulfoxide were significantly
increased in the DH group, while thr-tyr, cyclo (his-pro) and heparin
was significantly decreased. Interestingly, methionine sulfoxide was
only present in the DH group. A total of 35 metabolites were
significantly differently enriched between the HH and SH groups,
with19 upregulated and 16 downregulated (Figure 7C). Levels of 6
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from organic acid and its derivatives, 3 from fatty acyls (FA), and 2
from amino acid and its derivatives were significantly increased in the
SH group, while 6 from nucleotides and their metabolites, 2 from
heterocyclic compounds, 3 from amino acids and its derivatives were
significantly decreased. N-methyl-4-aminobutyric acid was identified
only in the SH group. Between the DH and SH groups, 21 metabolites
with significant differences were observed, including 3 upregulated
and 18 downregulated. Levels of 3-hydroxy-3-methyl butyric acid,
7-ketocholesterol, and lysophosphatidylcholine (LPC) (14:0/0:0) were
significantly increased, while 4 from nucleotides and their metabolites,
10 from glycerophospholipids (GP), 2 from alcohol and amines
metabolites were significantly decreased (Supplementary Figure S7).
KEGG pathway analysis revealed that of these differential
metabolites, six were annotated to 16 pathways between the HH and
DH groups (Figure 8A). “Cysteine and methionine metabolism,”
“phenylalanine metabolism,” “glycine, serine, and threonine
“glycolysis/
gluconeogenesis,” and “pentose phosphate pathway” were significantly

metabolism,”  “biosynthesis of amino acids,

enriched in the DH group, however, “Fc epsilon RI signaling pathway”
was enriched in the HH group. Twelve metabolites were annotated in
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48 pathways between the HH and SH groups (Figure 8B). Among
them, relating to amino acid metabolism, bile acid metabolism and
tricarboxylic acid cycle pathways were mainly enriched in the SH
group, for example, “phenylalanine metabolism,” “histidine
metabolism,” “glycine, serine and threonine metabolism,” “taurine and
hypo taurine metabolism,” “bile secretion,” and “citrate cycle (TCA
cycle)” The HH group enriched nucleotide metabolism and ABC
transporters related to purine metabolism. Seven metabolites were
annotated in 12 pathways between the DH and SH groups
(Supplementary Figure S8). “Fat digestion and absorption,
“glycerolipid metabolism,” and “vitamin digestion and absorption”
were mainly enriched in the DH group, while “valine, leucine and
isoleucine degradation” and “choline metabolism in cancer” were

mainly enriched in the SH group.

3.9 Microbiome-related metabolite analysis

Spearman’s correlation coefficient analysis identified correlations
between differential microbiomes and metabolites (|r| >0.8; p<0.05).
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Treponema bryantii, Fibrobacter succinogenes, Fibrobacter sp. UWB4
and Fibrobacter sp. levels were positively correlated with LPE
(P-17:0);  Alloprevotella
4-hydroxyquinoline; and Alistipes sp. was negatively correlated with

sp.was positively correlated with
hydroxypiperazic acid when we compared the HH and DH groups
(Figure 9A). Bacteroidales bacterium and Ruminococcus sp. M6
(2020) were positively correlated with 3-hydroxy-3-methyl butyric
acid and dopaquinone, respectively; whereas Theionarchaea
archaeon and Thermoplasmata archaeon M8B2D were negatively
correlated with tetradecanedioic acid in the HH and SH groups
(Figure 9B). Candidatus Altiarchaeales archaeon WOR SM1 86-2 was
positively correlated with LPE (16:0/0:0), LPE (0:0/16:0), LPE
(0-18:2), phosphatidylcholine (PC) (0-1:0/0-16:0),
lysophosphatidylserine (LPS) (20:0), lysophosphatidic acid (LPA)
(22:6); 7-ketocholesterol was positively correlated with Candidatus
Candidatus
Methanomethylophilus sp., and Bacteroidales bacterium between the

Methanomethylophilaceae archaeon,

DH and SH groups (Supplementary Figure S8).

4 Discussion

From the perspective of genetics and breeding, introducing a
favorable exogenous gene may be a better choice for improving the
low to moderate heritability of traits (28). In this study, we screened
Poll Dorset and Southdown sheep as sires to improve the growth
performance of Hu sheep, focusing on how hybridization affects
growth performance and investigating the regulation mechanism of
the rumen microbiome and its metabolites.

Hybridization results in heterosis and improves animal growth.
As expected, our data showed that hybridization increased DMI and
ADG, resulting in higher FBW and lower F/G. Our previous study
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indicated that F, hybrid offspring grew faster and became larger than
did Hu sheep, particularly during the later periods (29). Another study
on a three-way cross system between Angus, Qaidam, and yak
indicated that the F, offsprings were all significantly better than those
of the yak and 1/2 yak (28). These results suggest the importance of
hybridization for improving growth performance of animals.

Rumen microecology is closely associated with animal growth. In
this study, hybridization significantly changed the rumen fermentation
pattern in sheep, especially the NH;-N concentration. NH;-N is mainly
derived from microbe-mediated amino acid deamination and
non-protein nitrogen hydrolysis in the rumen (30). The rumen
microbiome utilizes NH;-N to provide primary protein synthesis
precursors for the host. NH;-N also has a feedback effect on rumen
microbiota structure and epithelial function, affecting rumen
fermentation and host health (31). The NH;-N concentration was
significantly lower in the SH and DH groups than in the HH group,
indicating that the hybrid offspring had a higher utilization efficiency
of nitrogen sources to synthesize bacterial proteins. VFAs are the main
energy source for ruminants, which ferment plant materials into VFAs
that regulate a variety of physiological functions in the rumen (32).
Acetate, propionate, and butyrate are the three major VFAs and provide
approximately 70% of energy requirements. Acetate concentration is
mainly affected by the microbial degradation of fibrous substances.
Reports have shown that rumen acetate concentration increases when
ruminants are fed a high-fiber diet (33) or when the rumen microbiota
is dominated by Prevotella (34). Of the acetate in the rumen, 67% is
used for oxidative energy, while the rest is used for body fat synthesis.
Propionate contributes to energy supplementation via the
gluconeogenic pathway to promote glucose synthesis (35). In this
study, acetate and propionate levels in the DH group significantly
increased, resulting in higher total VFAs, indicating a higher energy
supply to the host and improved growth performance.
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Change in rumen content metabolite levels. (A) OPLS-DA analysis. (B) Significantly differential metabolites between the HH and DH groups.
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The rumen epithelium is an important indicator of rumen
development and is responsible for the absorption and metabolism of
nutrients and microbial byproducts. Evidence has shown that VFAs
are absorbed through the rumen epithelium and that their absorption
capacity is mainly related to the surface area and expression of VFA
transporter vectors in the epithelium (36). The rumen epithelium is
abundant in mitochondria, powering epithelial metabolism; a thicker
epithelium indicates more efficient feed utilization in cattle (37).
Additionally, butyrate stimulates epithelial cellular proliferation (38).
Our results indicate that hybridization increased papilla height, while
no change was observed in papilla width or muscle thickness, which
suggests an increased nutrient contact surface area to completely
crush the feed to promote digestion and feed efficiency (39). Moreover,
these variations in rumen epithelial physical structures are considered
to potentially influence the rumen microbiota.

Using PCoA, the present study found significant differences in the
rumen microbiome between the F, hybrid offspring and Hu sheep.
Hybridization can produce new gene flow and different gene
expression patterns in offspring. Sika and elk deer have different
rumen microbiota than do their hybrid offspring; pure and hybrid
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mice have different microbial clustering characteristics suggesting a
significant effect of host genetics on the rumen microbiome that may
result from vertical transmission (40-42). Moreover, we found that
Bacteroidetes and Firmicutes were the dominant bacteria at the
phylum level, however, hybridization had no considerable effect on
their relative abundances. Evidence has shown that Bacteroidetes have
low heritability estimates, while Firmicutes have moderate heritability
estimates, suggesting that they are largely affected by environmental
factors, such as diet (15, 43). Concurrently, the different heritability
estimates indicate that host effects are not equal for different rumen
microbial phylotypes. At the species level, we observed that bacteria
related to fiber degradation were more abundant in the DH group,
Treponema bryantii, Prevotella copri, and Fibrobacter succinogenes were
particularly abundant. Treponema bryantii, when present with
cellulolytic species such as Bacteroides succinogenes, can promote the
digestion of cellulosic materials to increase feed efficiency (44). A
higher abundance of Treponema bryantii and Bacteroides sp. were
found in the cecum of pigs with high feed efficiency (45). Prevotella are
considered the most important bacteria for polysaccharide degradation
and fermentation based on their genomic glycoside hydrolase profiles,
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FIGURE 8

Metabolic pathway enrichment analysis. (A) Between the HH and DH groups. (B) Between the HH and SH groups. n =7 individuals/group.
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gene expression, and abundance in the rumen (46). Prevotella copri ~ accumulation in pigs fed formula diets (48). Studies in humans
might be the keystone bacterial species associated with host feed intake  indicate that Prevotella copri largely increases the microbial potential
and fat metabolism, and evidence shows that its abundance increases  for branched-chain amino acid biosynthesis (49), which is beneficial
in pigs with high average daily feed intake (47) and promotes fat  for milk protein yield in dairy cattle and animal growth (50, 51).
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Moreover, Prevotella copri is heritable (h* >0.15) in the cecum and
feces of pigs (52). Fibrobacter succinogenes is regarded as the most
highly cellulolytic bacterium in ruminal microbiomes and specializes
in the production of succinate, acetate, and formate (53). An increase
in the Fibrobacter succinogenes population in the rumen is attributed
to an increase in dry matter degradability (54). In the present study,
the relative abundances of Fibrobacter sp. UWR2 and Fibrobacter sp.
were positively linked to DMI, suggesting their essential roles in DMI
and dry matter degradability. In the SH group, the abundance of the
Bacteroidaceae bacterium was higher than that of the HH group.
Bacteroidaceae bacterium is also a rumen cellulolytic bacterium that
can convert succinate to propionate as the sole energy source (55).
Therefore, the higher abundance of polysaccharide-degrading bacteria
in the rumen of hybrid sheep enhances the degradation of dietary
carbohydrates, thus promoting digestive ability and growth
performance. This may be attributed to host genetics because
we excluded the effects of environmental factors. However, this
speculation needs to be verified by monitoring the rumen microbiota
of Poll Dorset and Southdown sheep. The DH group lacked archaea
related to nutrient digestion and absorption, however, the abundance
of methanogenic bacteria (Methanomicrobium sp., Methanolobus
bombayensis, and Methanococcus voltae) increased in the SH group
compared to levels in the HH group, and methane production is an
energy-intensive process, resulting in low production performance.
However, in this study, the abundance of these methanogenic bacteria
was quite low. We also found that DMI and feed protein utilization
efficiency in the SH group were higher than those in the HH group,
which suggests that the contributions of DMI and feed protein
utilization efficiency surpassed the methane production rate, which
may be the reason for the FBW gain in the SH group. Moreover, Xue
et al. found that some methanogenic bacteria with low abundance were
enriched in the rumens of dairy cows with high milk protein yields
(50); however, further studies are needed to validate our hypotheses.
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KEGG functional taxonomic analysis revealed that amino acid
biosynthesis and metabolism were enriched in the SH group.
Metabolic products such as lysine, aspartate, glycine, alanine,
glutamate, serine, and threonine are important contributors to
rumen microbial protein synthesis, constituting 90% of the microbial
proteins that arrive in the small intestine and provide a protein
source for the host (56). Our previous study identified that the
muscle protein content was higher in the SH group than in the HH
group (29), which is in line with the results of the rumen microbiota.
Genes encoding CAZymes involved in deconstructing carbohydrates
(GHs, CEs, PLs, and CBMs) were enriched in the DH group,
indicating that these sheep were more capable of degrading complex
substrates to promote microbial fermentation, which is consistent
with our VFA results.

In addition to affecting the composition and function of the
rumen microbiome, hybridization alters rumen metabolites and
metabolic pathways. First, LPEs are cell membrane components and
are the second most abundant in vivo after LPCs (57, 58). LPEs
reportedly induce the activation of mitogen-activated protein kinase
signaling and exhibit anti-apoptotic effects in pheochromocytoma
cells (59). LPE (P-18:1) has oleic acid as its acyl chain, stimulating
neurite outgrowth and neuroprotective effects against glutamate-
induced excitotoxicity (60). Additionally, LPEs are involved in lipid
droplet formation by suppressing lipolysis and fatty acid
biosynthesis, thereby promoting the absorption of lipid substances
(61). This evidence indicates that LPEs enriched in the DH group
benefited from fat deposition, resulting in FBW gain. Interestingly,
methionine sulfoxide was only present in the DH group. The
exposure of proteins to reactive oxygen species and hydrogen
peroxide may lead to the oxidation of free methionine and
methionine residues, forming methionine sulfoxide (62). Methionine
sulfoxide levels are elevated during oxidative stress, aging, and
inflammation. The results of this study imply that the sheep in the
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DH group had poor environmental adaptability. However,
methionine sulfoxide can be diastereoselectively repaired by
methionine sulfoxide reductase to produce methionine (63).
Methionine augments the endogenous antioxidant capacity of rice
proteins by stimulating methionine sulfoxide reductase expression
and enhancing glutathione synthesis via the Nrf2-ARE pathway (64).
The beneficial effects of methionine supplementation on the
antioxidant activity of heat-stressed birds have been previously
demonstrated (65). The present study shows that although sheep in
the DH group were in a state of oxidative stress, this phenomenon
can be improved by regulating the methionine sulfoxide reductase
system, which will be our next research direction. N-methyl-4-
aminobutyric acid was only present in the SH group. The metabolic
product aminobutyric acid acts as a key inhibitory neurotransmitter
of the central nervous system and functions via sedation, relieving
fever and decreasing heat production (66). Aminobutyric acid
reduces stress caused by various environmental conditions and
improves productivity (67). For example, aminobutyric acid
improves growth performance, meat quality, and feed intake by
promoting the activation of characteristic enzymes and improving
the absorption and immune function of the intestinal mucosa under
heat-stress conditions (68, 69). The characteristic metabolites in
both the DH and SH groups were related to oxidative stress,
indicating that the environmental adaptability of the F, generation
sheep needs improvement, which we expect to occur in the F,
generation. a-Ketoglutaric acid is an intermediate metabolite of the
tricarboxylic acid cycle and is generated from glucose and glutamine,
providing substrates for the synthesis of carbohydrates, amino acids,
fats, and other biomolecules (70). In this study, a-ketoglutarate was
significantly increased in the SH group compared to levels in the HH
group, further enhancing amino acid metabolism ability. Our results
were consistent with a previous report by Kong (71), who confirmed
the tricarboxylic acid cycle pathways were enhanced in the muscle
of Southdown x Hu F, generation sheep.

Four metabolites and six microbiomes showed regulatory
relationships in growth performance between the DH and HH groups.
Alloprevotella sp. can ferment carbohydrates to produce acetate and
succinate as end-metabolites and is positively correlated with
4-hydroxyquinoline, which has antibacterial and anti-inflammatory
effects that maintain rumen health (72). Treponema bryantii, Fibrobacter
succinogenes, Fibrobacter sp., and Fibrobacter sp.UWB4 are associated
with fiber degradation and production of propionate, which are
positively correlated with LPE (P-17:0). Propionate can promote glucose
synthesis via the gluconeogenic pathway in the rumen, and glucose is a
precursor for the form of glycerol and fatty acids, which further help
format LPEs. LPEs originate in part from the lipids in the diet, but
also from gut microbial synthesis. Phospholipid levels in the host
cells of germ-free mice differ from those in the host cells of conventional
mice, suggesting a relationship between gut microbes and
glycerophospholipids (73). The relative abundance of Faecalibacterium
and Prevotella is related to circulating lipids, particularly LEPs and
phosphatidylglycerol (74); however, we found in the present study that
Fibrobacter was also related to the levels of LPE (P-17:0). Bacteroidales
bacterium was positively correlated with 3-hydroxy-3-methyl butyric
acid between the SH and HH groups. 3-Hydroxy-3-methyl butyric acid
is a leucine metabolite that stimulates the growth hormone/insulin-like
growth factor-1 axis (75). These results indicate that the rumen
microbiota of sheep in the DH group were mainly involved in body fat
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deposition by increasing DMI and dry matter degradability, whereas
that in the SH group mainly participated in amino acid metabolism to
provide energy. However, the causal relationship between the microbiota
and metabolites requires further research. In addition, the rumen
microbiomes and metabolites data of Poll Dorset and Southdown sheep
should be considered and further elucidated in future studies.

5 Conclusion

The results of this study support the feasibility of using
crossbreeding programs to promote growth and increase feed
efficiency by altering the rumen microbiota and metabolites in
sheep. In the DH group, Treponema bryantii, Prevotella copri, and
Fibrobacter succinogenes levels increased, and their functions
were mainly enriched at the CAZyme level, contributing to
higher acetate, propionate, total VFA, and LPE levels to further
promote growth. Bacteroidaceae bacterium was enriched in the
SH group and is involved in amino acid metabolism, fulfilling the
demand for ruminal microbial proteins that are utilized by hosts
to promote growth. Additionally, methionine sulfoxide and
N-methyl-4-aminobutyric acid were characteristic metabolites in
the DH and SH groups, respectively, indicating that the F,
generation crossbred sheep had poor environmental adaptability.
Taken together, these findings provide new ideas and nutritional
strategies for the cultivation of new sheep breeds.
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Integrated metagenomics and
metabolomics analyses revealed
biomarkers in f-casein A2A2-type
COWS

Jinyan Zhao'?, Chuanchuan Wang'?, Jiahuan Hu'?,
Ruoshuang Ma??, Baojun Yu®?, Wei Zhao'?, Hua Wang'?,
Yaling Gu*? and Juan Zhang*?*

!Key Laboratory of Molecular Cell Breeding for Ruminants, Yinchuan, China, 2Ningxia University
College of Animal Science and Technology, Yinchuan, China

In Holstein cows, p-casein, one of the most critical proteins in milk, exists in two
main genotypes, Al and A2. Herein, 45 Holstein cows [categorized into three
groups based on p-casein A1Al, A1A2, and A2A2 genotypes (N =15)] with the
same feeding management and litter size were enrolled to explore differences
in rumen microflora and metabolites across various p-casein genotypes.
Rumen fluids were collected for metagenomics and metabolomics analyses.
Metabolomics and weighted gene co-expression network analysis (WGCNA)
revealed that arachidonic acid (AA), adrenic acid (AdA), glycocholic acid (GCA),
and taurocholic acid (TCA) were significantly and positively correlated with milk
fat % in dairy cows (p<0.05). Furthermore, macro-genomics and Spearman’s
correlation analysis revealed significant positive correlations (p<0.05)
between the characteristic flora (g_Acetobacter, g_Pseudoxanthomonas,
g_Streptococcus, and g_Pediococcus) and the five characteristic metabolites
in the rumen of A2A2 dairy cows. Moreover, functional enrichment analysis
revealed more genes enriched to the TRP channel’s inflammatory mediator-
regulated pathway and the mTOR signaling pathway in A2A2 genotyped cows.
Additionally, the regulatory effects of AA on bovine mammary epithelial cells
(BMECs) were examined using CCK-8, EdU, and qRT-PCR assays, revealing that
AA promoted triglyceride (TG) synthesis and upregulated the milk fat marker
genes including SREBF1, ACSS2, AGPAT6, and FASN. Overall, we identified
characteristic microorganisms and metabolites in A2A2 Holstein cows and
established that AA could be a biomarker for higher milk fat %.

KEYWORDS

Holstein dairy cows, beta-casein, A2A2, milk fat percentage, metabolomics,
metagenomics

Background

Milk, one of the body’s primary sources of nutrients, is rich in lactose, triglycerides
(TGs), proteins, minerals, and vitamins (1). Milk proteins are classified based on their
solubility into casein (~80%), whey proteins (~14%), and fat globule membrane proteins
(~6%), with casein-soluble proteins being the most abundant and further classified into
four categories: al-casein, a2-casein, P-casein, and k-casein (2). The structure of
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f-casein depends on the dairy cow’s breed and genotype, with A1l
and A2 as the two main isoforms (3). The disparity between the
two isoforms stems from a mutation at position 67, which induces
a transformation of the amino acid from histidine (in Al) to
proline (in A2), and this is attributed to genetic predetermination
(4, 5). Cows with the p-casein A2A2 genotype produce the
popular “A2 milk” (3). Additionally, A2A2 genotyped cows have a
higher milk fat % than their A1A1 and A1A2 counterparts (6).
Furthermore, during digestion and metabolism, Al f-casein
produces B-casein-7, which has been linked with Gastrointestinal
(GI) issues and lactose intolerance disorders in humans (7, 8). It
is also noteworthy that Al B-casein possesses pro-inflammatory
properties that can synergize, negatively affecting GI, endocrine,
neurological, and cardiovascular systems. On the other hand, A2
milk (9, 10), which is free of A1 p-casein, has beneficial effects on
human health and is easier to digest in lactose-intolerant
individuals (11), making it a feasible alternative solution for
individuals with pertinent GI disorders (12).

In ruminants, the rumen is the primary organ responsible for
converting plant feeds into nutrients and energy (13, 14).
diet
composition, and host metabolism influence rumen metabolite

According to research, microorganism derivatives,
concentrations and colony structure, with all three factors
collectively shaping the mechanisms underlying microbiota-host
interactions (15). Rumen microbes have been established to
be crucially involved in ruminant productivity and health (16).
For instance, cows with mastitis exhibited significant alterations
in inflammation-associated microbial communities and
metabolite abundance in their rumen (17). Additionally, Zhang
et al. (18) employed rumen fluid metabolomics to identify
potential milk production biomarkers in high- and low-yielding
cows. Biohydrogenation-linked rumen microbial populations
were also associated with individual milk fat % in dairy cows (19).
Although scholars both at home and abroad have extensively
assessed A2 P-casein genotypes in cows, they mostly used milk or
genetic tests (3, 20). Furthermore, to the best of our knowledge,
no studies have characterized biomarkers and their roles in the
rumen of A2-type p-casein dairy cows. Consequently, we explored
the rumen microbiomes and metabolomes of different genotyped
cows and examined the roles of characteristic metabolites and
microorganisms in A2A2 genotyped cows using an integrated
approach involving weighted gene co-expression network analysis
(WGCNA) and Spearman correlation analysis.

Herein, 45 Holstein cows of three different f-casein genotypes
[A1A1, A1A2, and A2A2 (N=15)] from the Ningxia Nongken
Helanshan dairy farm were included. Their rumen fluids were
analyzed using metagenomics and metabolomics techniques.
Metabolite clustering analysis and association analysis of
characteristic metabolites with their characteristic microorganisms
were performed using the WGCNA-Spearman integrated
approach to further elucidate the contribution of metabolites to
milk fat synthesis. Additionally, the regulatory role of AA on
BMECs was explored using CCK-8, EAU, and qRT-PCR assays.
Our analysis of the differences between rumen flora composition
and metabolic pathways in cows of different B-casein genotypes
could provide an essential reference for subsequent studies on the
molecular genetic mechanisms of the characteristics of Holstein
cows with the A2 pure genotype.
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Materials and methods
Animals and experimental design

Holstein cow rumen fluids were collected from the Ningxia
Nongken Helanshan dairy farm. The experimental cows were fed the
same balanced total mixed ration (TMR) diet (Supplementary Table S1).
Notably, the cows were previously typed using the competitive allele-
specific PCR (KASP), and three genotypes were obtained: A1Al,
A1A2, and A2A2 (21). For each genotype, 15 Holstein cows were
selected in good condition and in their first lactation, in which the
milk fat and protein content were similar across the three groups
(Supplementary Table S2).

Sample collection

Two hours after the morning feeding, the rumen contents were
collected using a rumen fluid collection tube. Specifically, after
inserting the rumen fluid collection tube, rumen vesicle contents were
aspirated and collected under negative pressure. To avoid
contamination with saliva, the first 150 mL of the collected rumen
contents were discarded. Subsequently, 100 mL rumen content was
collected and filtered using four sterile gauze layers, portioned, quickly
frozen in liquid nitrogen, and stored in a —80°C refrigerator, awaiting
further use. The Institutional Animal Care Committee of Ningxia
University approved our experimental protocol (Approval Number:
NXU-2024-065).

Microbiota analysis

First, total DNA was extracted from the rumen fluid and purified
using a DNA extraction kit (TruSeq Nano DNA LT Sample
Preparation Kit, Illumina, United States), following the manufacturer’s
instructions. Subsequently, DNA concentration and quality were
assessed using 1.0% agarose gel electrophoresis and a NanoDrop
spectrophotometer. Following that, purified and tested DNA samples
underwent fragmentation and end repair using the Covaris S220
before attaching the Y-junctions to the sample ends. We then
performed PCR amplification to recover the target fragments and
create a library. Subsequently, the libraries were sequenced on the
Mlumina HiSeq 2000 platform at the Shanghai Ouyi Biomedical
Technology Co., Ltd. Following that, the genes were filtered and
quality-controlled using Trimmomatic (v0.36) and Bowtie2 (v2.2.9)
before splicing the sequences using MEGAHIT (v1.1.2) software. The
spliced contigs’ open reading frames (ORFs) were predicted using
Prodigal (v2.6.3) software. Finally, clustering was performed using
CDHIT (v4). After predicting the ORF of the spliced contig,
we constructed the non-redundant gene set of the predicted genes
using CDHIT (v4.5.7) software.

The obtained set of non-redundant genes was compared to the
GeneBank non-redundant (NR) database of nucleic acid sequences'
using DIAMOND (v0.9.7) software. The sequences with an e-value

1 https://www.ncbi.nlm.nih.gov/guide/taxonomy/

frontiersin.org


https://doi.org/10.3389/fvets.2024.1438717
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/guide/taxonomy/

Zhao et al.

<Ix107° were considered meaningful for obtaining species annotation
information. Differences in a-diversity indices, including Shannon,
Simpson, and ACE, were examined to detect the median, dispersion,
maximum, minimum, and outliers of species diversity, yielding
insights into rumen microbial diversity. The rumen fluid characteristic
microorganisms of dairy cows across the three genotypes were
screened using the Linear discriminant analysis Effect Size (LEfSe)
approach based on the LDA >2 and p<0.05 criteria. Finally, the
predicted genes were integrated with the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database’ to obtain the gene function
annotation information.

Untargeted metabolomics

First, the stored sample was thawed slowly on ice before obtaining
I mL from the SPE solid-phase column and precisely adding 3 mL
methanol. After blow drying, the sample was further dried through
nitrogen blowing using a nitrogen blowing instrument before adding
300pL (V:V=4:1,
L-2-chlorophenylalanine, 4 pg/mL) to redissolve it. Subsequently, the

methanol-water ~ mixture containing
sample was vortexed for 1 min, sonicated for 10 min in an ice-water
bath, and incubated at —40°C for 30min. The sample was then
centrifuged at 12,000 rpm for 10 min at 4°C before aspirating 150 pL
of the supernatant using a syringe, which was filtered through a
0.22 pm organic-phase pinhole membrane, transferred to a liquid
chromatography-mass spectrometry (LC-MS) injection vial, and
stored at —80°C, awaiting LC-MS analysis.

Metabolite detection was performed using a liquid-mass
spectrometry platform comprising an ACQUITY UPLC I-Class plus
ultrahigh-performance liquid chromatography-tandem system and a
QE plus high-resolution mass spectrometer. The LC-MS instrument
was equipped with a preset ACQUITY UPLC HSS T3 chromatography
column (100 mm x 2.1 mm, 1.8 pm), operated at a flow rate of 0.35mL/
min and a temperature of 45°C. Mobile phase A consisted of water
and 0.1% formic acid, whereas mobile phase B comprised 100%
acetonitrile. Supplementary Table S3 shows the elution process of the
mobile phases. Each sample (2 pL) was injected into an autosampler
set at 4°C. The spray voltages for the positive and negative modes were
set at 3.8kV and 3.0kV, respectively. Other parameters were the same
for both the
temperature =320°C; aux gas heater temperature =350°C). The raw

positive and negative modes (capillary
peaks were extracted, analyzed, and quantified using the LECO-Fiehn
Rtx5 database, and normalization analyses were performed (22). To
obtain precise qualitative and relative quantitative results, the peaks
were compared to those in various databases such as mzCloud,’
mzVault, and MassList. Statistical analyses were performed using R
v3.43, Python v276, and Cent vOS66 software.

MetaX, a metabolomics data processing software, was used to
perform principal component analysis (PCA) and partial least squares
discriminant analysis (PLS-DA). Statistical significance (p-value) was
evaluated using one-way analysis of variance, and marker metabolite

screening was aided by the variable importance for the projection

2 http://www.genome.jp/kegg/pathway.html

3 https://www.mzcloud.org/
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(VIP) of the (O)PLS-DA model variables. Metabolites with VIP >1,
p<0.05, FC >2, or FC <0.5 were considered differential expressed.
Annotation and metabolite pathway analysis was performed using
metabolites obtained from the KEGG (see text footnote 2), HMDB,*
and LIPID MAPS® databases.

Metabolite co-expression module
construction

To obtain precise qualitative and relative quantitative results, the
peaks were compared to those in databases such as mzCloud (see text
footnote 3), mzVault, and MassList. Statistical analyses were
performed using R v3.43, Python v276, and CentOS66 software (23).
For network construction, we used the soft threshold power (f) based
on an R-value of 0.96. The smallest module comprised 35 genes
(minimum module size=35), and the merged module had a height of
0.25. Correlations between modules and cow milk fat % were
determined to identify modules that affect milk fat, and metabolomics
was used to enrich for metabolites within those modules.

Statistical analysis

Univariate ANOVA (t-test) was used to assess statistical
significance (p-value), with p <0.05 and p <0.01 indicating significant
and highly significant differences, respectively. GraphPad Prism 8 was
used to plot histograms. Dominant rumen flora (R > 0.6, p <0.05) were
correlated with milk fat-related metabolites using Spearman
correlation analysis, and all significant correlation networks were
visualized using Cytoscape (3.8.2). Receiver operating characteristic
(ROC) curves were plotted, and the corresponding area under the
curve (AUC) values were computed using the ROCR software
package (24).

Cell culture

Mammary epithelial cell lines from dairy cows were cultured and
frozen in the preliminary phase of this experiment. Specifically,
BMECs were grown in a DMEM/F12 growth medium supplemented
with 10% fetal bovine serum (FBS) (Cell Max, Beijing, China) in a 5%
CO, and 37°C incubator. Passaging and culture treatments were
performed at ~70-80% cell density.

AA master mix configuration

To prepare AA mother liquor at a 10 mM concentration, 10 mg
AA dry powder (Sigma, America) was first weighed and then
transferred into a 5mL centrifuge tube before adding 3.28 mL
anhydrous ethanol to dissolve it at room temperature (RT). After
thorough mixing, the solution was filtered to remove bacteria,

4 https://hmdb.ca/metabolites

5 http://www.lipidmaps.org
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dispensed into 200 pL centrifuge tubes, and stored at —20°C in a
refrigerator in the dark for spare use. The experimental group received
AA at final concentrations of 1, 5, and 10 pM, whereas the control
group (NC) received anhydrous ethanol.

CCK-8 cell viability and cell proliferation
EdU assays

First, cells were inoculated into 96-well plates, and the optimal
concentrations from the AA treatment and experimental groups were
selected for the EAU assay. Following the instructions in the EAU assay
kit (Beyotime, Shanghai, China), the 2xEdU working solution was
prepared in equal volumes and added into petri dishes after seeding
cells in optimal growth conditions into 6-well plates. The cells were
then observed under an inverted fluorescence microscope DMi8
(Leica, Germany) and counted using Image]J software.

TG content determination

The treated cells were tested for TG content using the cell-specific
high-fat sample TG enzymatic assay kit (E1025, Prilosec, Beijing,
China). Based on the reagent instructions, the lysed supernatant was
added to the prepared working solution, and the reaction was
conducted at 37°C for 15 min. Each tube’s optical density (OD) value
was detected at 550 nm, and the TG content was adjusted based on
protein concentration per mg.

RT-gPCR-related gene expression
detection

Total RNA was extracted using TRizol reagent (Invitrogen,
Thermo Fisher, United States) and then reverse-transcribed into
complementary DNA (cDNA) using Prime Script RT Reagent Kit
(Takara, Dalian, China). Following the manufacturer’s instructions,
SYBR Premix Ex Taq™ II (Takara, Dalian, China) was used to extract
RNA from the cells for RT-qPCR on the Bio-Rad CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
United States). The primers used were designed using the Primer
Premier 5.0 system (Supplementary Table 54). The 2724 technique
was used to analyze the relative mRNA expression in different
treatment groups. Gene expression was normalized to GAPDH, and
all results were subjected to ANOVA using SAS software (version 9.2,
SAS Institute, Cary, NC). Three replicates were set up for each gene,
and results or differences with p <0.05 and p<0.01 were considered
significant and highly significant, respectively.

Results

Structural analysis of microbial
communities

Herein, rumen fluid samples from 45 Holstein cows were

subjected to macro genome sequencing. According to the results,
the samples’ clean reads and contig N50 statistics were distributed
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in the 10.01-16.63 G and 299-475 bp ranges, respectively, and the
number of ORFs in the constructed gene catalog (non-redundant
15,361,808
(Supplementary Table S5). Furthermore, sample size significance

genes) after de-redundancy was
was determined using core-pan gene dilution curve analysis.
According to the results, the number of subjects selected for the
study (n=45) was sufficient (Supplementary Figure SIA). A
comparison of specific genes across the three groups (AlAl,
A1A2, and A2A2) revealed that their proportions were 2.23, 3.29,
and 2.58%, respectively (Supplementary Figure S1B). Additionally,
we determined the rumen flora o diversity indices based on
species abundance (Supplementary Table 56). According to the
results, the three groups showed no significant differences in the
three o diversity indices (Shannon, Simpson, and ACE) (p>0.05).
Conversely, PCA revealed microbial p diversity differences in the
rumen fluid of the dairy cows with different genotypes
(Supplementary Figure S1C). Furthermore, Analysis of Similarities
(ANOSIM) revealed that the differences among the three groups
were significantly greater than those within each group, indicating
(R=0.078, p<0.05;
Supplementary Figure S1D). The top 15 most abundant phyla and

meaningful  subgroup distinctions
genera among the 45 cows were plotted using a species relative
abundance bar chart (Figures 1A,B). The dominant phylum- and
genus-level microorganisms were p_Bacteroidetes and p_
Firmicutes and g_Prevotella and g_Clostridium, respectively. The
potential biomarkers in the rumen of the three different dairy cow
genotypes were further examined through LEfSe analysis.
According to the results, 55 characterized microorganisms were
enriched in A2A2 cows (Supplementary Table 57), of which the
key biomarker genera were g_Stenotrophomonas, g_Fusobacterium,
g Mannheimia, g_Acetobacter, g Xanthomonas,
g_Pichia, g_Pseudoxanthomonas, g_Pediococcus, g_Gluconobacter,
g_Komagataeibacter, g_Glomus, g_Luteimonas, g_Pasteurella, and

g_Streptococcus (Figures 1C,D).

Analysis of marker bacteria in the rumen of
dairy cows across the three different
genotypes

Differential KEGG functional enrichment through STAMP

analysis revealed that arrhythmogenic right ventricular
cardiomyopathy (ARVC) and jak-STAT signaling pathway, among
others, were the functions enriched in A1A1 and A1A2 genotyped
cows. On the other hand, TRP channels’ inflammatory mediator
regulation and the mTOR signaling pathway, among others, were

the functions enriched in A2A2 genotyped cows (Figure 2).

Analysis of metabolomics results

Differentially expressed metabolites (DEMs) in the rumens of
Holstein cows across the three different genotypes were detected
using  UPLC-MS metabolomics
chromatogram (TIC) overlap plot was obtained via superimposition

technology. A total ion

of the mass spectra of the QC samples from the positive and
TIC data
(Supplementary Figures S2A,B), revealing that the peaks’ response

negative ion detection modes on the
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intensities and retention times overlapped and had stable baseline
values. These findings confirmed the reliability of the experimental
data. According to the PCA and PLS-DA results, metabolites in the
three dairy cow genotypes showed inter- and intra-group disparities
(Supplementary Figures S2C,D). Furthermore, the OPLS-DA score
plots of metabolites showed significant differences across the rumen
metabolite groups of the three dairy cow genotypes, and the
permutation test revealed that all OPLS-DA models were reliable
and did not overfit (Supplementary Figures S3A-F). Venn diagrams
of DEMs and differential metabolic pathways among the three
groups showed that the two comparison groups overlapped
significantly (Supplementary Figures S2E,F). Statistical analysis of
mass spectrometry-identified metabolites revealed 691 DEMs in the
rumen fluid of the A1A1 and A1A2 dairy cow groups (Figure 3A
and Supplementary Table S8) and 283 DEMs in the rumen fluid of
the Al1Al and A2A2 dairy cow groups (Figure 3B and
Supplementary Table S9). Furthermore, the analysis of the rumen
fluid of the A1A2 and A2A2 dairy cow groups revealed 1,025 DEMs
(Figure 3C and Supplementary Table S10). The top 50 DEMs were
then  analyzed their
(Supplementary Figures S4A-C). The substances enriched in the

for respective  enrichments
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A2A2 group were arachidonic acid (AA), adrenic acid (AdA),
taurocholic acid (TCA), and glycocholic acid (GCA). To better
understand differential metabolite enrichment across the three
groups, the top 20 metabolic pathways of differential metabolites
were identified (Figures 3D-F), including those related to
cholesterol metabolism, vascular smooth muscle contraction,
ovarian steroidogenesis, primary bile acid biosynthesis, the GnRH
signaling pathway, AA metabolism, Fc gamma R-mediated
phagocytosis, and necroptosis.

WGCNA

We constructed co-expression networks between the identified
metabolites and milk fat % using WGCNA to better understand the
relationship between metabolites and milk fat % in Holstein cows. Ten
co-expression modules were identified after merging modules with
similar characteristics (Figure 4A). Furthermore, the results showed
that MEturquoise correlated positively with milk fat content
(Figure 4B) and 1,308 metabolites from this module were selected for
further analysis.
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Metabolic pathway analysis

MEturquoise metabolites were significantly positively
% (cor=0.6, p=7.7x10"*)
(Supplementary Figure S5A). Notably, enrichment analysis of the
1,308 MEturquoise metabolites yielded 35 DEMs (VIP >1.00,
p<0.05), including AA, GCA, and TCA
(Supplementary Figure S5C). All 35 DEMs, as well as those
between the three groups, were subjected to metabolic pathway
enrichment (661 metabolites, VIP >1, p<0.05) (Figures 5A,B).
According to the results, pathways such as cholesterol metabolism,

correlated with milk fat

vascular smooth muscle contraction, ovarian steroidogenesis,
ferroptosis, primary bile acid biosynthesis, the GnRH signaling
pathway, AA metabolism, Fc gamma R-mediated phagocytosis,
and necroptosis were co-enriched (Supplementary Figure S5B).
Furthermore, the metabolites included in the co-enrichment
pathway were AA, AdA, GCA, TCA, and 8,9-Epoxyeicosatrienoic
Acid (8,9-EET) (Supplementary Table S11). Specifically, AA, AdA,
GCA, and TCA were significantly enriched in A2A2 cows,
whereas 8,9-EET was significantly enriched in both A2A2 and
A1A1 cows (p<0.05) (Figures 5D-I).

Correlation analysis of key metabolites in
rumen milk fat with characteristic flora in
A2A2 genotyped dairy cows

Herein, we employed Spearman’s correlation analysis to
examine the relationship between characteristic genera (LDA >2;
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p<0.05) and key differential rumen metabolites of milk fat in the
rumen fluid of A2A2 dairy cows in order to characterize the
relationship between the rumen flora and key metabolites of milk
fat (Figure 6A). According to the results, some of the genera and
metabolites correlated significantly and strongly (|R| > 0.6, p<0.01)
(Figure 6B). Among them, g_Acetobacter, g_Pseudoxanthomonas,
g
Stenotrophomonas, g_Komagataeibacter, g_Gluconobacter, and g_

g_Streptococcus, g_Pediococcus, g Mannheimia,
Luteimonas correlated significantly positively with both primary
bile acid biosynthesis (GCA and TCA) and AA metabolism (AA
and 8,9-EET). It has been established that AA regulates milk lipid
synthesis and secretion (25). In this regard, it is noteworthy that
biomarker prediction using ROC curves to identify significantly
enriched characteristic metabolites and flora in A2A2 cows
revealed that the model had a good prognostic effect, with AUC
values for AA of 0.713 in groups A1A1l vs. A1A2 and 0.846 in
groups A1A2 vs. A1A2 (Supplementary Figure 56). We will focus
more on AA in the subsequent sections.

Effects of the candidate marker
metabolite AA on BMEC proliferation

After culturing BMECs in vitro for 12 and 24h, different AA
concentrations were added to the culture medium, and their effects
on BMEC viability were evaluated using the CCK-8 assay.
According to the results, 5pM AA was the optimal concentration,
with the cells reaching the highest viability after 24 h (Figures 7A,B).
Furthermore, the EAU results showed that the 5pM AA-treated
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Differential metabolites and differential metabolic pathway analysis. (A) Top 20 differential metabolic pathways enriched in differential metabolites
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group exhibited enhanced BMEC proliferation after 24h of
incubation (Figures 7C,D).

Effects of the candidate marker
metabolite AA on milk fat synthesis

We treated BMECs with 5 uM AA for 24 h to further determine
whether AA influences the cells’ milk lipid synthesis. We then
assessed TG concentration and expression levels of milk lipid
marker genes. According to the results, the 5pM concentration
AA-treated group exhibited a significantly elevated TG
concentration (p<0.01) (Figure 8A), as well as the upregulation of
lactolipid marker genes, including SREBF1, ACSS2, AGPAT6, and
FASN (Figures 8B-E).
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Discussion

A triad of flora, metabolites, and organismal immunity has been
established to regulate the internal rumen environment,
significantly impacting dairy cow health and performance (15). In
the rumen, flora digest polysaccharides from feeds into Short-Chain
Fatty Acids (SCFA) such as acetate, butyrate, and propionate,
contributing up to 70% of animals’ total energy intake (14).
Metabolites are important markers of biochemical reactions in the
rumen microecosystem and are sensitive to changes in rumen
microbiology (26). According to research, -casein is essential for
individual cow health and lactation performance (27, 28), a
phenomenon consistent with our findings, which demonstrated
that A2A2 genotyped cows exhibited a higher milk fat % than the
other two genotyped groups. Furthermore, Alp-casein and
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A2p-casein can impact colony fermentation, and the rumen flora
structure could affect colony metabolites and milk fat synthesis
processes (29, 30). Nonetheless, whether rumen flora and
metabolites differ in B-casein A1A1, A1A2, and A2A2 genotyped
cows remained unclear. Consequently, we screened the
characteristic metabolites related to milk fat synthesis in A2A2
genotyped cows using an integrated metabolomics and WGCNA
approach. We then examined the rumen characteristic flora and
functions in cows with different P-casein genotypes using
metagenomics technology. Finally, Spearman correlation analysis
was employed to determine the relationships between characteristic
flora and metabolites of A2A2 genotyped cows.

Our findings revealed that AA, AdA, GCA, and TCA were
significantly upregulated in A2A2 cows (p<0.05). According to
research, AdA, as a substance downstream of AA, has anti-
inflammatory effects (31, 32). On the other hand, TCA and GCA
are mainly enriched in the primary bile acid synthesis and
cholesterol metabolism pathways, which are critically involved in
34).
Furthermore, TCA can inhibit the production of inflammatory
mediators such as nitric oxide (NO), prostaglandin E2 (PGE2), and

histamine, exerting anti-inflammatory effects (35). Additionally,

lipid homeostasis and inflammation regulation (33,
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TCA can regulate ACACA, FASN, AACS, and LPL expression,
potentially promoting adipogenesis. On the other hand, GCA has
been established to lower the serum levels of NO and Leukotriene
B4 (LTB4), as well as PGE2 levels in inflammatory tissues, exerting
an anti-inflammatory effect (36). Notably, AA is enriched in the AA
metabolic pathway (part of the lipid metabolic pathway) and is
closely related to lipid synthesis (37). According to research, AA can
be converted to PGE2 and LTB4 via the cyclooxygenase pathway,
inhibiting inflammatory cell migration and activation, thus exerting
anti-inflammatory effects (38, 39). Furthermore, as an -6
Polyunsaturated Fatty Acid (PUFA), AA regulates milk lipid
synthesis and secretion via PPARy activity modulation (25).
Research has also shown that AA can act via a specific G Protein-
Coupled Receptor (GPR120) (40), and GPRI20 activators can
promote milk fat synthesis through SREBPI and FASN upregulation
(41). Herein, the AA-treated group exhibited SREBFI and FASN
upregulation. Similarly, AGPAT6 and ACSS2, key genes involved in
fatty acid and TG synthesis regulation (42-44), were upregulated in
the AA-treated group, resulting in enhanced TG synthesis. Based
on these findings, we deduced that AA, a characteristic metabolite
in the rumen of A2A2 genotyped cows, promotes milk fat synthesis.
We further hypothesized that the higher milk fat % and
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anti-inflammatory effect of “A2 milk” on the GI tract of A2A2
genotyped cows may be related to AA, AdA, GCA, and
TCA enrichment.

Rumen microbiota composition has been established to
significantly impact milk production and composition in dairy
cows (29). Herein, consistent with previous research (45, 46), the
dominant phylum- and genus-level microorganisms in the flora
content were p_Bacteroidetes and g_Prevotella, respectively. At the
genus level, several significantly differentially expressed species
were identified in the rumen of A2A2 cows, primarily belonging to
genera g Pseudomonas, g Acetobacter, g Streptococcus, and g_
Pediococcus. According to research, g Pseudomonas secrete lipase,
which breaks down lipids in feeds into free fatty acids (FFAs),
promoting saturated fatty acid accumulation in meat and milk (47,
48). On the other hand, g_Acetobacter oxidizes sugars to produce
acetate, the precursor of milk fat synthesis, thus facilitating milk fat
synthesis in the mammary glands (49). Furthermore, Edward et al.
(48) discovered that g_Acetobacter can promote milk fat synthesis.
Based on these findings, we hypothesized that milk fat synthesis in
A2A2 genotypes cows could be linked to g_Acetobacter and g_
Pseudomonas content. Moreover, g_Streptococcus and g_Pediococcus
are lactic acid bacteria that produce lactic acid, which can be used
as a substrate for secondary fermentation to produce precursors for
milk fat synthesis: acetate, propionate, and butyrate (50, 51). In
addition to increasing energy conversion efficiency to milk fat
through its involvement in amino acid biosynthesis and energy
substrate metabolism, g Streptococcus has also been positively
associated with serum bile acid levels (52, 53). Furthermore, not
only is g Pediococcus positively correlated with bile acid content,
but its Pediococcus pentosaceus strain KID7 can regulate bile acid
regulation via the bile salt hydrolase BSH (54-56). It is also
noteworthy that bile acids promote fatty acid transport and
absorption in the body (57). We also found that g_Streptococcus and
g_Pediococcus were significantly positively correlated (p <0.01) with
primary bile acids (GCA and TCA). These findings collectively
suggest that g_Streptococcus and g_Pediococcus may modulate the
synthesis of GCA and TCA, among other bile acids, potentially
impacting milk fat synthesis. However, additional research will
be required to verify the specific contribution of these genera in
milk fat synthesis.

Functional enrichment results in the KEGG analysis for the
colony revealed that the JAK-ATAT pathway was enriched in cows
containing B-casein Al. This pathway has been implicated in the
diabetes
inflammation, and immune regulation (58, 59). Type Al B-casein

occurrence of cardiovascular disease, mellitus,
has negative effects on gastrointestinal, endocrine, neurological,
and cardiovascular systems by promoting inflammation via the
JAK-ATAT pathway (9, 10). A2A2 genotype cows The genes
involved in inflammatory mediator-regulated and mTOR signaling
pathways of the TRP channel, which inhibit inflammation and milk
fat synthesis, respectively (60, 61). The high rate of milk fat in the
A2A2 genotyped cows and the suppressive effect of “A2 milk” on
the intestinal inflammation may contribute to this effect.

Taken together, these results suggest that the rumen fluid
characteristic flora and metabolites of A2A2 genotyped dairy cows are
involved in milk fat synthesis and inflammation inhibition. Studies
have demonstrated that the mechanisms and pathways of milk fat
synthesis are complex, and are not were understood. In this study,

significant correlations were observed between the rumen characteristic
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flora (g_Streptococcus, g_Pediococcus, g Acetobacter, and g_
Pseudomonas) and metabolites involved in milk fat rate (AA, adrenic
acid, taurocholic acid, and glycocholic acid) of the A2A2 genotypic
dairy cows. Furthermore, we found that the characteristic metabolite
AA enhances milk fat synthesis. However, this study only screened
rumen characteristic flora and metabolites without conducting a joint
analysis with serum and milk metabolites. In future, the characteristic
metabolites in serum and milk of A2A2-type cows need to
be investigated to identify biomarkers in rumen fluid and understand

the mechanisms of milk lipid synthesis in A2A2-type cows.

Conclusion

In conclusion, cows with the A2A2 genotype in herds with similar
body condition exhibited higher milk fat rates, with rumen signature
metabolites including AA, adrenic acid, taurocholic acid and
glycocholic acid, and signature genera including g_Acetobacter, g_
Pseudoxanthomonas, g Streptococcus and g_Pediococcus. Among
them, the signature metabolite AA promotes the synthesis of milk
lipids in BMECs, suggesting that they may serve as potential
biomarkers in the A2A2 genotyped cows.
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Different sources of alfalfa hay
alter the composition of rumen
microbiota in mid-lactation
Holstein cows without affecting
production performance

Shaokai La*, Hao Li", Yan Zhang?, Muhammad Abaidullah?,
Jiakuan Niu', Zimin Gao!, Boshuai Liu*, Sen Ma*??, Yalei Cui**?,
Defeng Li*?* and Yinghua Shi'?3*
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Alfalfa hay is a commonly used and important feed ingredient in dairy production.
To better expand the alfalfa supply market, it is of great significance to explore the
impact of alfalfa hay from different sources on dairy cow production performance.
This study compared the effects of imported alfalfa hay from America (AAH) and
Spain (SAH) on lactation performance and rumen microbiota of cows. Three
hundred and sixty healthy mid-lactation Holstein cows with similar body weight,
milk yield, and parity were randomly divided into two groups fed diets based on
AAH or SAH for a 70-day experimental period. Each group was composed of four
pens, with 45 cows in each pen. Daily records were kept for MY per cow and dry
matter intake per pen. Twelve randomly selected cows per group were sampled
to collect milk, feces, rumen fluid, and blood. The findings revealed no significant
differences between the two groups in terms of production performance, nutrient
apparent digestibility, serum biochemical indices, or rumen fermentation parameters.
However, rumen microbial composition differed significantly between the two
groups of cows based on $-diversity. On the genus level, the relative abundance of
Prevotella, Succinivibrionaceae_UCG-002 increased while that of NK4A214_group,
Ruminococcus, norank_f__F082 and Lachnospiraceae_NK3A20_group decreased
in the SAH group compared with AAH group. There was no significant correlation
between these core differential bacteria and the molar proportions of acetate
and propionate, the concentration of total volatile fatty acids, and milk yield. In
conclusion, the feeding effects of SAH were similar to those of AAH. These findings
provided a reference for the application of alfalfa hay from different sources and
for the improvement of the economic benefit of dairy farms.

KEYWORDS

alfalfa hay, lactation performance, ruminal fermentation, microbiota, dairy cow

1 Introduction

Alfalfa is widely used in animal husbandry due to its good palatability, low fiber content
and high protein concentration (ranging from 17 to 22%) (1). Feeding alfalfa can effectively
reduce the proportion of concentrates, especially that of high-protein ingredients in diets (2).
Therefore, alfalfa has become an irreplaceable forage in dairy farming, and the beneficial
impact of alfalfa hay on the milk performance of dairy cows has been widely recognized.
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The demand for premium alfalfa hay has increased significantly
in recent years due to a rise in the number of dairy cows and an
improvement in the milk yield (MY) of dairy cows (3). Typically,
dairy farms rely on multiple suppliers for their alfalfa, which
contributes to the stable operation of the farms. Dairy farmers need
to select alfalfa hay from different sources based on factors such as
price to maximize their benefits. Especially since the outbreak of the
COVID-19 pandemic, the price and supply stability of alfalfa hay
were challenged due to transportation issues and other factors. As a
result, the substitution of alfalfa hay from different sources had
become more frequent. It is well known that the impacts of alfalfa
on production performance in dairy cows are not fixed, as its
nutrient composition is variable due to breed (4), storage methods
(5) and harvest period. For example, Vagnoni and Broderick (6)
found that more crude protein was degraded in the rumen in cows
given alfalfa silage than in those given alfalfa hay, while cows given
alfalfa hay had greater dry matter intake (DMI). Additionally,
previous studies have conducted trials comparing alfalfa hay with
other forages such as wheat straw and peanut seedlings (7-9).
However, there have been few studies that compare how alfalfa hay
from various sources affects dairy cows. Despite similar nutritional
profiles, the frequent changes of alfalfa hay from various sources,
especially those from different countries, have raised concerns
among dairy farmers due to the potential threat to the stability of
dairy cow production performance.

Ruminants possess a unique physiological structure that
synergistically interacts with rumen bacteria to facilitate the
fermentation and degradation of forage into volatile fatty acids (VFA).
These VFA serve as a vital source of nutrition for ruminants (10).
Indeed, the fermentation of fiber in the rumen produces two different
lipogenic VFA: acetate and butyrate (11). A significant portion of
butyrate is converted into f-hydroxybutyrate within the rumen wall
tissue. This acetate and p-hydroxybutyrate serve as a substrate for
about half of the fat found in milk. Alfalfa hay, as a high-protein
forage, plays a crucial role in rumen microorganisms and thus affects
dairy cow production performance (12).

Therefore, this experiment compared the effects of different
sources of alfalfa hay imported from America (AAH) or Spain (SAH)
with similar nutrient composition on lactation performance, nutrient
apparent digestibility, serum biochemical indices, ruminal
fermentation, and microbiota of dairy cows. We hypothesize that
alfalfa hay from different sources with similar nutritional profiles will
not impact dairy cow production performance, providing dairy
farmers with more options to enhance the economic efficiency of the
dairy farm.

2 Materials and methods

2.1 Alfalfa hay

The alfalfa hay used in this study, obtained from Spain and the US,
respectively, was bought from Literana, LLC and Stone Wings II,
LLC. We purchased 60 tons each of American and Spanish alfalfa hay,
with 60 bales of each. We randomly selected 10 bales, and collected
500 g samples from the upper, middle and lower layers of each bundle,
and mixed them for the determination of nutritional composition.
Table 1 shows the nutrients present in alfalfa hay.
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TABLE 1 Nutrient composition of alfalfa hay.

Item C AMH sAR
Dry matter (DM) 90.52 91.92
Crude protein (% DM) 16.39 17.74
Neutral detergent fiber (% DM) 32.17 35.52
Acid detergent fiber (% DM) 24.35 26.53
Ether extract (% DM) 1.72 1.63
Calcium (% DM) 2.03 1.65
Phosphorus (% DM) 0.29 0.30
Relative feed value® 202.2 178.7

“AAH, American alfalfa hay; SAH, Spanish alfalfa hay.
"Relative feed value was calculated based on the contents of acid detergent fiber and neutral
detergent fiber.

2.2 Cows, experimental design and diets

This study was approved by the Institutional Animal Care and Use
Committee of Henan Agriculture University (Zhengzhou, China)
(Approval Number: HNND2021062812). The trial was conducted in
Xincai Ruiya Animal Husbandry Farm, Henan Province. Three
hundred and sixty healthy mid-lactation Holstein dairy cows
(MY =21.98 +5.02kg; days in milk=208+19.42 d; parity=2.34+0.47,
mean + SD) were randomly assigned to two groups (four replicates in
each group and 45 cows in each replicate) fed diets based on AAH or
SAH. The trial lasted 70 days, with 10 days for adaptation and 60 days
for collecting data and samples. Dietary composition and nutrient
levels are shown in Table 2. All cows were fed twice daily (07:00 and
19:00h) and milked 3 times (06:30, 14:30, and 22:30h) a day, and
given access to water at all times. The barn was cleaned and disinfected
once a week.

2.3 Collection of data and samples

During the collection period, the feed offered and rejected for
each replication was noted daily to determine DMI. The MY of each
of the 360 experimental cows was recorded daily. In addition, total
mixed ration (TMR) samples were collected daily. After the
experiment ended, the TMR samples were mixed in proportion for
determining the nutritional composition of TMR. To determine
whether there were differences in milk composition, apparent nutrient
digestibility, and rumen microbiota between the two groups of cows,
12 cows were randomly selected from each group (three cows were in
each repetition) for samples of milk, feces, blood, and rumen fluid.
Milk samples were collected on day 0, 14, 28, 42, 56, and the last 4 days
of the experiment. For each cow, 40 mL of milk samples was collected
per collection day (in a 4:3:3 ratio in the morning, midday, and
evening) and placed in a centrifuge tube containing potassium
dichromate preservative. The milk samples were refrigerated at 4°C
for milk composition analysis. Fecal samples were collected 4 times a
day (06:00, 12:00, 18:00, and 24:00h) during the last 4days of the
experiment. Approximately 250 g of feces were collected per cow each
time using a rectal sampling method, mixed, and 120g of the fecal
samples were weighed and mixed with 30 mL of 10% tartaric acid. The
feces samples collected over the 4 d were separately mixed at the end
of the experiment for chemical analysis. Blood was collected through
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TABLE 2 Ingredient and chemical composition of experimental diet.

Item C MH SARe
Ingredients (% DM)
Corn silage 31.11 31.09
Brewer’s grain 4.00 4.00
Oat hay 5.00 5.00
Corn grain, ground 7.30 7.29
Alfalfa hay 12.83 12.88
Soybean hull 4.45 4.45
Soybean meal 4.24 4.24
Cottonseed cake 4.34 4.33
Sodium bicarbonate 0.71 0.71
Concentrate supplement® 26.02 26.01
Chemical composition (% DM)
Crude protein 14.91 14.93
Neutral detergent fiber 47.10 47.00
Acid detergent fiber 1931 20.34
Calcium 0.82 0.89
Phosphorus 0.38 0.38
NEL® (MJ/kg) 6.66 6.65

*AAH, American alfalfa hay; SAH, Spanish alfalfa hay.

Contained per kg premix dry matter: 31.3mg Co, 343.5mg Cu, 2, 258 mg Fe, 1, 160 mg Mn,
1,534mg Zn, 40.3mg I, 17.7mg Se, 317.4 KIU vitamin A, 80.8 KIU vitamin D, and 3, 0301U
vitamin E.

‘NEL, net energy for lactating cow.

the caudal vein with 5mL vacuum tubes before morning feeding on
the last day of the trial. The blood was immediately sent to the
laboratory and centrifuged at 3,000 x g for 15min at 4°C. And then
serum was gathered into 2mL centrifuge tubes and kept at —20°C
until assayed. Rumen fluid was collected on the last day of the trial
using a gastric tube with an exterior diameter of 1cm, an internal
diameter of 0.8 cm, and a length of 300 cm, 2 h after morning feeding.
To prevent saliva pollution, about 200mL of rumen fluid from
individual cows was removed and discarded. Next, 200 mL of rumen
fluid was collected in a 500 mL beaker and immediately sent to the
laboratory for pH analysis using a PHS-10 meter (Sartorius, Géttingen,
Germany) and recording. After filtration through 4 layers of gauze, the
rumen fluid was divided into 3 portions, each containing 10 mL. These
samples were then frozen and stored at —80°C for subsequent
determination of VFA and ammonia (NH;-N), as well as for 16S
rRNA sequencing.

2.4 Analytical methods

The concentrations of dry matter (DM), ether extract and acid
detergent fiber in alfalfa hay, feces and TMR samples, as well as the
acid insoluble ash in feces and TMR samples, were determined using
the methods described in AOAC (13). The concentration of neutral
detergent fiber in alfalfa hay, feces, and TMR samples was determined
using the method of Van Soest et al. (14). The concentrations of crude
protein and nitrogen were determined using an automatic Kjeldahl N
analyzer (SKD-2000, Haineng Experimental Instrument Technology

Frontiers in Veterinary Science

10.3389/fvets.2024.1433876

Co., Ltd., Shanghai, China). The concentrations of calcium and
phosphorus in alfalfa hay and TMR were analyzed based on the
method of Mattioli et al. (15). Acid insoluble ash was used as an
endogenous indicator, according to the formula: the apparent
digestibility of a nutrient (%) = 100 — 100 x the nutrient concentration
in feces (%)xacid insoluble ash concentration in TMR (%)/the
nutrient concentration in TMR (%)/acid insoluble ash concentration
in feces (%), calculating the apparent digestibility of crude protein,
ether extract, acid detergent fiber, and neutral detergent fiber.

An automated near-infrared milk analyzer (Seris300 CombiFOSS;
Foss Electric, Hillerd, Denmark) was employed to measure the
concentrations of milk fat, protein, lactose, milk solids, milk urea
nitrogen (MUN), and somatic cell count in milk samples delivered to
the Dairy Herd Improvement Testing Center in Henan Province.
Serum concentrations of glucose, total protein, albumin, globulin,
triglyceride, cholesterol, non-esterified fatty acids, f-hydroxybutyrate,
urea, alanine aminotransferase and aspartate aminotransferase were
assessed using commercially available assay kits obtained from
Nanjing Jian Cheng Biological Technology Co. (Nanjing,
Jiangsu, China).

For the rumen fluid samples used for the determination of VFA,
after thawing at 4°C, they were treated with 25% metaphosphoric acid.
Then, the concentrations of VFA (acetate, propionate, butyrate,
isobutyrate, valerate, and isovalerate) were determined using a
German Sykam ion chromatograph and a Dionex AS11-HC column
(4 %250 mm, Thermo Fisher Science, Waltham, MA, United States).
The following chromatographic circumstances applied: a column
temperature of 30°C, a flow rate of 1 mL/min, and an injection volume
of 10 pL; the mobile phase was 0.1 mmol/L and 50 mmol/L NaOH
solutions. The former was maintained for 28 min and the latter for
5min. Finally, 0.1 mmol/L of NaOH solution was maintained for
10 min. For the rumen fluid samples used for the determination of
NH;-N, after thawing at 4°C, the NH;-N concentration was
determined using a UV-2100 spectrophotometer (UV2100, Shanghai
Younike Instrument Co., Ltd., Shanghai, China) according to
AOAC (13).

2.5 DNA extraction and 16S rRNA gene
sequencing

Six rumen fluid samples were randomly selected from each group
for DNA extraction and 16S rRNA gene sequencing. According to the
manufacturer’s instructions, total bacterial DNA from rumen fluid
was obtained using the E.ZN.A.® soil DNA Kit (Qiagen,
United States). The NanoDrop-2000 UV-vis spectrophotometer
(Thermo Scientific, Wilmington, United States) was used to detect
DNA concentrations. Additionally, 1% agarose gel electrophoresis was
used to evaluate DNA quality. The bacterial V3-V4 region of the 16S
rRNA gene was amplified using primers for 338F
(5"-ACTCCTACGGGAGGCAGCAG-3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3’) at a temperature of 55°C, as
previously described (16). Following purification and quantification,
PCR products were used by Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China) to build libraries and sequence them on the
Mumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina,
San Diego, United States) in accordance with the established protocols.
All results were based on sequenced reads and operational taxonomic
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units. The BioProject accession number for the 16S rRNA sequencing
data, which was uploaded to the NCBI database, is PRINA898964.

2.6 Processing of sequencing data

The optimized sequences were obtained by double-end sequence
quality control splicing of sequencing results (17) and using FLASH
version 1.2.7 (18). The optimised sequences were based on the
silval38/16s_bacteria species classification database and subjected to
operational taxonomic unit (OTU) clustering analysis (confidence
level 0.7) at 97% similarity using UPARSE version 7.1 (19, 20), and a
table of OT'U species classification statistics was generated by drawing
parity at the minimum number of sample sequences. Species number
analysis, Alpha diversity analysis (Chaol and Simpson indices), Beta
diversity analysis (principal co-ordinates analysis), community
composition analysis and mapping were carried out on the online tool
of Majorbio Cloud Platform." Venn diagrams, which visually display
the numbers of common and unique OTUs among groups, and the
rarefaction curve (Shannon index) were drawn by R software (version
3.3.1). For the purpose of illustrating the variety and abundance of
microbial communities, Chaol and Simpson indices were calculated
by Mothur (version 1.30.2) (21). Subsequently, the Bray-Curtis
distance was calculated using Qiime software (version 1.9.1), and the
principal co-ordinates analysis plot was generated using R software
(version 3.3.1). The Vegan package based on the R software (Version
3.6.0) was used to test the differences in the microbial community
structure among different treatments through ANOSIM. The relative
abundance of phyla and genera was shown by barplot and heatmap,
which were drawn by R software (version 3.3.1). The Wilcoxon
rank-sum test method was used to analyze and identify the differences
between the two groups. To calculate the impact of species abundance
on the difference effect at the genus level, linear discriminant analysis
effect size (LEfSe) and linear discriminant analysis were used.
Spearman correlation coeflicients were calculated between the top 20
species at the genus level and various ruminal fermentation parameters,
as well as milk yield and milk composition using R language vegan
package (version 3.3.1) and displayed on the heatmap. To predict
functions of the ruminal microbiota, PICRUSt2 predictions of function
were obtained based on the KEGG database.” The differences in KEGG
pathways between two groups were assessed by two-sided Welch’s
t-test using STAMP software (version 2.1.3). Storey’s false discovery
rate method was used for multiple test corrections as recommended
by the STAMP developers. The top 20 important biological information
(functional) was selected by sorting based on effect sizes (22).

2.7 Statistical analysis

Daily MY of 360 cows and DMI per replicate throughout the
experiment were used for statistical analysis. Data from 24 cows used for
sample collection showed no outliers (data points outside +3 standard
deviations from the mean), and their MY, milk composition, blood

1 https://cloud.majorbio.com/page/tools/

2 http://www.genome.jp/kegg/
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biochemical parameters, and rumen fermentation parameters were used
for statistical analysis. The measurements of milk composition, blood
biochemical parameters, and rumen fermentation parameters were
repeated at least 3 times. The normality test and the variance
homogeneity test were carried out using the PROC UNIVARIATE
model and the PROC DISCRIM model, respectively. According to the
characteristics of the data, one - way ANOVA or nonparametric test was
performed using the PROC MIXED model, and the results were
expressed as means. p-values >0.05 and <0.10 were considered a
significant trend, while p-values <0.05 were considered significant.

3 Results

3.1 Influence on production performance
and nutrient digestibility

During the experiment, it was observed that alfalfa hay from
different sources had no significant effect on the DMI (Figure 1A) and
daily MY (Figure 1B) of the two groups of dairy cows (p >0.05). This
consistency was maintained throughout the entire collection period.
Similarly, in the final 4days of the experiment, there were no
differences in MY among the cows used for sample collection (p >0.05,
Table 3). Furthermore, the analysis revealed no differences in milk
components between the two dairy cow groups on specific days of the
collection period, including days 14, 28, 42, 56, and the last 4 days
(p >0.05, Figure 2 and Table 3). This finding also extended to the
apparent digestibility of nutrients, indicating that the source of alfalfa
hay had no significant impact on this aspect as well (p >0.05, Table 3).

3.2 Influence on blood biochemical
indicators and rumen fermentation
parameters

The serum concentrations of glucose, total protein, albumin,
globulin, triglycerides, cholesterol, non-esterified fatty acids,
B-hydroxybutyrate, and urea, as well as the activities of alanine
aminotransferase and aspartate aminotransferase, showed no
significant differences between the two groups of dairy cows (p > 0.05,
Table 4). Similarly, rumen pH remained within the normal range and
did not vary significantly between the groups (p >0.05, Table 5). The
rumen fermentation parameters were generally similar between the
two groups, with the exception of isovalerate molar proportion, which
was significantly higher in the SAH group compared to the AAH
group (p =0.007). Other fermentation parameters did not show
statistically significant differences (p >0.05).

3.3 Influence on the phylum-level diversity
and composition of the rumen microbiota

The analysis of 12 rumen fluid samples resulted in 602,999 high-
quality sequences after quality control, with an average sequence
length of 417bp and 251,558,244 bases. Taxonomic analysis at a 97%
similarity threshold identified 1,981 OTUs across various taxonomic
levels: Domain (1), Kingdom (1), Phylum (17), Class (34), Order (86),
Family (149), Genus (304), and Species (589). Among these, the two
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FIGURE 1
Comparison of different sources of alfalfa hay on dry matter intake [DMI, (A)] and milk yield [MY, (B)] in dairy cows. AAH, American alfalfa hay; SAH,
Spanish alfalfa hay.

groups together had 1,745 OTUs, with 151 unique to the AAH group
and 85 unique to the SAH group (Figure 3A). The alpha diversity,
assessed using the Shannon index, approached a plateau, indicating
sufficient sequencing depth (Figure 3B). The Chaol index was
significantly higher in the AAH group compared to the SAH group
(p <0.05, Figure 3C), while the Simpson index showed no significant
difference between the groups (p >0.05, Figure 3C). The principal
co-ordinates analysis plot revealed distinct clustering of the AAH and
SAH groups (Figure 3D). In terms of phylum composition, both
groups were dominated by Bacillota and Bacteroidota, which together
constituted over 86% of the microbiota in each group (Figure 3E).
Significant differences were observed between the groups: the SAH
group had higher relative abundances of Bacteroidota (Figure 3G),
Proteobacteria (Figure 3H), and Fibrobacterota (Figure 3]) (p <0.05),
but lower relative abundances of Bacillota (Figure 3F) and
Actinobacteria (Figure 31) (p >0.05) compared to the AAH group.

3.4 Influence on composition and
difference at the genus level of rumen
microbiota

The five most abundant genera in the rumen of AAH group and
SAH group were Prevotella (12.65 and 25.76%), Succiniclasticum (6.31
and 6.18%), Rikenellaceae_RC9_gut_group (6.27 and 4.26%),
NK4A214_group (6.46 and 3.30%) and Ruminococcus (5.77 and 3.29%),
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respectively (Figure 4A). Microbiota profiles in the AAH group and the
SAH group showed distinct clustering patterns. Notably, most
dominant genera in the AAH group were from the Bacillota phylum,
whereas those in the SAH group predominantly belonged to the
Bacteroidota phylum (Figure 4B). Further analysis using LEfSe and
linear discriminant analysis revealed several genera with significantly
different abundances between the two groups (Figures 4C,D).
Specifically, cows in the SAH group showed a significant increase in the
relative abundance of Prevotella (Figure 4E) and Succinivibrionaceae_
UCG-002 (Figure 4]) (p <0.05), while the abundance of NK4A214
group (Figure 4F), Ruminococcus (Figure 4G), norank_f__F082
(Figure 4H), and Lachnospiraceae_NK3A20_group (Figure 4I)
(p <0.05) was significantly reduced compared to the AAH group.

3.5 Influence on the correlation between
ruminal microbes and DMI, milk yield, and
milk composition

The Spearman correlation analysis revealed that Prevotella and
Succinivibrionaceae_UCG-002 were significantly positively correlated
with isobutyrate, while Christensenellaceae_R-7_group,
Lachnospiraceae_NK3A20_group, norank_f__F082, NK4A214_group,
and Rikenellaceae_RC9_gut_group were negatively correlated with
isobutyrate (p <0.05). Additionally, Lachnospiraceae_NK3A20_group
showed a significant positive correlation with A/P (p <0.05), whereas
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TABLE 3 Comparison of different sources alfalfa hay on lactation
performance and nutrient digestibility in dairy cows.

Treatments? .
seme P
value
Milk yield (kg/d) 21.02 21.26 0916 0.899
Milk composition (%)
Milk protein (MP) 3.77 3.67 0.761 0.537
Milk fat (MF) 3.84 3.78 0.154 0.839
Lactose 4.70 4.50 0.126 0.428
Total solids 13.05 12.66 0.192 0.327
MUN¢ (mg/dL) 13.40 13.68 0.410 0.745
SCC? (x10%/mL) 22.84 25.10 3.986 0.785
ME:MP* 1.03 1.03 0.044 0.959
Nutrient digestibility (%)
Dry matter 70.24 68.28 1.899 0.270
Organic matter 72.78 70.75 1.959 0.302
Crude protein 76.25 74.20 1.420 0.421
Ether extract 80.49 78.97 2.291 0.757
Neutral detergent fiber 71.56 69.58 1.469 0.190
Acid detergent fiber 55.33 48.70 2.258 0.150

*AAH, American alfalfa hay; SAH, Spanish alfalfa hay.
YSEM, standard error of mean.

‘MUN, milk urea nitrogen.

4SCC, somatic cell count.

“ME:MP, the ratio of milk fat to milk protein.

Prevotellaceae_UCG-003 and Prevotellaceae_UCG-001 were positively
correlated with propionate (p <0.05) but negatively correlated with
A/P (p <0.05, Figure 5A). Moreover, the analysis indicated that milk
fat was significantly positively associated with norank_f__UCG-011,
Christensenellaceae_R-7_group, norank_f_Muribaculaceae, and
Rikenellaceae_RC9_gut_group (p <0.05). In contrast, Prevotella
exhibited a negative correlation with milk protein (p <0.05), while
Lachnospiraceae_NK3A20_group showed a positive correlation with
milk protein (p <0.05). Ruminococcus was found to have a significant
positive correlation with total solids (p < 0.05). However, no significant
correlation was observed between MY and rumen microorganisms
(p>0.05, Figure 5B).

3.6 PICRUSt predictions of ruminal
microbial functions

Based on the KEGG database, functional predictions of rumen
microorganisms were obtained using PICRUSt and analyzed with
STAMP software. The top 20 metabolic pathways with the highest
functional abundance were identified for comparison between the two
groups (Figure 6). The analysis revealed that 7 metabolic pathways
were significantly more abundant in the SAH group compared to the
AAH group. These pathways included biosynthesis of secondary
metabolites, amino sugar and nucleotide sugar metabolism, general
metabolic pathways, purine metabolism, alanine, aspartate, and
glutamate metabolism, and pyruvate metabolism. Conversely, eight
metabolic pathways were notably reduced in the SAH group relative
to the AAH group. These pathways included microbial metabolism in
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diverse environments, quorum sensing, carbon metabolism,
two-component systems, aminoacyl-tRNA biosynthesis, pyrimidine
and methionine metabolism, and

metabolism,  cysteine

ABC transporters.

4 Discussion

Imported alfalfa hay from America is widely used in the Chinese
dairy industry. Recently, SAH has become an important alternative
source to stabilize the alfalfa hay supply market, particularly in the
wake of the COVID-19 pandemic. Despite its utility, there are
concerns over the potential impacts of SAH on MY and milk quality,
which are crucial factors influencing dairy farmers’ income. Thus,
more research is needed to assess its dietary effects. This study aimed
to compare the feeding effects of two types of imported alfalfa hay:
SAH and AAH, by providing both hays to mid-lactation cows at a
12.88% dietary dry matter inclusion for a period of 60 days. Each hay
was designed to provide the same nutritional level to ensure a
fair comparison.

After 60 days of continuous monitoring on 360 dairy cows, the
MY of AAH-cows and SAH-cows changed from 21.52kg/d and
22.48kg/d to 21.00kg/d and 21.98kg/d, respectively, which was in line
with the expected MY fluctuations in mid-lactation cows (23).
Similarly, there were no significant fluctuations in DMI between the
two groups, with AAH-cows consuming approximately 22.24 kg/day
and SAH-cows consuming 22.47 kg/day. In addition, milk samples
were collected from 12 representative cows in each group to assess
milk composition. The analysis showed no significant differences in
milk fat percentage, milk protein percentage, or overall milk
composition between the SAH and AAH groups. These results
indicate that the effects of SAH on MY and milk composition are
comparable to those of AAH. This conclusion is supported by the lack
of significant differences in nutrient digestibility between the
two groups.

To further explore the feeding effects of AAH and SAH, the
representative indicators reflecting energy, protein and lipid
metabolism in the serum were detected in this study, which were not
affected by the different sources of alfalfa hay. In addition, there
were no significantly differences in the activity of alanine
aminotransferase and aspartate aminotransferase, which are
sensitive indicators of liver metabolism and heart health in animals.
Previous research has reported serum concentrations of glucose and
urea in mid-lactation cows to be around 3.2 and 4.6 mmol/L,
respectively (23). The results in this study align with these findings,
despite variations that can be influenced by the animal diet (24).
These results suggest that different sources of alfalfa hay do not
affect the normal physiological condition of dairy cows during
mid-lactation, further supporting the similarity in feeding effects
between AAH and SAH.

To further compare the effects of SAH and AAH on dairy cows,
rumen fermentation parameters were determined in this experiment.
The rumen, a specialized digestive organ in ruminants, plays a critical
role in the digestion process due to its large population of
microorganisms (25). In the rumen, carbohydrates are degraded to
produce VFA, such as propionic acid, acetate, and butyric acid, which
are the primary productive substances and make up 70-80% of the
total energy (26). In this study, the ruminal pH values for both groups
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Comparison of different sources of alfalfa hay on milk yield and milk composition in dairy cows. (A) Milk yield. (B) Milk fat. (C) Milk protein. (D) Lactose.
(E) Total soilds. (F) Somatic cell count (SCC). (G) Milk urea nitrogen (MUN). (H) The ratio of milk fat to milk protein (MF:MP). AAH, American alfalfa hay;
SAH, Spanish alfalfa hay. Milk composition analysis in milk simples of AAH and SAH cows on days 0, 14, 28, 42 and 56 of the trial.

of cows ranged from 6.51 to 6.56, which are conducive to the growth
of fibrolytic bacteria and effective fiber digestion (27). The results
showed that there were no significant differences in pH or total VFA
concentrations between the two groups. The stability of the rumen
micro-ecology in adult ruminants may be the reason for this finding
(28, 29). Additionally, the ratio of acetic acid to propionic acid, an
important indicator of rumen fermentation efficiency (30), was found
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to be similar between the two groups of dairy cows in the current
study, indicating that rumen fermentation was not affected by either
alfalfa hay type. Furthermore, ruminal NH;-N, a marker of protein
breakdown and microbial protein synthesis (31), showed no
significant differences between the groups. This result aligns with the
digestibility of crude protein. In summary, SAH did not cause changes
in rumen fermentation parameters.
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TABLE 4 Comparison of different sources alfalfa hay on serum
biochemical indices in dairy cows.

10.3389/fvets.2024.1433876

TABLE 5 Comparison of different sources alfalfa hay on ruminal
fermentation in dairy cows.

Treatments® Treatments!
SEM? p-value
AAH SAH AAH SAH
Glucose (mmol/L) 3.17 3.25 0.103 0.726 pH 6.51 6.56 0.068 0.731
Total protein (g/L) 77.4 82.0 1.738 0.227 Total VFA® (mM) 49.68 55.49 2.113 0.199
Albumin (g/L) 40.0 36.1 0.979 0.078 Mol/100 mol
Globulin (g/L) 37.4 45.8 2.587 0.139 Acetate (A) 62.01 60.97 0.689 0.346
Albumin/Globulin 1.08 0.82 0.064 0.068 Propionate (P) 21.76 22.29 0.457 0.574
Triglyceride (mmol/L) 0.198 0.160 0.011 0.124 Butyrate 13.65 13.79 0.331 0.265
Cholesterol (mmol/L) 4.96 4.50 0.314 0.477 Valerate 1.63 1.71 0.084 0.194
Non-esterified fatty acid Isobutyrate 0.291° 0.526° 0.034 0.007
0.110 0.103 0.010 0.755

(mmol/L) Isovalerate 0.660 0.703 0.054 0.698
B-hydroxybutyrate (mmol/L) 0.708 0.633 0.033 0.291 A:p* 2.88 2.74 0.090 0.467
Urea (mmol/L) 5.40 5.07 0.217 0.474 Ammonia N

9.33 11.27 1.217 0.460
Alanine transaminases (U/L) 284 27.7 1.714 0.835 (mg/100 mL)
Aspartate transaminase (U/L) 77.6 97 7.577 0.233 **Means with different superscripts in each row differ significantly (p <0.05).

'AAH, American alfalfa hay; SAH, Spanish alfalfa hay.

AST/ALT 2.82 3.33 0.184 0.198 2SEM, standard error of mean.

*AAH, American alfalfa hay; SAH, Spanish alfalfa hay.
YSEM, standard error of mean.
“AST/ALT, alanine transaminase/aspartate transaminase.

To demonstrate the abundance of microbial species in the rumen
fluid samples, a rarefaction curve was constructed between the
quantity of sequences obtained through random sampling and the
Shannon indices of diversity. A flat curve indicated that the sequencing
depth was sufficient and had captured most of the OTUs. Furthermore,
we evaluated the alpha diversity to determine if different sources of
alfalfa hay influenced microbial diversity in the rumen. The Chaol
index, which reflects the total number of species (32), showed
significant differences between the two groups. The rumen microbial
communities in the AAH and SAH groups were significantly different
according to the B-diversity analysis. These findings indicate that the
source of alfalfa hay affected the abundance, composition, and
structure of the rumen microbial community.

In this study, 16S rRNA sequencing revealed that Bacteroidota and
Bacillota had the greatest percentage of bacteria in the ruminal flora
at the phyla taxonomic level (33, 34). Bacteroidota are primarily
involved in breaking down intricate macromolecular organic
materials, such as the conversion of carbohydrates into
monosaccharides. Meanwhile, Bacillota produce extracellular
enzymes, including proteases, lipases, and cellulases, which help
hydrolyze proteins, lipids, amino acids, and hemicellulose (35). At the
phylum level, Bacillota and Bacteroidota were the dominant bacterial
groups in the rumen in this study. Specifically, the relative abundance
of Bacillota was 56.35 and 40.88% in the AAH and SAH groups,
respectively, while Bacteroidota constituted 35.99 and 46.64% in these
groups. These findings are in line with findings from previous
studies (16).

Ruminal microecological studies have proposed the existence of a
core ruminal microbiome and have reported significant changes in the
abundance of core bacterial genera between animals (36). Due to
differences in diet, days in milk, parity, and sample size, the core rumen
microbes can differ across studies to varying extents (37). Prevotella
and Succinivibri-onaceae_ UCG-002, which are more abundant in the
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*VFA, volatile fatty acids.
“A:P, acetate/propionate.

SAH group at the genus level in the rumen, may be the core differential
bacteria. Prevotella, belonging to the Bacteroidota, can decompose plant
proteins, peptides, hemicellulose and pectin into acetic acid, succinic
acid and a small amount of isobutyrate, which are directly utilized by
dairy cows (16). According to Calabro et al. (38), the higher Provetella
content in the SAH group could be due to the higher hemicellulose
content in this study. Succinivibrionaceae_UCG-002, belonging to the
Bacillota, is a typical fiber-degrading bacterium that breaks down fiber
and cellobiose into succinic acid, acetic acid and carbon dioxide (39).
Correlation analysis revealed a significant positive relationship between
the abundance of Prevotella and Succinivibrionaceae_ UCG-002 and the
isobutyrate molar proportion in the rumen. The SAH group exhibited
a higher isobutyrate molar proportion compared to the AAH group. In
addition, NK4A214_group, Ruminococcus, norank_f_F082 and
Lachnospiraceae_NK3A20_group were more prevalent in the AAH
group and might represent the core differential bacteria in this study.
Ruminococcus and NK4A214_group, belonging to the Bacillota, are
beneficial bacteria in the rumen, efficiently degrading starch and fiber,
respectively, and producing VFAs to provide energy to the animal (40).
Norank_f__F082 and Lachnospiraceae_NK3A20_group are similarly the
main components of rumen microbiota in ruminates and are closely
related to VFA production (41, 42). In this study, NK4A214_group,
Ruminococcus, norank_f__F082 and Lachnospiraceae_NK3A20_group
were significantly negatively correlated with isobutyrate molar
proportion. However, these core differential microorganisms were not
significantly correlated with total VFA, molar proportions of acetate
and propionic acid, and MY. In fact, except for the isobutyrate molar
proportion, there were no other significant differences between the two
groups in the rumen fermentation parameters. This indicated that
changes in these core microorganisms did not alter ruminal
fermentation patterns, which is one of the reasons why different sources
of alfalfa hay did not cause changes in cow performance. Future studies
could explore combining alfalfa hay from various sources with other
feed ingredients to enhance efficiency by altering rumen microbial
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Comparison of different sources of alfalfa hay on ruminal microbiota in dairy cows. (A) Venn diagram of rumen microbiota on OTU level in the two
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composition and improving dairy cow feed efficiency, which is an ~ between the two groups. Feeding SAH significantly up-regulated
approach to refined feeding. functions related to the biosynthesis of secondary metabolites, amino

We investigated the impact of different alfalfa hay sources on  sugar and nucleotide sugar metabolism, metabolic pathways, purine
ruminal microbial metabolic pathways in dairy cows. Using STAMP  metabolism, alanine, aspartate, and glutamate metabolism, as well as
software to analyze microbial functions, we found notable differences ~ pyruvate metabolism. Conversely, feeding AAH led to significant
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Analysis of the correlation between the rumen microbiota and milk yield, milk composition, and rumen fermentation parameters. (A) Correlation
analysis of rumen microbiota with milk yield and milk composition. (B) Correlation analysis of rumen microbiota with rumen fermentation parameters.
*0.01<p<0.05; ** 0.001<p<0.01.

up-regulation of microbial metabolism in diverse environments, 5 Conclusion

quorum sensing, carbon metabolism, two-component systems,

aminoacyl-tRNA biosynthesis, pyrimidine metabolism, cysteine and We found that the SAH and AAH with the similar nutritional
methionine metabolism, and ABC transporters. Despite these levels had the same feeding effects, as evidenced by no significant
differences in microbial composition and metabolic functions, there  differences in MY, milk composition, blood biochemical parameters,
were no changes in MY, DMI, blood biochemical parameters, or ruminal ~ or rumen fermentation parameters between the two groups of dairy
fermentation patterns between the two groups. Further investigationis ~ cows. However, the relative abundances of Prevotella,
needed to understand and verify the reasons behind these findings. Succinivibrionaceae_UCG-002, NK4A214_group, Ruminococcus,
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The top 20 metabolic pathways involved by rumen microbes in the two groups of dairy cows at KEGG level 3. AAH, American alfalfa hay; SAH, Spanish

norank_f_F082 and Lachnospiraceae_ NK3A20_group were changed
significantly between the two groups. Despite these changes, no
significant correlation was found between these microbial variations
and milk yield. These findings provided reference for the application
of alfalfa hay from different sources, the improvement of economic
benefit of dairy farm and expansion of the alfalfa supply market.
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Effects of moringa
polysaccharides on growth
performance, immune function,
rumen morphology, and
microbial community structure in
early-weaned goat kids

Jinyang Liu?, Jinyu Chen?, Sicheng Fang?, Baoli Sun?, Yaokun Li?,
Yongqing Guo!?, Ming Deng?, Duoen Zhou?, Dewu Liu'* and
Guangbin Liu'*

!College of Animal Science, South China Agricultural University, Guangzhou, China, ?Guangdong
Leader Intelligent Agriculture Co., LTD, Qingyuan, China

The aim of this research was to investigate the effects of adding moringa
polysaccharides (MOP) on the growth performance, immune function, rumen
tissue morphology, and rumen microbial community in early-weaned goat kids.
Twenty-one 7-day-old Leizhou male goat kids weighing (3.05 + 0.63) kg, were
randomly divided into a control group (CON group), a low-dose group (LOW
group), and a high-dose group (HIG group). MOP was added to the goat kids’
milk replacer (MR) at O, 0.15, and 0.3% (on dry matter basis),fed until 60 days of
age, and four goat kids in each group with body weights close to the mean of
each group were selected for slaughter. The results showed that, compared to
the CON group, the MOP groups significantly improved final body weight, body
measurements, daily weight gain, and feed intake of the early weaned goat kids;
significantly reduced the content of propionic acid, butyric acid, valeric acid, and
ammoniacal nitrogen; and in addition, the addition of MOP could significantly
increase the height of rumen nipple, the content of immunoglobulin G (IgG) in
the serum. The HIG group significantly increased rumen pH, rumen muscularis
layer thickness, rumen wall thickness, and serum immunoglobulin A (IgA), and
immunoglobulin M (IgM). In conclusion, the addition of MOP positively impacted
the growth performance, serum immune function, and rumen tissue morphology
in early-weaned goat kids.

KEYWORDS

moringa polysaccharide, goat kid, immune function, rumen morphology, rumen
microbiota

1 Introduction

As a unique digestive organ of ruminants, the development of rumen plays an important
role in the health and digestive function of young ruminants. Early weaning of lambs can
shorten the reproductive cycle of ewes and increase lambing frequency (1), and at the same
time promote the development of rumen structure and function (2, 3). However, mother lamb
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separation and changes in feed type can easily cause stress in early
weaned lambs (4), which not only reduces the immunity and growth
rate of lambs, but also results in the underutilization of nutrients and
blockage of the immune system during the weaning period, which can
easily lead to diseases such as intestinal pathogenic bacterial infections,
intestinal homoeopathy imbalance and diarrhea, and even cause death
(5-7). Antibiotics have been widely used to treat and prevent diarrhea
in lambs (8), but the frequent use of antibiotics not only causes great
damage to the balance of intestinal flora and immune system in lambs,
but also the antibiotic residues in the intestinal tract and feces of the
animals lead to the increased risk of bacterial microorganisms’
resistance, and these antibiotic residues of fecal matter and animal
products can cause great negative impacts on human beings and the
ecological environment (9). Under the Chinese government’s
antibiotic ban, finding natural active substitutes for antibiotics to
achieve healthy lamb farming is of great importance for the high-
quality development of the goat industry.

Moringa is a perennial deciduous tree of the Moringaceae family,
native to India, and nowadays it has been widely cultivated as a
multipurpose plant in different countries and regions (10, 11). All
parts of Moringa including leaves, rhizomes and seeds are rich in
functional polysaccharides, which are not only of high nutritional
value but also of medicinal value (10). The presence of ascorbic acid,
carotenoids and flavonoids, phenols and other types of antioxidant
compounds in the leaves of Moringa is a good source of natural
antioxidants (12). Polysaccharides extracted from Moringa are highly
bioactive and have anti-inflammatory, antioxidant, antimicrobial,
immunomodulatory and gastrointestinal protective properties (13).
Natural plant polysaccharides have strong immunomodulatory
functions and are considered as ideal drugs to improve immunity and
antitumor (14-16). The experimental results of Tian et al. (17) have
showed that MOP enhanced immunity, improved intestinal flora and
morphology, as well as modulated the metabolism in mice. Zhao et al.
(18) demonstrated that MOP could improve calf diarrhea, improve
immunity, improve intestinal flora as well as promote growth.

Therefore, we added different concentrations of MOP to explore
its effects on growth performance, serum antioxidant capacity,
immune capacity, gastrointestinal morphology and microbial
composition of 7-day-old weaned goat kids. In order to evaluate the
feeding value of MOP in early-weaned goat kids and determine the
appropriate addition amount of MOP in the actual production of goat
kids, it provides a theoretical basis for the more scientific and rational
application of MOP in goat industry.

2 Materials and methods

2.1 Ethics statement

All experimental procedures in this study were approved by the
Committee of Animal Experiments of South China Agricultural
University (No. 2023g032).

2.2 Experimental design and treatments

The feeding experiment was conducted from November 2023 to
January 2024 at a black goat farm in Qingyuan, Guangdong Province.
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During the trial period, the average temperature was 16.4°C (ranging
from 5 to 28.5°C) and the average humidity was 67.1% (ranging from
22 to 93%).

MOP was purchased from Xian Clover Biotech Co., Ltd. (Xian,
China), brown powder with 70% purity. Milk replacer (MR) was
purchased from Beijing Precision Animal Nutrition Research Center
(Beijing, China). Nutritional levels (dry matter basis): crude protein 27%,
crude fat 18%, crude ash 10%, calcium 1.5%, phosphorus 1.2%. The
starter diet was a granular compound feed formulated with reference to
the nutritional requirements of NRC (1994), and the composition and
nutritional levels of the basal ration are shown in Table 1.

Twenty-one 7-day-old Leizhou goat male goat kids of close weight
and good health were selected with an average initial weight of
(3.05+0.63) kg. The goat kids were randomly divided into three
groups of seven replicates of one goat kid.

The amount of MOP added was referred to the experimental
results of Guo et al. (5). The control group (CON group) was fed milk
replacer. The low dose group (LOW group) was fed milk replacer
supplemented with 0.15% of their daily dry matter intake (DMI) of
MOP. The high dose group (HIG group) was fed milk replacer
supplemented with 0.3% of their daily dry matter intake (DMI) of
MOP. The goat kids were fed from 7 days of age to 60 days of age, with
a total experimental period of 54 days.

2.3 Feeding management

The test goat kids were suckled with their mothers until 7 days of
age, and were forced to wean at 7 days of age. The goat kids were fed
in separate pens (3.5m long, 2.5m wide and 1.5m high), with
partitions between the pens to prevent the groups from coming into
contact with each other. Each pen is equipped with a drinking trough
and trough for goat kids to freely eat open food, hay and sufficient
water. The troughs were cleaned and replaced every morning. Straw is
used as bedding for goat kids to lie on and is replaced every 2 days. All
goat kids were provided with free access to starter feed and received
an equal amount of milk replacer powder (2% of body weight) daily
at 08:00, 12:00, and 16:00. The milk replacer powder was reconstituted
with warm water at a 1:7 (weight/volume) ratio, thoroughly mixed
until fully dissolved, and then dried at room temperature to 40°C. The
reconstituted milk replacer was administered via a 250 mL bottle.

TABLE 1 Composition and nutritional levels of the starter feed (air-dry

basis).
Corn 46.40
Soybean meal 15.60
DDGS 10.35
Dried whey 20.25
CaHPO, 1.00
Limestone 0.81
NaCl 4.09
Choline chloride 0.50
Premix 1.00
Total 100.00
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The sanitation of the pens was carried out according to the
management measures of the farm, and was cleaned and disinfected
regularly. The goat pens were cleaned and disinfected regularly
according to the farm management measures, and the goat were
immunized according to the normal immunization procedures.

2.4 Experimental methods and parameter
measurements

2.4.1 Feed intake measurement

Feed samples, including hay, milk replacer, and starter, were
collected weekly during the trial and mixed at the end of the trial.
The feed intake of each group of goat kids was recorded daily. The
collected feed samples were oven dried at 65°C to constant weight,
pulverized and then determined for dry matter, crude ash, crude
protein, crude fat, acid detergent fiber, neutral detergent fiber,
calcium and phosphorus with reference to the assay method of
Horwitz et al. (19).

2.4.2 Growth performance measurement

Goat kid fasting weight and body measurements were determined
at the beginning of the trial (i.e., when goat kids were 7 days old), and
at the end of the trial (i.e., when goat kids were 60 days old) prior to
morning feeding, and the average daily weight gain of the test goat
kids was calculated.

2.4.3 Blood sample collection and analysis

Blood was collected from the jugular vein of the goat kids before
morning feeding on the 60th day of the experiment using a
procoagulant blood collection tube, centrifuging at 3,000g at 4°C for
15min, and the serum was centrifuged and collected for the
determination of biochemical, antioxidant, and immunological
indices. Total protein (TP), albumin (ALB), globulin (GLB), urea
nitrogen (BUN), glucose (GLU), triglyceride (TG), total cholesterol
(TC), high-density lipoprotein (HDL) cholesterol, low-density
lipoprotein (LDL) cholesterol, alanine aminotransferase (ALT),
alanine oxalate aminotransferase (AST), and creatinine (CRE) were
measured by using an automated biochemistry instrument (Zecheng
CLS880); total antioxidant capacity (T-AOC) in serum was
determined by 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) method (Item No.: A015-2-1); catalase (CAT) activity
was determined by ammonium molybdate method (Item No.: A007-
1-1); and superoxide dismutase (SOD) activity was determined by
Water-Soluble Tetrazolium Salt-1(WST-1)method (Item No.: A001-
3-2); Glutathione peroxidase (GSH-Px) activity (Cat. No.: A005-1-
2); Malondialdehyde (MDA) content was determined by
Thiobarbituric Acid (TBA) method (Cat. No.: A003-1-2); Serum
(IgA), (I15G),
immunoglobulin M (IgM) were determined by enzyme-linked

immunoglobulin A immunoglobulin G
immunosorbent assay (ELISA) Kkit; Serum The levels of
pro-inflammatory factor interleukin-2 (IL-2), anti-inflammatory
factor interleukin-6 (IL-6), tumor necrosis factor (TNF-a) and
y-interferon (IFN-v) in serum were determined by using the kit of
Nanjing Jianjian Institute of Biological Engineering, and the
absorbance was measured by using an enzyme labeling instrument
(RaytoRT-6100), and the specific procedures were carried out
according to the instructions of the kit.
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2.4.4 Collection and analysis of rumen tissue and
rumen contents

Goat kids were euthanized and dissected for sampling within
15 min. Post-dissection rumen pH was determined using a pH meter
(FE28, METTLER TOLEDO INSTRUMENTS CO., LTD., Shanghai,
China). Goat kid rumen content samples were stored in liquid
nitrogen for subsequent DNA extraction. Rumen fluid samples
obtained by filtration using four layers of gauze were stored at —20°C
for subsequent determination of fermentation parameters.

The rumen ventral sac tissue (1.5x1.5cm?) of goat kids was
collected after autopsy with reference to the method of Li et al. (20),
and after rinsing with phosphate buffer solution (PBS), the rumen
tissue was fixed for 24 h in 4% paraformaldehyde solution, dehydrated,
transparent, and wax impregnated to obtain paraffin-embedded wax
blocks of rumen tissue.

2.5 Morphology and measurement of
rumen tissue

The embedded wax block was cut into 4pm thick slices with a
paraffin slicer (RM2016), spread horizontally under 40°C warm water
in a spreader, and the slide fished the tissue and baked the slices in a
60°C oven. After the water baking dry wax baked and removed, the
slices were sequentially put into environmentally friendly dewaxing
solution I 20 min—environmentally friendly dewaxing solution II
20 min—anhydrous ethanol I 5min—anhydrous ethanol IT 5min—75%
alcohol for 5min, and washed with tap water. The slices were put into
HD constant dye pretreatment solution for 1 min, hematoxylin dyeing
solution for 3-5min, washed with tap water, differentiation solution for
differentiation, washed with tap water, return blue solution for return
blue, rinsed with running water; dehydrated with 95% alcohol for 1 min,
and stained into eosin dyeing solution for 15s; anhydrous ethanol
I2min—anhydrous ethanol II2min—anhydrous ethanol III2min—n-
butanol 12min—n-butanol II2min-dimethyl I2min-xylene II2min
transparent, neutral gum sealing, microscopic observation of histological
morphology and scanning and photographing using panoramic scanner
scanning software. The rumen papillae, papillae width, muscular layer
thickness, rumen wall thickness, cuticle thickness and calculated papillae
density, rumen papillae specific surface area using (Image-ProPlus6.0,
United States) analysis software, one field of view was selected for each
section, and histomorphology was counted in each field of view.

2.6 Measurement of rumen fermentation
parameters

The concentrations of acetic acid (AA), propionic acid (PA),
butyric acid (BA), valeric acid (VA), isobutyric acid (IBA), and lactic
acid (LA) were detected by gas chromatography (Agilent 7890B, NYSE:
A, Palo Alto, CL, United States) with reference to the method of Wang
etal. (21). A total of 0.2mL of 25% metaphosphoric acid was added to
I mL of rumen fluid sample and mixed properly. Subsequently, the
mixed samples were stored at —20°C for more than 24 h. The samples
were then centrifuged at 10,000 rpm for 10 min at 4°C, and 1.0mL of
the supernatant was filtered through a 0.45 pm membrane. The filtrate
was then injected into special gas phase vials where 0.4 pL of the
sample was automatically injected into the HP-INNOWax gas phase
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capillary column. The injector and detector temperatures were set to
250°C and 280°C, respectively, and the split ratio was set to 40:1. The
column was heated from 120°C to 250°C at 10°C/min. Ammonia-
nitrogen concentration (NH;-N in rumen fluid) was determined by a
colorimetric method as described by Ma et al. (22).

2.7 Determination of rumen microbial flora
in rumen contents

Total genomic DNA samples were extracted using the OMEGA Soil
DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, United States),
following the manufacturer’s instructions, and stored at —20°C prior to
further analysis. The quantity and quality of extracted DNAs were
measured using a NanoDrop NC2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis,
respectively. PCR amplification of the bacterial 16S rRNA genes V3-V4
region was performed using the forward primer 338F
(5-ACTCCTACGGGAGGCAGCA-3’) and the reverse primer 806R
(5-GGACTACHVGGGTWTCTAAT-3'). 7-bp
barcodes were incorporated into the primers for multiplex sequencing.
The PCR components contained 5 puL of buffer (5x), 0.25 pL of Fast pfu
DNA Polymerase (5U/uL), 2pL (2.5mM) of dNTPs, 1 pL (10 uM) of
each Forward and Reverse primer, 1 L of DNA Template, and 14.75pL

Sample-specific

of ddH20. Thermal cycling consisted of initial denaturation at 98°C for
5min, followed by 25 cycles consisting of denaturation at 98°C for 305,
annealing at 53°C for 305, and extension at 72°C for 45s, with a final
extension of 5min at 72°C. PCR amplicons were purified with Vazyme
VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified
using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad,
CA, United States). After the individual quantification step, amplicons
were pooled in equal amounts, and pair-end 2 x 250 bp sequencing was
performed using the Illlumina NovaSeq platform with NovaSeq 6,000
SP Reagent Kit (500 cycles) at Shanghai Personal Biotechnology Co., Ltd.
(Shanghai, China). The original 16S rRNA sequence data has been
submitted to NCBI with the accession number PRINA1159108.

2.8 Data processing and statistical analysis

Experimental data were organized and calculated using Excel
2019. Statistical analysis of the data was performed using SPSS 23.0
with one-way analysis of variance (ANOVA), and the results were
expressed as means and standard error of the mean (SEM). Duncan’s
method of multiple comparisons was used for the test of variance, and
Pp<0.05 was used to indicate significant differences.

3 Results

3.1 Impact of moringa polysaccharides on
the growth performance of goat kids

As shown in Table 2, initial body weight and milk replacer intake
did not differ significantly among groups (p >0.05); however, final
body weight, average daily gain, openings, and green hay intake were
significantly higher in the LOW and HIG groups compared to the
CON group (p <0.05).

Frontiers in Veterinary Science

10.3389/fvets.2024.1461391

TABLE 2 Effects of moringa oligosaccharides on the growth performance
of early weaned goat kids.

ltems CON LOW HIG SEM  p-Value

Initial BW 3.01 3.06 3.09 0.14
(kg)

Final BW
(kg)

ADG (g/d)

0.976

5.40" 6.95" 7.36" 0.30 0.009

44.96° 73.45° 80.54* 4.92 0.020

Milk 490.95 495.96 483.06 14.82 0.938
replacer
intake
(g/d)
Starter 284.11° 519.24* 582.39* 49.11 0.032
intake
(g/d)
Green hay 90.79" 165.29* 166.32* 10.68 0.003
intake

(g/d)

CON, the milk replacer (n=7); LOW, supplemented with 0.15% MOP in the milk replacer
(n=7); HIG, supplemented with 0.3% MOP in the milk replacer (n=7); BW, body weight;
ADG, average daily gain; X represents mean; SEM standard error of the mean. Same
lowercase letters within the same row indicate no significant difference (p>0.05), while
different lowercase letters indicate a significant difference (p <0.05). The same applies to the
following tables.

3.2 Effect of moringa polysaccharides on
serum biochemical parameters of goat kids

As shown in Table 3, the addition of MOP had no significant effect
on GLU, TP, ALB, BUN, TG, TC, HDL, LDL, ALT, AST and CRE
contents of goat kids (p>0.05), in which the TG content showed a
decreasing trend with the increase of MOP additions (p=0.088); GLB
content of the HIG group was significantly lower than that of the CON
group (p<0.05), the difference in GLB content between the LOW
group and the CON and HIG groups was not significant (p>0.05); the
A/C ratio of the CON group was significantly lower than that of the
LOW and HIG groups (p<0.05).

3.3 The effect of moringa polysaccharides
on serum antioxidant indices in goat kids

As shown in Table 4, the addition of MOP had no significant effect
on T-AOC and CAT contents of goat kids (p>0.05); the GSH-Px
content of the LOW group was significantly lower than that of the
CON group (p<0.05), and the difference was not significant compared
with that of the HIG group (p>0.05); and the contents of SOD and
MDA in the LOW group and the HIG group were significantly lower
than that of the CON group (p<0.05).

3.4 Effect of moringa polysaccharides on
the content of serum immunoglobulins
and cytokines in goat kids

As shown in Table 5, the effects of adding MOP on IFN-y, IL-2 and
IL-6 contents of goat kids were not significant among the groups
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TABLE 3 Effect of moringa polysaccharides on serum biochemical
parameters of goat kids.

Items CON LOW HIG SEM  p-Value
GLU 4.11 534 4.78 0.28 0.199
(mmol/L)

TP (g/L) 51.11 47.72 47.16 0.88 0.131
GLB (g/L) 32.81°* 29.87% 26.74° 1.05 0.028
ALB (g/L) 19.06 20.26 20.42 0.49 0.522
A/G 0.52° 0.71* 0.76* 0.04 0.021
BUN 7.31 7.88 6.25 0.34 0.125
(mmol/L)

TG 0.37 0.13 0.17 0.05 0.088
(mmol/L)

TC (g/L) 1.37 1.74 1.26 0.11 0.175
HDL 0.97 0.97 1.01 0.04 0.930
(mmol/L)

LDL 1.17 1.41 1.10 0.07 0.180
(mmol/L)

ALT (U/L) 27.83 28.19 31.41 0.78 0.105
AST (U/L) 106.54 90.40 92.87 3.61 0.137
CRE 13.41 6.20 7.24 1.68 0.166
(pmol/1)

CON, the milk replacer (n=3); LOW, supplemented with 0.15% MOP in the milk replacer
(n=3); HIG, supplemented with 0.3% MOP in the milk replacer (n=3).

TABLE 4 Effect of moringa polysaccharides on serum antioxidant indices
in goat kids.

Items CON LOW HIG SEM | p-Value
T-AOC 0.75 0.74 0.74 0.01 0.930
(U/L)

CAT (U/ 0.28 0.18 0.21 0.02 0.146
mL)

GSH-Px 105.67* 79.40° 97.91% 4.76 0.036
(mol/L)

SOD (U/ 195.34° 174.69" 172.11° 3.81 <0.001
mL)

MDA 2.55° 1.98° 2.02° 0.12 0.049
(nmol/mL)

CON, the milk replacer (n=3); LOW, supplemented with 0.15% MOP in the milk replacer
(n=3); HIG, supplemented with 0.3% MOP in the milk replacer (n=3).

(p>0.05); the IgA and IgM contents of the HIG group were significantly
higher than those of the CON group (p<0.05), and the IgA and IgM
contents of the LOW group were not significantly different from those
of the CON and HIG groups (p>0.05); the IgG and TNF-a content was
significantly higher than that of CON group (p<0.05), but the
difference between the two groups was not significant (p>0.05).

3.5 The effect of moringa polysaccharides
on rumen fermentation parameters in goat
kids

Rumen fermentation parameters are summarized in Table 6. There
were no significant differences among the Total VFA, AA, and IBA

Frontiers in Veterinary Science

10.3389/fvets.2024.1461391

groups (p >0.05). PA, BA, VA, and NH3-N in the CON group were
significantly higher than those in the LOW and HIG groups (p <0.05).
The AA:PA ratio in the HIG group was significantly higher than in the
LOW and CON groups (p <0.05). The pH value of the HIG group was
significantly higher than that of the CON group (p <0.05), but there was
no significant difference between the HIG and LOW groups (p >0.05).

3.6 Effect of moringa polysaccharides on
the morphology of goat kid rumen tissue

As shown in Figure 1, the CON group displayed short, thick,
irregular, and untidy rumen papillae. In contrast, the rumen papillae
in the LOW and HIG groups were elongated, neat, and relatively
regular. The effect of moringa polysaccharides on the morphology of
lamb rumen tissue is shown in Table 7. The differences among groups
in papilla width, cuticle thickness and specific surface area of rumen
papillae were not significant (p>0.05); papilla height in the HIG and
LOW groups was significantly higher than that in the CON group
(p<0.05); the thickness of the muscularis propria and the thickness of
the rumen wall in the HIG group was significantly higher than that in
the LOW and CON groups (p <0.05); and the density of papillae in
the CON group was significantly higher than that in the LOW and
HIG groups (p<0.05).

3.7 Effect of moringa polysaccharides on
the microbial flora of goat kids

In this experiment, 12 samples of rumen contents from goat kids
were sequenced and analyzed using IlluminaNovaseqMiseq platform,
and a total of 944,860 original sequences were obtained, and quality
control was performed on the obtained sequences, and a total of
878,895 valid sequences were obtained after removing low-quality,
short-length, and chimerism. The valid sequences were clustered into
OTUs according to 100% similarity, and a total of 7,670 OTUs were
obtained, of which 247 OTUs were common to the three treatments,
and 2,457, 2,433 and 2,215 OTUs were specific to the CON, LOW and
HIG groups, respectively (Figure 2A). The observed curves of the
species of the 12 samples are shown below, and the Rank Abundance
curves reflect the groups’ Differences in species uniformity and
abundance, as shown in Figure 2B, each sample was similar in
uniformity and abundance, and the above results indicate that the
sequencing depth of this study is sufficient and reasonable, and the
results are stable and reliable, and can be used for subsequent analysis.

3.8 Effect of moringa polysaccharides on the
alpha diversity of rumen microbiota in goat
kids

Alpha diversity indices are commonly used to assess the diversity
and richness of microbial species, and the value of Goods coverage
reflects the coverage of OTUs in the samples, and the larger the value
is, the more sufficient the sequencing data are, in this experiment, the
value of Goods coverage of all the samples was not less than 0.996,
which indicated that the depth of this sequencing could basically cover
all the species. The results of the indexes in this experiment are shown
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TABLE 5 Effect of moringa polysaccharides on the content of serum
immunoglobulins and cytokines in goat kids.
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TABLE 6 Effect of moringa polysaccharides on rumen fermentation
parameters in goat kids.

Items CON LOW HIG SEM p- Items CON LOW HIG SEM p-
Value Value
IgA (pg/ 34.38" 39.87% 44.70° 1.70 0.013 pH 5.54° 5.83% 6.01° 0.10 0.020
mlL) NH,-N 214.69* 70.02° 75.02° 25.67 0.003
IgG (pg/ 1568.44° 1932.73 1987.27° 76.07 0.016 (G/L)
mL) Total VFA 327.13 148.74 204.09 41.32 0.206
IgM (pg/ 17.61° 19.96% 2227 0.84 0.046 (mmol/L)
ml) Acetic acid 96.12 61.64 139.92 27.94 0.564
IEN-y (pg/ 42.85 40.70 4121 1.02 0.728 (mmol/L)
mL) Propionic 169.87° 65.01° 33.55° 20.00 0.001
IL-2 (pg/ 110.59 113.28 120.67 6.61 0.852 acid
mL) (mmol/L)
IL-6 (pg/ 249.33 240.37 244.36 5.20 0.825 Acetate: 0.53 1.36" 4.89* 0.68 0.004
mL) Propionic
TNF-a 549.02° 972.87* 865.95° 67.58 0.001 Butyric acid 38.13° 12.96° 19.94° 4.68 0.059
(pg/mL) (mmol/L)
CON, the milk replacer (n=3); LOW, supplemented with 0.15% MOP in the milk replacer Valeric acid 15.22° 5.50° 3.77° 1.98 0.019
(n=3); HIG, supplemented with 0.3% MOP in the milk replacer (n=3). (mmol/L)
Isobutyric 7.79 3.63 6.90 0.85 0.103
in Figures 2D-J, and the alpha diversity index did not produce acid
significant differences among treatment groups (p >0.05). (mmol/L)

3.9 Effect of moringa polysaccharides on
the beta diversity of rumen microbiota in
goat kids

PCoA is an unconstrained data dimensionality reduction method
that reflects the similarity between samples based on their distribution
distances on the graph. The closer the samples are on the graph, the
more similar they are. NMDS analysis focuses more on the ordinal
relationships between values and reflects the differences between
samples based on the distances between points. In this test the CON
group was not clearly distinguished from the other groups and the
three groups overlapped each other (Figure 2C).

PERMANOVA analysis was further used in this trial to explore
the beta diversity of rumen flora. The results are shown in Table 8, and
the differences between the groups were not significant (p>0.05).

3.10 Effect of moringa polysaccharides on
the composition of rumen microbiota in
goat kids

At the phylum level, Bacteroidetes and Fimicutes were the two
main phyla, accounting for more than 67% of the rumen flora of goat
kids (Table 9). The HIG group increased the relative abundance of
Bacteroidetes by 5.4% compared to the CON group, but there was no
significant difference at the phylum level of the phyla between the
groups’ differences (p>0.05) (Figure 3A).

At the genus level, the top 15 abundant genera were Prevotella,
Olsenella, Ruminococcaceae_Ruminococcus, Sharpea, Treponema,
Succinivibrio, Sphaerochaeta, Butyrivibrio, Fibrobacter, Megasphaera,
Succiniclasticum, Ruminobacter, YRC22, Anaerovibrio, and Schwartzia.
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CON, the milk replacer (n=4); LOW, supplemented with 0.15% MOP in the milk replacer
(n=4); HIG, supplemented with 0.3% MOP in the milk replacer (n=4).

The relative abundance results are shown in Table 10, the relative
abundance of Olsenella genus. Increased in the high LOW group
compared to the CON group, but there was no significant difference
in the bacterial flora between the groups at the genus level (p>0.05)
(Figure 3B).

3.11 Stomach microbiota LEfSe analysis

LEfSe analysis is a statistical method commonly used to analyze
differences between groups, which not only enables comparisons
between different subgroups, but also finds biomarkers that are
statistically different. In this study, LDA >2 was used as the threshold
value, and four differential bacteria were screened, which were three
families and one genus. Among them, the differential bacteria with
large LDA values mainly include the Ruminococcaceae family, Bacillus
genus, Staphylococcus genus, and Staphylococcaceae family (Figure 4).

4 Discussion

The rumen of ruminant animals plays a crucial role in nutrient
digestion and absorption, immune response, and host metabolism
(23). Ruminal development in ruminants at a young age is crucial and
may have long-term effects on their health and later growth and
development. According to Wang et al. (24) the addition of fermented
wheat bran polysaccharides (FWBPs) to milk replacer increased daily
weight gain and decreased feed to weight ratio in early weaned lambs.
Chen et al. (25) added Chinese medicinal polysaccharides (CMPs) to
increase the average daily weight gain of lambs and improved the lamb
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CON

FIGURE 1
The histological sections of the rumen tissue in goat kids.

TABLE 7 Effect of moringa polysaccharides on the morphology of goat kid rumen tissue.

ltems CON LOW HIG SEM p-Value
Rumen papillae height (mm) 0.91° 1.39° 1.46% 0.05 0.000
Rumen papillae width (mm) 0.49 0.48 0.48 0.01 0.819
Rumen muscular layer thickness (mm) 1.05° 0.97° 1.38° 0.06 0.004
Rumen wall thickness (mm) 2.42° 2.70° 3.14° 0.09 0.003
Stratum corneum thickness (mm) 0.0248 0.0237 0.0281 0.00 0.285
Rumen papillae density (items/mm?) 2.12° 1.53 1.48° 0.09 0.004
Rumen papillae surface area ratio 2.14 2.02 2.04 0.08 0.825

CON, the milk replacer (n=4); LOW, supplemented with 0.15% MOP in the milk replacer (n=4); HIG, supplemented with 0.3% MOP in the milk replacer (n=4).

performance. Zhao et al. (18) added MOP to significantly increase the
body weights of newborn calves. This is consistent with the significant
increase in daily gain, body weight, and body size observed with MOP
supplementation in this study. As the growth rate increases, nutritional
demand also rises correspondingly. Additionally, in the MOP-added
group, intake of green hay and other feeds increased significantly. This
suggests that the improvement in growth performance is attributed to
enhanced absorption and utilization of nutrients. Therefore, adding
MOP can improve nutrient absorption and has a significant impact on
promoting the growth and development of goat kids.

Changes in blood biochemical indicators can reflect alterations in
the metabolic capacity of the organism. The serum A/G ratio and ALB
content can reflect the protein synthesis of the organism, and the
decrease of its ratio and content may be related to chronic
inflammation caused by the accumulation of inflammatory cytokines
(26, 27). The significant increase in the A/G ratio in this experiment
indicated that the addition of MOP could reduce weaning stress in
lambs and avoid stress-induced oxidative damage to proteins and
lipids. Serum TG is a lipid metabolite (27). Addition of MOP in the
present study reduced serum triglyceride levels in lambs. This is
similar to the findings of Kwon et al. (28), which showed that plant
polysaccharides such as MOP can affect lipid metabolism, leading to
a decrease in serum TG content in goat kids. T-AOC, GSH-Px, SOD
and other enzymes have important antioxidant functions, and T-AOC
content can reflect the metabolic status of antioxidant free radicals,
while MDA content can reflect the degree of oxidative stress, when the
body undergoes oxidative stress, a large number of free radicals will
be generated, and free radicals will react with lipids to produce MDA,
which is the end product of lipid peroxidation, and the increase of
MDA content represents the decrease of TG content. MDA is the end
product of lipid peroxidation, and an increase in MDA content
represents an increase in the level of oxidative stress in the body (29-
31). In this study, there was no significant difference in the T-AOC
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content in the serum of goat kids among the groups, whereas the
addition of MOP decreased the GSH-Px, SOD and MDA content in
the serum of goat kids, which may be attributed to the binding of
polysaccharides to the surfaces of cell specific surface molecules and
thus inhibiting the excess oxygen radicals (7) thus acting to alleviate
the level of oxidative stress in the organism. Similarly, Su et al. (32) fed
capsaicin also reduced MDA levels, which is consistent with the results
of the present study, suggesting that the addition of capsaicin and
MOP, a substance with a better biological function, can inhibit the
serum levels of excess oxygen radicals in goat kids and protect the
organism from oxidative damage.

Immune cells in animal bodies produce cytokines such as
interleukins and anti-tumor factors, which have anti-disease
functions. In this study, IL-2 and IL-6 had no significant effect
among the groups, while TNF-a increased significantly with the
increase of MOP addition. TNF-u is a protein produced by a variety
of cells, and its main role is to regulate the immune response,
promote inflammatory response, and regulate apoptosis (cell death)
(33). When the organism is subjected to infection, tissue damage,
or other pathological conditions, cells may release more TNF-a.
Therefore, elevated levels of TNF-a in the blood or tissues are often
considered as one of the indicators of inflammatory states. Elevated
levels of TNF-a may indicate that the organism is experiencing an
inflammatory response or immune system activation. However,
high levels of TNF-a may also be associated with a number of other
diseases and pathological conditions. Plant polysaccharides have
been reported to improve phagocytosis by macrophages, leading to
significantly higher levels of TNF-a (34, 35). It is possible that plant
polysaccharides exert their antitumor effects by affecting tumor
differentiation and apoptosis, altering intracellular signaling and
immune regulation (36, 37). Immunoglobulins IgA, IgM, and IgG,
as important immunoreactive molecules in animals, can specifically
bind to the corresponding antigens and participate in the regulation
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FIGURE 2
Effects of MOP on the alpha and beta diversity of the rumen microbiota in goat kids. Analysis of the alpha and beta diversity via (A) Venn figure of OTUs
(B) Species observation curve in each group. (C) PCoA of weighted UniFrac distances, respectively (D) Chaol index, (E) Faith_pd index, (F) Goods_
coverage index, (G) Observed_species index, (H) Pielou_e index, and (I) Shannon index, (J) Simpson index; CON, the milk replacer (n = 4); LOW,
supplemented with 0.15% MOP in the milk replacer (n = 4); HIG, supplemented with 0.3% MOP in the milk replacer (n = 4).

of body immunity, so that the elevation of the levels of IgA, IgM,
and IgG indicates the improvement of immune function. The
addition of MOP significantly increased the immunoglobulin level
in serum in this study, which is consistent with the results of Chen
et al. (25), indicating that plant polysaccharides such as MOP have
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the effect of increasing immunoglobulin level to enhance the
immunity of goat kids.

Chen et al. showed that pH in rumen fluid is closely related to
VFA, and that an increase in rumen VFA concentration can lead to a
decrease in rumen pH (25). This is similar to the results of the present
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TABLE 8 PERMANOVA analysis results.

PERMANOVA
P
CON vs LOW 1.165 0.190 0.467
CON vs HIG 1.128 0311 0.467
LOW vs HIG 0.795 0.705 0.705

CON, the milk replacer (n=4); LOW, supplemented with 0.15% MOP in the milk replacer
(n=4); HIG, supplemented with 0.3% MOP in the milk replacer (n=4).

TABLE 9 Effect of MOP on the relative abundance of rumen microbiota at
the phylum level (%).

Items CON LOW HIG SEM p-
Value

Bacteroidetes 39.44 38.10 44.84 3.04 0.676
Firmicutes 34.28 29.45 32.69 1.93 0.627
Actinobacteria 7.04 13.24 9.56 1.74 0.375
Spirochaetes 7.24 9.04 8.36 0.80 0.695
Proteobacteria 8.17 6.11 1.75 1.78 0.356
Fibrobacteres 3.02 2.04 1.03 0.80 0.638
Tenericutes 0.16 0.40 0.34 0.11 0.697
Verrucomicrobia 0.06 0.14 0.28 0.09 0.645
Cyanobacteria 0.02 0.02 0.04 0.00 0.457
Synergistetes 0.02 0.03 0.02 0.00 0.344
Others 0.54 1.43 1.02 0.33 0.595

CON, the milk replacer (n=4); LOW, supplemented with 0.15% MOP in the milk replacer
(n=4); HIG, supplemented with 0.3% MOP in the milk replacer (n=4).

study, where the VFA content was higher in the CON group than in
the test group, while the pH was lower in the CON group than in the
test group. In this study, according to the ratio of acetic acid to
propionic acid, the majority of acetic acid fermentation could
be judged. Meanwhile, the high level of green hay in the MOP group
also proved that the cellulose in the rumen of goat kids was better
decomposed to produce acetic acid. The energy produced by VFA in
the rumen of lambs during its metabolism can directly stimulate the
development of the rumen (38), with BA playing the most prominent
role, followed by PA and AA. BA has been reported to have a
promotional effect on the growth and development of rumen epithelial
cells, and at the same time, it can reduce the apoptosis of rumen
epithelial cells (39, 40). And the rumen epithelial tissue, as an
important component of rumen function, has the function of
transporting nutrients from the rumen to the bloodstream (40). IBA
belongs to branched-chain fatty acids, which originate from the
fermentation of protein feeds, and the fermentation process is
accompanied by hazardous substances such as hydrogen sulfide and
cresol, and a low amount of IBA can help to maintain the health of the
rumen (24). VFA in the rumen is absorbed through the rumen
epithelial cells, with an absorption rate depending on VFA
concentration, rumen surface area and availability of transporter
proteins (41). Another study showed that decreased serum GLU levels
in young ruminants may be associated with incomplete development
of the gastrointestinal tract (42). In this experiment, the serum GLU
level, rumen papilla length density, muscularis propria thickness, and
rumen wall thickness in the CON group were lower than those in the
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test group with MOP addition. Additionally, the IBA content in the
test group was lower than in the CON group, suggesting that the
rumen of MOP-added goat kids was more developed, the rumen
environment was healthier, and VFA absorption was more efficient.
The relative abundance of Succinivibrio and Megasphaera was higher
in the CON group than in the MOP-added group. Since Succinivibrio
is involved in the synthesis of short-chain fatty acids (43), this may
explain why the PA, BA, and VA contents were higher in the CON
group compared to the test group. This was further supported by the
lack of significant difference in total protein content in serum among
the groups. NH;-N in the rumen is mainly produced by fermentation
of ingested protein feeds and is also an important source of microbial
protein synthesis. Lv et al. demonstrated that the addition of fermented
wheat bran polysaccharides selectively increased rumen microbial
populations, which led to a decrease in NH;-N content and its uptake
by the rumen epithelial cells (44). The results of the present study
showed that the addition of MOP reduced the NH;-N content in the
rumen of goat kids, and the lower NH;-N content may be a result of
the efficient transport of NH;-N into the bloodstream by the better
developed rumen epithelial tissues to participate in microbial protein
synthesis, thus promoting the growth and development of goat kids.

The degree of rumen development can be measured by the
development status of rumen epithelial cells, such as rumen papilla
length and width (44). The rumen epithelium consists of rumen,
muscularis propria, and epithelial cells, which have the functions of
nutrient absorption, transportation, and metabolism (24). The fibrous
component in the early primary goat kid diet is considered a key
factor influencing the rumen development of goat kids. The fiber-rich
diet provides the necessary physical stimulation for the physiological
development of the rumen of young ruminants (45-47). At the same
time, a large number of studies have shown that only after the rumen
nipple start to grow and the thickness of the rumen wall begins to
increase. Bian et al. (48) show that feeding fiber-rich alfalfa hay
promotes the rumen peristalsis, accelerates the fermentation of rumen
microorganisms, promotes the development of the rumen muscle
layer, and further improves the digestive capacity of goat kids. In this
study, the intake of goat kid mouth and green hay in the MOP test
group was significantly higher than that in the CON group, and the
addition of high-dose MOP significantly increased the height, muscle
layer thickness and rumen wall thickness of the goat kids, indicating
that the improvement of hay and open feed promoted the development
of rumen in lactating ruminants. The proliferation of ruminal
epithelial cells can also promote the growth of ruminal papilla and
width and improve the muscle layer thickness. Other studies showed
that increasing the height and width of the rumen nipple increased the
absorption area of the rumen epithelium, but decreased the rumen
nipple density (49). This is consistent with the results that adding
MOP significantly reduced the density of rumen nipple in this study,
but the addition of MOP had no effect on the width, cuticle thickness
and specific surface area, which is inconsistent with Wang (24) and
other studies, which may have different effects of different types of
polysaccharide on the development of goat kids, and its regulation
mechanism needs further study.

The rumen, as a specialized digestive organ in ruminants, contains
a large number of microbial communities, such as bacteria, fungi, and
archaea, which can help the host digest cellulose and other
carbohydrates (50, 51). Microbial community colonization is also
relevant and important for rumen development in young animals (52).
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Therefore, the effect of MOP addition on the structure and
composition of rumen microbiota in goat kids was analyzed by
16SrRNA sequencing. In the present study, there was no significant
difference between the CON group and the MOP test group in terms
of flora alpha and beta diversity. Wang et al. (24). found that the
addition of fermented bran polysaccharides did not have a significant
effect on the alpha and beta diversity of the goat kid flora; Chen et al.
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(25) found that the addition of herbal polysaccharides did not have a
significant effect on the alpha and beta diversity of the goat kid flora,
which was in agreement with the present study. The current study
showed that Anaplasma phylum, Thick-walled phylum and
Actinobacteria phylum are the core phyla of the rumen with the
highest relative abundance (1, 53). In this study, MOP had no effect
on the structure and composition of the rumen microbiota. This
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TABLE 10 Effect of MOP on the relative abundance of rumen microbiota at the genus level (%).

10.3389/fvets.2024.1461391

Items CON LOW HIG SEM p-Value
Prevotella 24.88 19.71 27.82 1.91 0.228
Olsenella 4.09 11.05 7.58 1.44 0.140
Ruminococcaceae_Ruminococcus 5.39 9.06 5.24 1.20 0.372
Sharpea 6.39 3.73 7.71 1.52 0.600
Treponema 5.03 6.71 4.98 1.05 0.780
Succinivibrio 7.50 2.08 1.11 1.52 0.188
Sphaerochaeta 2.21 2.32 3.38 0.73 0.802
Butyrivibrio 1.93 2.70 2.60 0.67 0.900
Fibrobacter 3.02 2.04 1.03 0.80 0.638
Megasphaera 4.02 131 0.32 1.34 0.552
Succiniclasticum 2.18 113 0.99 0.28 0.159
Ruminobacter 0.05 3.61 0.00 1.20 0.408
YRC22 0.38 1.96 0.29 0.51 0.356
Anaerovibrio 0.91 0.32 0.74 0.15 0.303
Schwartzia 1.22 0.13 0.19 0.34 0.365
Others 30.81 32.14 36.01 241 0.701
CON, the milk replacer (n=4); LOW, supplemented with 0.15% MOP in the milk replacer (n=4); HIG, supplemented with 0.3% MOP in the milk replacer (n=4).
LefSe analysis
The current LDA threshold is 2
CON
f Staphylococcaceae_g__Staphylococcus- _
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might be due to the fact that the amount of milk replacer administered
or its passage through the esophageal groove into the abomasum and
intestines resulted in minimal impact on rumen fermentation and
microbiota composition in goat kids (1). In addition, LEfSe analysis
showed that goat kids in the LOW group were enriched with
differential OTUs; most of these OTUs belonged to the genus Bacillus,
and the Bacillus group includes many polysaccharide-degrading
bacteria that contribute to the production of VFA in the gut. The
cellulose secreted by Bacillus helps the animals to digest fiber, and
produces various antimicrobial peptides that maintain the normal
microbiota of the animals (54). Based on the present results and
references, we hypothesize that MOP supplementation with MR
stimulates the proliferation of fibrinolytic bacteria, such as Bacillus
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spp., which are producers of VFAs. This, in turn, increases the
production of VFAs and microbial proteins, accelerates rumen
development, and consequently improves the growth performance of
early-weaned goat kids.

5 Conclusion

The addition of MOP to milk replacer powder in early-weaned
goat kids increased daily weight gain, feed intake, immunoglobulin G,
tumor necrosis factor a levels, and rumen height, while decreasing the
levels of propionic acid, butyric acid, valeric acid, ammonia nitrogen,
and density. Specifically, high doses of MOP (0.3%) significantly
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increased serum immunoglobulin A, immunoglobulin M, rumen
muscle thickness, rumen wall thickness, and rumen contents pH, and
also increased the relative abundance of Actinobacteria and
Butyrivibrio species in the goat kid rumen. In summary, the addition
of MOP to milk replacer powder for early-weaned goat kids can
promote rumen growth and development, and improve immune
function and growth performance.
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This study was designed to investigate the effects of adding a novel yeast
culture, Saccharomyces cerevisiae refermented sorghum distiller’'s dried grains
with solubles (SSDDGS), to the diets of lactating female goats on lactation
performance and lamb growth performance. We divided 10 lactating Dazu
black goats of similar age, weight, and offspring into two groups: one fed a
pelleted diet with 50 g/day SSDDGS (ET), and the other without SSDDGS as
a control (EC) for 7 weeks. We monitor the weight changes of each goat
and collect blood and milk samples from experimental ewes at specific times
for hormone and milk composition determination. We use ultra-performance
liquid chromatography tandem mass spectrometry (UPLC-MS/MS) to detect
metabolites in the serum of lactating ewes. Our results showed that SSDDGS
supplementation significantly reduced female goats’ average daily weight loss
during weeks 2—-4 of lactation and increased serum IGF-1 and prolactin levels
at week 4 (p < 0.05). SSDDGS supplementation in early lactation significantly
increased milk protein, lactose, and ash content (p < 0.05). UPLC-MS/MS analysis
showed that SSDDGS changed the levels of 58 metabolites in the serum of
lactating goats. These metabolites were mainly involved in the sohingolipid
signaling pathway, and cysteine, methionine, and sphingolipid metabolism. In
summary, Yeast culture SSDDGS reduced weight loss, enhanced milk quality,
and modified metabolic profiles in early lactation goats, providing insight into
the potential requlatory role and mechanism of yeast culture in lactation female
goats.

KEYWORDS

yeast culture, lactation, weight, metabolism, female goats

1 Introduction

The low fertility rate of goats poses a major challenge to the development of the goat
industry. In addition to the number of lambs, the survival rate of lambs is also an extremely
important reproductive trait, while the breast milk is the main source of nutrition for
lambs. The digestive and circulatory system of female goats are weak in the early stages of
lactation, and undergo significant metabolic shifts and energy allocation changes including
weight loss, increased glucose intake, and compromised immunity (1). Insufficient or
unbalanced intake of nutrients from feed will easily lead to a decline in the health status
of female goats, which cannot meet the needs of rapid growth and development of lambs,
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TABLE 1 Nutrient level of full-value pelleted diet fed to lactating female
goats (dry matter basis).

Nutrient level Content

Digestible energy, MJ/kg 11.1
Crude protein, % 12.5
Crude fiber, % 15.7
Crude ash, % 10.0
Ca, % 1.0
P % 0.6

causing slow growth and even death of lamb (2). Therefore, it
is critical to design a feed suitable for lactating female goats to
improve lactation performance in early lactation.

Yeast culture (YC) mainly consists of yeast extracellular
metabolites, modified medium after fermentation and a small
amount of inactive yeast cells. Supplementing YC in ruminant diet
can improve the rumen pH environment, the efficiency of crude
fiber digestibility and growth performance (3, 4). YC can increase
body score, milk production and quality in the early lactation stage
of dairy cows and sows (5-8). Saccharomyces cerevisiae refermented
sorghum distiller’s dried grains with solubles (SSDDGS) is a novel
YC that is produced by re-fermentation of the distiller’s grains
substrate, which greatly increased the yield and reduced the cost of
yeast culture production. The supplementation of SSDDGS in pig
diet improved the lactation performance of sows (9). However, the
study on the effect of the novel YC SSDDGS on the goat lactation
performance remains uncertain.

Therefore, this study aims to determine the effect of
supplementing a novel yeast culture SSDDGS in lactating goat diet
on the weight loss of female goat, lactation performance, hormones
and metabolites.

2 Materials and methods

2.1 Animal handling and sample collection

All animal tests and handling adhered to the regulations
set forth by the Southwestern University Institutional Animal
Care and Use Committee (IACUC-20210515-05). The feeding
experiment was conducted at Tengda Animal Husbandry, Inc.
in Chongqing, China. Ten lactating female goats who had just
given birth with comparable weights were randomly divided them
into two groups, and each female goats with twin lambs. One
group served as the EC group and was fed a full-value pelleted
diet (906) procured from Pizhou Xiaohe Technology Development
Ltd, and the nutritional level of the diets are shown in Table 1.
The other group constituted the ET group received a full-value
pelleted diet (906) supplemented with 50 g/d novel yeast culture
of Saccharomyces cerevisiae refermented sorghum distiller’s dried
grains with solubles (SSDDGS). Both groups of lactating female
goats were given the same weight of feed twice daily at 7a.m. and
3 p.m.

The experimental period started after 1 week of prefeeding,
and the formal feeding period was 7 weeks, from weeks 2 to 8 of
lactation. Peripheral blood and milk samples of lactating female
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goats were collected at week 4 and 8 of lactation. Blood samples
were placed overnight at 4°C and then centrifuged at 3,000 rpm for
10 min, and the serum sample was collected. The weight of lactating
female goats and offspring lambs was recorded at 4 and 8 weeks of
lactation, and the ADL (average daily weight loss) of female goats
and ADG of offspring lambs at 2-4 and 2-8 weeks of lactation.

2.2 Determination of hormones and milk
composition

These concentrations of serum growth hormone releasing
hormone (GHRH), somatostatin (SS), insulin-like growth factor-
1 (IGF-1), prolactin (PRL), growth hormone (GH) in lactating
female goats were quantified at week 4 and 8 of lactation via
radioimmunoassay at the Sino-British Institute of Biotechnology
in Beijing, China. Additionally, these milk components, including
milk fat, protein, lactose, ash content and dry matter, were tested
using an automatic milk composition analyzer (LACTOSCAN
MCC 50, Milkotronic, Bulgaria).

2.3 Widely targeted metabolomics analysis
of goat serum

Metabolites from the serum of lactating goat were determined
by UPLC-MS/MS, according to the previous studies (10-12).
Briefly, 50 L of the sample and 300 pL of an extraction solution
(comprising CAN and Methanol in a 1:4 ratio; V/V) containing
internal standards was centrifuged at 12,000 rpm at 4°C and then
the supernatant were used for UPLC-MS analysis. The samples
were analyzed using a UPLC system that featured a UPLC column
(2.1mm x 100mm, 1.8 um; Waters ACQUITY UPLC HSS T3
C18). The column temperature was maintained at 40°C and the
flow rate was set at 0.4 mL/min. The solvent system consisted of A
(water with 0.1% formic acid) and B (acetonitrile with 0.1% formic
acid). The gradient program of the system was as follows: 95:5 V/V
at 0 min; 10:90 V/V at 11.0 min, 10:90 V/V at 12.0 min; 95:5 V/V at
12.1 min; and 95:5 V/V at 14.0 min. The injection volume was 2 L.
To ensure system stability, one QC sample was introduced every 10
test samples.

Analysis of the samples was conducted using an MS/MS system
equipped with an ESI Turbo Ion-Spray interface, which operated in
both positive and negative ion modes. The operational parameters
of the ESI source were as follows: source temperature, 500°C; ion
spray voltage (IS), 5,500 V (positive) and —4,500 V (negative); and
ion source gases I, I1, and curtain gas were maintained at 55, 60, and
25.0 psi, respectively.

2.4 Statistical analysis

ADL of female goat, ADG of lambs, hormone concentrations,
milk composition data were analyzed using a general linear model
in GraphPad Prism8.0.1 software (San Diego, CA, USA), with
treatment and time as the fixed factors, and the individual samples
as a random factor. The interaction of treatment and time was
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TABLE 2 Effects of SSDDGS on the ADL of the lactation female goats and the ADG of offspring lambs.

Week 2—-4 of lactation Week 2—8 of lactation SEM p-value
ET EC ET EC Treatment Time Treatment x Time
ADL of female goats, kg 0.08* 022> 0.08* 0.10% 0.02 0.016 0.048 0.070
ADG of lambs, kg 0.10° 0.08" 0.09° 0.10° 0.01° 0.447 0.732 0.035

b Different superscript letters represent significant differences in the same row (p < 0.05). SSDDGS, Saccharomyces cerevisiae refermented sorghum distiller’s dried grains with solubles; ADG,
Average daily weight gain; ADL, Average daily weight loss; ET, SSDDGS treatment group; EC, control group.

TABLE 3 Effects of SSDDGS on the hormone concentration of female goats.

Hormone Week 4 of lactation  Week 8 of lactation p-value
concentration : .
Treatment Time Treatment x time

GHRH, ng/mL 42.90 40.70 47.58 4229 118 0.114 0.180 0.500

SS, pg/mL 20.78 21.96 21.63 21.83 0.47 0.500 0.723 0.633

IGF-1, ng/mL 185.78* 154.67° 156.89° 144.10° 4.56 0.003 0.006 0.161

PRL, p1U/mL 245.97% 223.17° 255.53% 240.10% 3.92 0.007 0.048 0.561

GH, ng/ml 4.65 4.62 5.58 4.72 0.23 0.353 0.283 0.382

abDifferent superscript letters represent significant differences in the same row (p < 0.05). GHRH, growth hormone releasing hormone; SS, somatostatin; IGF-1: insulin-like growth factor-1;

PRL, prolactin; GH, growth hormone.

TABLE 4 Effects of SSDDGS on the milk composition in lactating female goats.

Milk composition Week 4 of lactation = Week 8 of lactation SEM p-value
ET EC ET EC Treatment Time Treatment x time
Fat, % 4.92 4.80 6.35 5.88 0.32 0.648 0.061 0.786
Protein, % 3.60° 3.34° 3.50% 3.30% 0.05 0.026 0.477 0.768
Lactose, % 5.43% 5.04° 5.30% 5.00% 0.07 0.020 0.531 0.762
Ash content, % 0.33* 0.30° 0.32% 0.30 0.00 0.018 0.539 0.712
Dry matter, % 14.29 13.51 15.02 14.97 0.28 0.443 0.054 0.494

“bDifferent superscript letters represent significant differences in the same row (p < 0.05).

included in the model. These differences between the means were
analyzed using Duncan’s multiple comparisons.

Multivariate statistical analysis included unsupervised principal
component analysis (PCA) and supervised orthogonal partial
least squares-discriminant analysis (OPLS-DA). The variable
importance in p < 0.05, projection (VIP) > 1 and log2FC (fold-
change) < 0.67 or log2FC > 1.5 represented a significant difference
in metabolites between the ET group and the EC group. The
identified metabolites were annotated using the KEGG compound
database, and KEGG pathways were used for metabolite set
enrichment analysis. A p-value obtained from the hypergeometric
test of <0.05 indicated biological significance. P < 0.05 was
considered to be statistically significant. Results are expressed as the
mean = the standard error (SEM).

3 Results

3.1 Changes in weight of lactating female
goats and offspring lambs

The average daily weight loss (ADL) of lactating female goats
in the experimental treatment (ET) group was significantly lower

during week 2-4 of lactation than that in the experimental control
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(EC) group (Table 2, p < 0.05). There was no significant difference
in the average daily weight gain (ADG) of offspring lambs between
the ET and EC groups during week 2-4 or 2-8 of lactation (Table 2,
p > 0.05).

3.2 Changes in serum hormones in
lactating female goats

Serum insulin-like growth factor-1 (IGF-1) or prolactin (PRL)
concentration in the ET group was significantly higher than that
in the EC group at week 4 of lactation (Table 3, p < 0.05). In
addition, in the ET group, IGF-1 concentration at week 8 of
lactation was significantly lower than that at week 4 of lactation
(Table 3, p < 0.05).

3.3 Effects of SSDDGS on milk quality in
lactation female goats

Milk composition was more abundant in the ET group
compared to the EC group at week 4 of lactation. The content of

milk protein, milk lactose or ash in the ET group was significantly
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Effects of SSDDGS on goat serum metabolites were analyzed by principal component analysis (PCA) and orthogonal partial least
squares-discriminant analysis (OPLS-DA). (A) PCA diagram of ET and EC groups. PC1 is the first principal component, and PC2 is the second principal
component. each dot represents a sample, and the same color represents the same group; (B) OPLS-DA score plot of ET and EC groups, and the
percentage represents the interpretation rate of the component to the data set; (C) OPLS-DA verification diagram, R2X, R2Y and Q? are the prediction
parameters for evaluating the OPLS-DA model, and when 1 > R? Y and Q? > 0.4, the models were determined to be stable and reliable.

higher than that in EC group at week 4 of lactation (Table 4, p
< 0.05).

3.4 Effects of SSDDGS on metabolites of
goats

Effects of SSDDGS on metabolites of goats was analyzed
by ultra-performance liquid chromatography tandem mass
spectrometry (UPLC-MS/MS). The principal component analysis
(PCA) score plot (Figure 1A) revealed that the model interpretation
rates for PC1 and PC2 were 24.96% and 16.03%, respectively, with a
clear separation of samples between the two groups. The OPLS-DA
results mirrored those obtained from PCA, with a principal
component of prediction in the ET and EC groups accounting for
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17.3% of the model interpretation rate (Figure 1B). Furthermore,
the OPLS-DA model displayed the predictive parameters of Q> =
0.62 and R?Y = 0.991, indicating the stability and reliability of the
model (Figure 1C).

The identification of 60 significantly different metabolites in
the ET group compared with the EC group (Table 5, Figure 2A).
Among these, 31 metabolites were downregulated, whereas 29 were
upregulated (Figure 2B). The various types of metabolites include
L-leucylglycine, aspartic acid, sphingosine 1-phosphate, cinnamyl
glycine, serine and hexanoyl glycine.

The metabolic pathways of these 60 different metabolites were
analyzed by KEGG enrichment analyses. The results revealed the
involvement of 25 metabolic pathways, among which the with
the p-value closest to 0 and the highest number of differentially
significant metabolites included sohingolipid sianaling pathway,
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TABLE 5 Different metabolites of ET group compared with EC group.

10.3389/fvets.2024.1482800

Compounds Class VIP P-value logl.5FC  Type
1,6-Di-O-phosphono-D-fructose Organic acid and its derivatives 1.44 0.05 —20.76 Down
12,13-DiHOME FA 1.49 0.05 —2.72 Down
12-HHT FA 1.55 0.05 —2.19 Down
2-(4-hydroxyphenyl) propionate Benzene and substituted derivatives 1.59 0.04 —2.16 Down
2-Butyl-3-(4-hydroxybenzoyl)benzofuran Benzene and substituted derivatives 1.60 0.04 —2.10 Down
2-Hydroxy-3-Methyl Butanoic Acid Organic acid and its derivatives 1.60 0.04 —2.04 Down
2-Hydroxymelatonin Hormones and hormone related 1.60 0.04 —1.82 Down
compounds

2-hydroxyphenylacetic acid Organic acid and its derivatives 1.60 0.04 —1.45 Down
3-(4-Hydroxyphenyl)-1-propanol Organic acid and its derivatives 1.61 0.04 —1.34 Down
3-Methylcrotonyl Glycine Organic acid and its derivatives 1.61 0.04 —1.31 Down
4-Hydroxy-3-methylbenzoic acid Organic acid and its derivatives 1.62 0.04 —1.25 Down
4-Hydroxyquinoline Benzene and substituted derivatives 1.62 0.03 —1.23 Down
4-Methoxysalicylic Acid Benzene and substituted derivatives 1.68 0.03 —1.22 Down
6-Methylnicotinamide Heterocyclic compounds 1.69 0.03 —1.18 Down
8,8a-deoxy-oleane Others 1.71 0.03 —1.18 Down
Acetylcholine Alcohol and amines 1.72 0.03 —1.18 Down
Acetylvaline Amino acid and its metabolites 1.72 0.03 —-1.17 Down
Carnitine C11:1 FA 1.73 0.03 —1.17 Down
Carnitine C16:0 FA 1.73 0.03 —1.12 Down
Carnitine C18:0 FA 1.74 0.03 —1L11 Down
Carnitine C18:1:2DC FA 1.74 0.03 —1.08 Down
Carnitine C6:0 FA 1.75 0.03 —1.07 Down
Carnitine C8-OH FA 1.75 0.02 —1.05 Down
Cyclo(Ala-Pro) Amino acid and its metabolites 1.76 0.02 —1.03 Down
Cytidine 5/-diphosphate Nucleotide and its metabolites 1.78 0.02 —1.03 Down
Deoxyguanosine Nucleotide and its metabolites 1.78 0.02 —1.02 Down
Gln-Gly Amino acid and its metabolites 1.79 0.02 —1.01 Down
Glu-Val Amino acid and its metabolites 1.81 0.02 —1.00 Down
Gly-Gln Amino acid and its metabolites 1.82 0.02 —1.00 Down
Guanosine Nucleotide and its metabolites 1.87 0.02 1.02 Up

Hexadecanedioic acid FA 1.90 0.02 1.06 Up

Hexanoyl Glycine Amino acid and its metabolites 1.90 0.02 1.09 Up

Ile-Pro-Ile Amino acid and its metabolites 1.90 0.02 1.11 Up

Imidazole-4-methanol Heterocyclic compounds 1.90 0.01 1.12 Up

Indole-2-Carboxylic Acid Heterocyclic compounds 1.91 0.01 1.20 Up

L-Aspartic Acid Amino acid and its metabolites 1.92 0.01 1.23 Up

L-Isserine Amino acid and its metabolites 1.94 0.01 1.30 Up

L-Serine Amino acid and its metabolites 1.96 0.01 1.35 Up

L-tyrosine methyl ester 4-sulfate Amino acid and its metabolites 1.97 0.01 1.41 Up

LPE(15:0/0:0) GP 2,00 0.01 1.42 Up

(Continued)
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TABLE 5 (Continued)

10.3389/fvets.2024.1482800

Compounds Class VIP P-value logl.5FC  Type
Leu-Gly Amino acid and its metabolites 2.01 0.01 1.51 Up
Leu-Met Amino acid and its metabolites 2.01 0.01 1.57 Up
MG(18:2/0:0/0:0) GL 2.02 0.01 1.57 Up
Methyldopa Amino acid and its metabolites 2.04 0.00 1.63 Up
N-Acetyl-L-alanine Amino acid and its metabolites 2.05 0.00 1.68 Up
N-Acetylglycine Amino acid and its metabolites 2.10 0.00 1.70 Up
N-Acetylhistamine Alcohol and amines 2.11 0.00 1.73 Up
N-Cinnamylglycine Organic acid and its derivatives 2.15 0.00 1.87 Up
N-Formylmethionine Amino acid and its metabolites 2.17 0.00 1.88 Up
N-Propionylglycine Amino acid and its metabolites 2.20 0.00 1.90 Up
Octadecanedioic acid Organic acid and its derivatives 2.20 0.00 1.94 Up
Pantothenol CoEnzyme and vitamins 221 0.00 2.07 Up
Phe-Thr Amino acid and its metabolites 2.22 0.00 2.63 Up
Salicyluric acid Benzene and substituted derivatives 2.22 0.00 2.64 Up
Sphingosine 1-phosphate SL 227 0.00 291 Up
Thr-Phe Amino acid and its metabolites 227 0.00 3.00 Up
Tricarballylic acid Organic acid and its derivatives 2.33 0.00 4.35 Up
Cyclo(pro-pro) Amino acid and its metabolites 2.39 0.00 4.89 Up

cysteine and methionine metabolism and sphingolipid metabolism
(Figure 2C).

Meanwhile, to further analyzed the potential correlations
between female goat phenotypic data and differential metabolites
in serum, we performed Pearson correlation analysis (Figure 3). L-
leucylglycine, aspartic acid, sphingosine and 1-phosphate exhibited
positive correlations with serum biochemical index (IGF-1, PRL)
and milk composition (protein, lactose, and ash content) of female
goats (P < 0.05). In addition, monoglyceride, monoglyceride
and amino acid (AA) such as cinnamyl glycine, serine and
hexanoyl glycine had negative significant correlations with serum
biochemical index (IGF-1, PRL) and milk composition (protein,
lactose, and ash content) of female goats (P < 0.05).

4 Discussion

Yeast culture contains a large number of beneficial
microorganisms and easily digestible small molecules, which
is very beneficial to improve animal health and production
performance. During early lactation, female goats experience
increased energy expenditure, heightened production of volatile
fatty acids, and decreased body weight (1). Supplementation
of YC in diet can enhance nutrient digestibility and promoting
animal growth by increasing the diversity and abundance of rumen
microorganisms (13-15).

In this study, the supplementation of SSDDGS in diet
significantly reduced the ADL of lactating female goats during
early lactation. Similarly, Song et al. reported that incorporating
YC into the diet improved the rumen microbial community
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and increased the ADG of lambs (16). Additionally, in this
study, the supplementation of SSDDGS in diet significantly
increased the serum IGF-1 concentration during early lactation.
IGF-1
the liver and promotes animal growth and development,

is an endocrine hormone primarily produced by

which is involved in lipid metabolism, insulin secretion,
and glucose uptake (17). These results indicate that the
dietary supplementation of SSDDGS reduced weight loss of
lactating female goats during early lactation through the role
of IGF-1.

Supplementation of YC in diet can effectively improve animal
lactation performance. In this study, the supplementation of
SSDDGS in diet significantly increased the milk protein, milk
lactose and ash content during early lactation, although SSDDGS
supplementation in diet did not increase ADG of offspring
lambs in lactation, which was an important indicator of milk
production in female goats. These studies are consistent with
previous studies. YC supplementation increased milk protein
content and reduced the incidence of mastitis in cows (18).
Similarly, the milk protein and fat content in cows increased after
YC supplementation, particularly during early lactation, without
affecting overall milk production (19). Supplementation of YC
or Saccharomyces cerevisiae in diet increased milk yield and fat
production in lactating female goats (20, 21). Additionally, in
this study, the supplementation of SSDDGS in diet significantly
increased the serum PRL levels during early lactation. PRL is
vital for sustaining mammary gland function, milk yield and
milk quality in ruminants. Chen et al. found that PRL increased
milk protein synthesis by stimulating mammary epithelial cell
metabolism (22). These results suggest that supplementation of YC
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in diet improved the milk quality of lactating female goats during
early lactation through the role of PRL.

The supplementation of SSDDGS in diet played a crucial
role in the inflammation and the immune system of organisms
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cerevisiae fermentation postbiotics in calves increased resistance

to bovine respiratory disease through the systemic and mucosal

immune responses (23). Saccharomyces cerevisiae culture can
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reduce the number of somatic cells in milk and enhance the
antioxidant capacity in cow under heat stress (24). During lactation,
there is a high demand for glucose for milk synthesis and fatty
acid production. However, excessive energy consumption can lead
to mastitis, and excess production of free fatty acids results in
the formation of ketone bodies, which can reduce the immunity
of female goats (25). From the results of this study, we observed
a significant upregulation of Carnitine CIl1:1 and Carnitine
C18:1:2DCs in the SSDDGS group, which are involved in fatty acid
metabolism and degradation pathways. The expression abundance
of Sphingosine 1-phosphate was significantly downregulated
and involved in the Fc gamma R-mediated phagocytosis and
tuberculosis pathway. Previous reports have shown that carnitine
supplements increase the flux of metabolites through pyruvate
carboxylase, thereby increasing insulin secretion and liver glucose
output(26). In the mitochondria isolated from pig liver fed
carnitine, it was found that the amount of mitochondrial pyruvate
carboxylase increased threefold. Pigs fed carnitine are better able
to utilize fat to obtain energy, transfer carbon to amino acid
synthesis, and save branched chain amino acids used for protein
synthesis (27). Similarly, another study found that high levels of
carnitine can enhance lipid metabolism in sheep, thereby altering
lactation performance (28). However, there has been no research
on supplementing carnitine in the diet of goats, and these reports
suggest that carnitine may be the main substance that improves
goat lactation performance.

In addition, deoxyguanosine, Gly Leu, Phe Thr, and
sphingosine 1-phosphate were significantly positively correlated
with IGF-1 and PRL levels. Related to this, Purine metabolism,
ABC transporters, Calcium signaling pathway and Apelin signaling
pathway were significantly enriched. Luo et al. investigated the
effects of fermented soybean meal (FSBM) rich in isoflavone
glycosidic ligands at different levels on ewes from late pregnancy
to early lactation. Feeding ewes with FSBM6 reduced the
concentrations of hydrogen peroxide and deoxyguanosine in
the placenta, improved the antioxidant capacity of both the
mother and placenta, and improved serum hormones and milk
quality (29). Sphingosine kinase (SK) catalyzes the formation
of sphingosine-1-phosphate (S1P), which plays an essential role
in cell growth and survival (30). D6ll et al. found that prolactin
(PRL) activates SK-1 but not SK-2 isoforms in a human breast
cancer cell line (MCF7). The delayed activation of SK-1 results
from up-regulation of mRNA and protein expression and is
due to increased activity of the SK-1 promoter by a mechanism
involving STATS5 activation as well as protein kinase C and classical
mitogen-activated protein kinases. The delayed activation of SK-1
results from up-regulation of mRNA and protein expression due
to increased SK-1 promoter activity and involves STAT5 activation
as well as protein kinase C and classical mitogen-activated protein
kinase (31). This suggests that sphingosine-1-phosphate is likely to
play an important role in lactation performance.

5 Conclusion

This study demonstrates that the dietary supplementation of
yeast culture SSDDGS reduced weight loss and improved milk
quality of female goats in the early stage of lactation. Furthermore,
SSDDGS may play a vital role in energy metabolism and immune
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responses primarily through modulation of bile acid and caffeine
metabolic pathways. This study will help us better understand the
effects and mechanism a novel yeast culture SSDDGS in lactating
female goats.
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This study aimed to investigate the effects of fermented soybean meal (FSM)
on milk production, blood parameters, and rumen fermentation and microbial
community in dairy cows. In this study, 48 healthy Holstein cows (parity, 3.0 + 0.6;
days in milk, 86.0 + 6.7) were used. Cows were randomly assigned into four groups
(CON, T-200, T-400, and T-600) with 12 cows per group. Cows in CON were not
supplemented with FSM. Cows in T-200, T-400, and T-600 were supplemented
with 200, 400, and 600 g/head/day FSM, respectively. This study lasted 5 weeks
(1-week adaptation and 4-week treatment). The results showed that FSM did not
affect milk yield and milk components (p>0.05). In the serum, FSM greatly increased
prolactin (p <0.01), and a dosage effect was observed. Aspartate aminotransferase
and total protein were the highest in the T-400 (p <0.05), and triglycerides was the
lowest in T-200 (p <0.05), and there was no difference for the 3 measurements
between the other 3 groups (p>0.05). In the rumen, FSM did not affect pH, microbial
crude protein, acetate, propionate, butyrate, valerate, total volatile fatty acids
and the ratio of acetate:propionate (p >0.05), only changed NH;-N, isobutyrate
and isovalerate (p<0.05). The results of the rumen bacterial 16S rRNA genes
sequencing showed that FSM decreased the richness (p <0.05) and evenness
(p<0.05) of the bacterial communities. PCoA analysis showed that FSH altered
the rumen bacterial community (ANOSIM, R =0.108, p =0.002). In the relative
abundance of phyla, FSM increased Firmicutes (p = 0.015) and Actinobacteriota
(p<0.01) and Patescibacteria (p = 0.012), decreased Bacteroidota (p = 0.024). In
the relative abundance of genera, FSM increased Christensenellaceae R-7 group
(p =0.011), Lactococcus (p <0.01), Candidatus Saccharimonas (p < 0.01), Olsenella
(p<0.01), decreased Muribaculaceae_norank (p < 0.01). Conclusively, supplemented
FSM altered the rumen fermentation parameters and bacterial community, and
increased serum prolactin level in lactating Holstein cows. These findings may
provide an approach to keep the peak of lactation in dairy cows.

KEYWORDS

fermented soybean meal, cows, milk performance, serum biochemical indices, rumen
fermentation, bacterial community
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1 Introduction

Fermented soybean meal (FSM) is a high-quality plant protein
source for animals, containing probiotics, digestive enzymes, bioactive
peptides, antioxidants and providing immunomodulatory effects (1).
Many studies reported that feeding FSM to animals (pigs, chicken and
calves) showed positive effects with improved nutrient digestibility
and intestinal health and production performance (2-4). Due to the
ban on the use of antimicrobial growth promoters in animal
production, the use of FSM in ruminants has attracted a great interest.

In the study of Kim et al. (5), FSM had been used in a calf starter
and showed positive effects on the health and growth of calves. As
demonstrated by Feizi et al. (4), FSM improved the starter intake in
calves, and altered the rumen fermentation and microbiota. In another
study of Rezazadeh et al. (6), feeding FSM helped calves adapt to
weaning stress during cold weather. One study in lactating cows
reported that feeding FSM increased milk protein yield, milk fat yield
and fat corrected milk, and decreased milk somatic cell count (7).
Studies also showed that feeding FSM alter the rumen fermentation
parameters and rumen microbiota in lactating Holstein cows (7, 8).
However, the results were not consistent. As reported by Wang et al.
(8), FSM reduced total volatile fatty acid concentration, acetate to
propionate ratio and increased propionate percentage. According to
Amin et al. (7), FSM increased rumen pH, acetate percentage and
acetate to propionate ratio. Most studies regarding the use of FSM in
ruminants have been focused on calves, few studies investigated the
lactating cows, especially for cows in early stage of lactation (1).

We hypothesized that feeding FSM could cause changes in the
rumen fermentation and microbiota and blood parameters which
could lead to improve in the milk performance of dairy cows. In this
study, we aimed to explore the effects of feeding FSM on the milk
performance, blood parameters, and rumen fermentation and
bacterial community in dairy cows in the early stage of lactation. The
results would offer a reference for the application of FSM in the dairy
cow industry.

2 Materials and methods
2.1 Animals, diets, and management

This experiment was conducted from November 2020 to
December 2020 at Shanghai Jinshan Yinan Dairy Farm (Shanghai,
China). In this study, 48 healthy Holstein cows in similar parity
(3.0+0.6) and lactation stages (86.0+6.7 day in milk) and milk yield
(41.0 £ 2.8 kg) were used. Cows were randomly assigned into 4 groups
(CON, T-200, T-400, and T-600) with 12 cows per group. Cows in
CON were not supplemented with FSM. Cows in T-200, T-400, and
T-600 were supplemented with 200, 400, and 600 g/head/day FSM,
respectively. This study lasted 5 weeks (1-week adaptation and 4-week
treatment). FSM (yellow granular substance, fermented by
Saccharomyces cerevisiae and Bacillus subtilis) used in this study was
purchased from Shanghai Yuanyao Agriculture Co., Ltd. The basic diet
used in this study was formulated based on NRC (2001) guidelines for
lactating cows. The nutritional composition of FSM was shown in
Supplementary Table S1. The ingredients and chemical composition
of the basic diet were shown in Supplementary Table 52. All cows were
housed in a tie stall barn, milked three times daily using a fully
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automated pipeline milking machine (02,30, 10,30, 16:30), and fed
with total mixed ration three times daily (03,30, 10,30, 16:30),
ensuring that cows had at least 20 h of free access to feed per day and
free access to fresh water.

2.2 Sampling

Milk yield was determined by a Tunisian flow-meter (JHF-G17,
Sichuan Jinhaifeng Animal Husbandry Technology Co., Ltd., Sichuan,
China). Milk samples were collected at the last 2 days in each week,
and preserved with potassium dichromate, at 4°C. Milk samples
collected from the morning, afternoon, and evening milking daily
were mixed at a ratio of 4:3:3 before determining the milk composition
using a near-infrared analyzer (MilkoScanTM 7 RM, Foss Electric,
Denmark).

The blood samples were collected via the tail vein of the cows
before morning feeding on the last day of the trial. The collected blood
samples were immersed in warm water (37°C) for 10 min immediately
before centrifuging at 3,500 r/min for 15 min. The supernatant was
collected and stored at —20°C for the determination of serum
biochemical indices.

The rumen content samples were collected at 4 h after morning
feeding using an oral ruminal tube (Wuhan Kelibao Co., Ltd., Wuhan,
China) on the last day of the trial. In order to avoid saliva
contamination, the first 200 mL rumen fluid was discarded. A portion
of the rumen content was stored in liquid nitrogen for the measuring
the microbial community. Another portion was filtered through four
layers of sterilized cheesecloth, and stored at —20°C for the
determination of microbial crude protein, NH;-N, and volatile
fatty acids.

2.3 Chemical analysis

The serum biochemical indices were measured using a fully
automated biochemical analyzer (Vital Scientific NV, The Netherlands)
following the standard procedure. Prolactin (PRL) is a milk-
production hormone, was measured using an enzyme-linked
immunosorbent assay kit (ELISA kit, Shanghai, China).

The pH value of rumen fluid was measured using a portable pH
meter (HI 9024C; HANNA Instruments, Woonsock, RI). The
concentration of NH;-N in rumen fluid was determined using a
phenol sodium hypochlorite colorimetric method according to
Weatherburn (9). The microbial crude protein (MCP) content in
rumen fluid was determined using a Coomassie Brilliant Blue
colorimetric method according to Makkar et al. (10). The volatile fatty
acids (VFA) concentration in rumen fluid was determined by a gas
chromatography (GC-2014B, Shimadzu, Japan) equipped with a
capillary column (column temperature: 110°C, film thickness: 30 m x
0.32 mm x 0.25 pm) (11).

2.4 Rumen microbial genomic DNA
extraction

Rumen microbial genomic DNA was extracted using a phenol-
chloroform extraction and cell lysis methods (12). The concentration

frontiersin.org


https://doi.org/10.3389/fvets.2024.1498639
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhang et al.

of DNA was measured by a Nanodrop spectrophotometer (Nyxor
Biotech; Paris, France) and stored at —80°C for further sequencing.

2.5 MiSeq sequencing

A pair of PCR primers was used to amplify the V3-V4 region
of the rumen bacterial 16S rRNA genes (13). The primers were
341F (5-CCTAYGGGGRBGCASCAG-3) and 806R
(5-GGACTACNNGGGTATCTAAT-3).  The were
sequenced on an Illumina MiSeq PE 300 platform (Illumina Inc., San

amplicons

Diego, California, United States) in a commercial laboratory (Shanghai
Biozeron Technology Co., Ltd., Shanghai, China). The raw data were
stored in the Sequence Read Archive (SRA) database, the accession
number is PRJNA1162692.

2.6 Data analysis

Trimmomatic (v.0.33) software was used to trim adapters and
low-quality sequences. FLASH (1.2.7) software was utilized to
concatenate paired segments into a sequence (14). A software
(QIIME2 v1.9.0) was used to process the raw Illumina fastq files (15).
Bases with an average quality value below 20 were filtered. UPARSE
software was used to classify sequences with a similarity level > 97%
into OTUs (16). The SILVA database was used to perform the
taxonomic assignment of the representative OTU sequences (17).
Principal coordinate analysis (PCoA) was conducted based on the
Bray-Curtis metrics (18). The differences among groups was evaluated
by ANOSIM using the vegan package in R.

2.7 Statistical analysis

A SPSS 20.0 software (SPSS Inc., Chicago, IL, United States) was
used to analyze the data in this study.

The data (milk yield, and components) were analyzed with
repeated measurements using a MIXED procedure, and adjusted with
the data of adaption period as a covariate factor. The model included
the fixed effects of treatment (CON, T-200, T-400, and T-600), time
(week 1 to 4), treatment x time, and covariate. Time (week) was used
as a repeated measurement with cows as the subject.

Data (rumen fermentation parameters, serum biochemical
indices) were analyzed using the one-way ANOVA test. Significant
difference between treatments was evaluated using Duncan’s test. Data
on bacterial communities were analyzed using the nonparametric test
(Kruskal-Wallis). Significance was declared at p <0.05. All results were
expressed as mean * standard error.

3 Results
3.1 Milk yield and milk composition

As shown in Table 1, there were no effects of treatment (p>0.05),
time (p>0.05), and treatment by time (p>0.05) for milk yield, milk

fat percentage, total milk solids, and somatic cell count. There were
effects of time (p < 0.05), but not treatment (p >0.05) and treatment by
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time (p>0.05) for milk protein percentage, milk lactose percentage or
milk urea nitrogen concentration.

3.2 Serum biochemical indices

As shown in Table 2, there were treatment effects for PRL
(prolactin), AST (Aspartate aminotransferase), TP (Total Protein),
TRIG (Triglycerides) in the serum (p <0.05). PRL showed a dosage
effect, and increased with the dosage increase of FSM (394.67, 493.81,
536.16, and 608.13 mIU/L, p<0.01). AST was higher in T-400
(p<0.05), and did not differ between the other 3 groups (p>0.05). TP
was higher in T-400 than that in CON and T-200 (p <0.05), and T-400
did not differ with T-600 (p>0.05). TRIG was lower in T-200 than that
in CON and T-600 (p<0.05), and T-200 did not differ with T-400
(p>0.05). There were no treatment effects for T-SOD (superoxide
dismutase), ALT (Alanine aminotransferase), ALB (Albumin), ALP
(Alkaline Phosphatase), GLOB (Globulin), A/G (Albumin/ Globulin),
ALP (Alkaline Phosphatase), CK (Creatine Kinase), LDH (Lactic Acid
Dehydrogenase), HDL-C (High-density lipoprotein), LDL-C
(Low-density lipoprotein), CREAT (Creatinine), TCHO (Total
cholesterol), GLU (Glucose), and UA (uric acid) in the serum
(p>0.05).

3.3 Rumen fermentation parameters

As shown in Table 3, there were no treatment effects for rumen
pH, microbial crude protein, acetate, propionate, butyrate, valerate,
total volatile fatty acids and the ratio of acetate to propionate (p>0.05).
There were treatment effects for the concentration of NH;-N,
isobutyrate, and isovalerate (p <0.05). The concentration of NH;-N
was higher in T-400 than the other 3 groups (p <0.05). Isobutyrate was
lower in T-200 and T-400 than that in CON (p <0.05), but not differ
with that in T-600 (p > 0.05). Isovalerate was lower in T-400 than that
in CON and T-600 (p<0.05), but not differ with that in T-200
(p>0.05).

3.4 Rumen bacterial community

There were total of 2,128,625 high-quality sequences were
obtained from 48 samples, with an average of 44,346 sequences for
each sample. The rarefaction curve tended to flatten out, indicating
that the sequencing depth were sufficient for analyzing the rumen
bacterial communities (Supplementary Figure S1). PCoA based on the
Bray Curtis metric algorithm showed that FSM altered the rumen
bacterial community structure (ANOSIM: R=0.108, p=0.002)
(Figure 1). Significant differences were observed between CON and
T-400 (R=0.074, p=0.032); CON and T-600 (R=0.109, p=0.004);
T-200 and T-400 (R=0.076, p=0.018); T-200 and T-600 (R=0.103,
p=0.003). There were no differences between CON and T-200
(R=0.042, p=0.441); T-400 and T-600 (R=0.039, p=0.539).

As shown in Table 4, there were treatment effects for the number
of OTUs (p<0.01), Chao 1 index (p=0.043), and Shannon index
(p=0.028). The number of OTUs and Chao 1 and Shannon were lower
in T-400 and T-600 than that in CON (p<0.05). There were no
treatment effects for Simpson (p=0.051).
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TABLE 1 Effects of feeding FSM on milk yield and milk composition in lactating cows.

Treatment p-value
T-200 T-400 T-600 SEM Treatment Time Treatment
X Time
Milk yield (kg) 40.85 40.90 42.00 41.45 0.42 0.498 0.638 0.217
Milk fat (%) 3.83 3.91 3.56 3.69 0.06 0.569 0.170 0.310
Milk protein (%) 3.13 3.02 3.19 3.23 0.03 0.146 0.001 0.950
Milk lactose (%) 5.28 5.23 5.29 533 0.02 0.546 <0.001 0.085
Total milk solids (%) 12.55 12,51 12.36 12,55 0.08 0.471 0.253 0.470
Somatic cell count (10°/mL) 59.08 105.50 158.46 70.83 36.18 0.528 0.826 0.384
Milk urea nitrogen (g/L) 15.65 16.04 16.06 17.85 0.26 0.572 <0.001 0.421

TABLE 2 Effects of feeding FSM on serum biochemical indices in lactating cows.

Treatment

T-200

T-400

T-SOD(U/mL) 100.17 105.75 107.33 109.92 6.57 0.758
AST (U/L) 78.08" 79.67° 94.83° 74.58" 4.83 0.025
ALT (U/L) 32.08 33.08 35.75 33.42 1.59 0.425
TP (g/L) 73.19° 73.08" 76.66 75.74% 0.99 0.027
ALB(g/L) 37.33 37.88 37.98 37.87 0.44 0.710
GLOB(g/L) 35.86 35.21 38.68 37.87 1.02 0.064
A/G 1.04 1.08 0.98 1.02 0.04 0.184
ALP(U/L) 60.83 69.42 70.58 76.75 4.94 0.168
CK(U/L) 204.50 155.67 318.25 164.67 70.74 0.936
LDH (U/L) 923.75 918.00 952.17 915.58 32.92 0.852
UREA (mmol/L) 5.10 4.73 4.87 5.03 0.18 0.482
CREA (pmol/L) 58.98 61.58 57.07 60.19 1.65 0.273
GLU (mmol/L) 2.45 2.35 242 2.71 0.11 0.114
UA (pmol/L) 58.50 58.50 60.00 54.00 2.76 0.339
TCHO (mmol/L) 6.52 6.35 6.90 6.30 0.30 0.481
TRIG (mmol/L) 0.24° 0.15 0.20" 0.23 0.02 0.012
HDL-C (mmol/L) 1.78 1.89 1.64 1.44 0.13 0.085
LDL-C (mmol/L) 2.48 2.23 2.49 2.30 0.15 0.524
PRL(mIU/L) 394.67¢ 493.81° 536.16® 608.13* 26.68 <0.01

AST, Aspartate aminotransferase; ALT, Alanine aminotransferase; TP, Total Protein; ALB, Albumin; ALP, Alkaline Phosphatase; GLOB, Globulin; A/G, Albumin/ Globulin; ALP, Alkaline
Phosphatase; CK, Creatine Kinase; LDH, Lactic Acid Dehydrogenase; HDL-C, High-density lipoprotein; LDL-C, Low-density lipoprotein; CREAT, Creatinine; TCHO, Total cholesterol; TRIG,
Triglycerides; GLU, Glucose; PRL, prolactin; T-SOD, superoxide dismutase; UA, uric acid. *>“Within a row, mean values with different superscript letters indicate a significant difference (P < 0.05).

As shown the relative abundance of phyla in Table 5, there were
treatment effects for Firmicutes (p=0.015), Bacteroidota (p=0.024),
Actinobacterota (p <0.01), and Patescibacteria (p=0.012). Firmicutes
was higher in T-400 and T-600 than that in CON and T-200 (p <0.05).
Bacteroidota was lower in T-400 and T-600 than that in CON and
T-200 (p<0.05).

Actinobacterota was higher in T-400 and T-600 than that in CON
(p<0.05). Patescibacteria was higher in T-600 than that in the other 3

groups (p<0.05).
As shown the relative abundance of genera in Table 6, there were
treatment  effects for  Muribaculaceae_norank  (p<0.01),

Christensenellaceae R-7 group (p=0.011), Lactococcus (p<0.01),
Candidatus Saccharimonas (p<0.01), and Olsenella (p<0.01).
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Muribaculaceae_norank was lower in T-400 and T-600 than that in
CON (p<0.05). Christensenellaceae R-7 group was higher in T-600
than that in CON and T-200 (p <0.05). Lactococcus and Candidatus
Saccharimonas were higher in T-600 than that in the other 3 groups
(p<0.05). Olsenella was higher in T-400 and T-600 than that in CON
(p<0.05).

4 Discussion

FSM is a high-quality protein, containing probiotics, digestive
enzymes, bioactive peptides, antioxidants, and low-antinutritional-
factors. Feeding FSM would provide positive effects on dairy cows,
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TABLE 3 Effects of feeding FSM on rumen fermentation parameters in lactating cows.

Treatment
T-200 T-400 T-600
Ruminal pH 6.28 6.33 6.21 6.33 0.09 0.727
NH;-N (mg/dL) 12.05° 13.11° 16.86% 13.57° 1.01 0.011
Microbial crude protein (mg/dL) 39.69 39.74 34.39 33.89 2.99 0.335
Acetate (mmol/L) 77.17 73.81 76.25 78.84 2.61 0.590
Propionate (mmol/L) 29.84 26.06 27.55 26.43 1.66 0.378
Isobutyrate (mmol/L) 1.08* 0.87° 0.85° 0.97% 0.06 0.026
Butyrate (mmol/L) 14.20 13.93 14.76 15.42 0.60 0.310
Isovalerate (mmol/L) 1.61° 1.39® 1.30° 1.62* 0.09 0.036
Valerate (mmol/L) 1.81 1.66 1.71 1.83 0.13 0.769
Total volatile fatty acids (mmol/L) 125.70 117.72 122.42 125.11 4.30 0.546
Acetate: Propionate 2.64 2.92 2.86 3.05 0.13 0.188
*>Within a row, mean values with different superscript letters indicate a significant difference (P < 0.05).
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FIGURE 1
Principal coordinate analysis (PCoA) plot of ruminal bacterial communities based on the Bray Curtis metrics.

especially for the cows in the early stage of lactation, during which
cows suffer multiple stress. In this study, feeding FSM did not affect
the milk yield and milk composition, just observed a numerical
increase in milk yield, milk protein percentage and milk urea
nitrogen. It is not consistent with a previous study. Amin et al. (7)
reported that feeding FSM increased the milk protein yield, milk fat
yield and fat corrected milk, and decreased milk somatic cell count
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in cows in early lactation stage (54 days in milk). The different
results observed may be attributed to the varying dosages of FSM
supplementation, the inoculum used, the composition of the basic
diets, and the lactation stages of cows involved in the different
studies (1). Studies regarding FSM on lactating cows are very few,
thus more works are needed to elucidate the action mode of FSM
in lactating cows.
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Serum biochemical indices are indirect indicators of the health
and metabolic status of livestock. Feeding FSM caused a little change
in a few blood measurements, but caused a great increase in the serum
prolactin concentration. These changes were not observed or not
measured in the previous studies of Amin et al. (7) and Wang et al. (8).
Prolactin is an important lactation hormone that plays a crucial role
in promoting mammary gland development, milk synthesis, milk
yield, and maintaining lactation (19). During milk synthesis, prolactin
facilitates the absorption of glucose and amino acids, as well as the
synthesis of milk lactose, fat, casein, and lactoglobulin (20). The
mechanism underlying the increase of serum prolactin by feeding
FSM is still unclear. In this study, FSM treatment only last 4 weeks, the
effect of maintenance of lactation did not exhibited. Further studies
would last 8 weeks or longer to explore the effect of FSM on the
lactation maintenance in lactating cows. Nevertheless, the new finding
might provide a new strategy for the utilization of FSM on lactating
cows, especially in the early lactation stage.

Feeding FSM did not affect the concentration of acetate,
propionate, butyrate, total volatile fatty acids in the rumen, only caused
a little change in concentration of NH;-N, isobutyrate and isovalerate.
Two previous studies reported that FSM changed the rumen
fermentation parameters in lactating Holstein cows (7, 8). Wang et al.
(8) reported that FSM reduced total volatile fatty acid concentration,
acetate to propionate ratio and increased propionate percentage. Amin
et al. (7) reported that FSM increased rumen pH, acetate percentage
and acetate to propionate ratio. The results from these studies were not
consistent. The underlying reasons remain to elucidate.

Feeding FSM caused changes in the rumen bacterial community.
The previous studies also reported that feeding FSM modified the rumen
bacterial communities in lactating Holstein cows (7, 8). However, the
changes in these studies were not consistent. In the current study, feeding

TABLE 4 Effects of feeding FSM on alpha diversity of rumen bacterial
community in lactating cows.

Treatment
T-200 T-400 T-600 SEM P-
value
OTU 3389 3179 2882° 2931° 96 <0.01
Chao 1 4779° 4400 4145° 4186° 145 0.043
Shannon | 6.682* 6.64% 6.47° 6.48 0.06 0.028
Simpson | 0.0046 0.0044 0.0059 0.0066 0.001 0.051

»><Within a row, mean values with different superscript letters indicate a significant difference
(P<0.05).

10.3389/fvets.2024.1498639

FSM decreased the number of OTUs, Chao 1 and Shannon indexes, and
increased the relative abundance of Firmicutes and decreased the relative
abundance of Bacteroidota in the phylum levels, which were not
observed in the two previous studies. Amin et al. (7) reported that FSM
enriched the genus of Muribaculaceae_norank, which were reduced in
the current study. Both the current study and the study of Amin et al. (7)
observed the enrichment of the genus of Christensenellaceae R-7 group
by feeding FSM. The enrichment of the genera of Lactococcus, Candidatus
Saccharimonas and Olsenella was not observed in the two previous
studies. Fernando et al. (21) reported that Firmicutes were more adapted
to fiber fermentation, while Bacteroidota was more effective in degrading
starch. Wang et al. (22) reported that Actinobacteriota had the ability to
degrade polysaccharides. It suggested that FSM enhanced the fiber
fermentation ability in the rumen. Lagkouvardos et al. (23) reported that
the genomes of Muribaculaceae contained a substantial and versatile set
of carbohydrate-active enzymes, suggesting that the members in this
family had the ability to degrade complex carbohydrates, the authors also
stated that the fitness of Muribaculaceae species in degrading dietary
carbohydrates most likely explains the decreased occurrence in the
feeding trials using high-calories or carbohydrate-enriched diets.
Lactococcus are homofermentative and are used for the production of
L(+) lactic acid from glucose. In dairy industry, Lactococcus species are
used majorly in the production of lactic acid from lactose, hydrolysis of
casein, fat lipolysis by weak esterase activities, and citric acid fermentation
(24). The enrichment of Lactococcus might be due to the enhancement
of the fiber degradation or due to the nutrients provided by FSM. The
enrichment of Candidatus Saccharimonas in the rumen was observed by
feeding a Saccharomyces cerevisiae fermentation product in lactating
Holstein cows (25). Tong et al. (26) reported that the abundance of the
Candidatus Saccharimonas was positively correlated with the
concentration of propionate in the rumen of lactating cows. Ranilla et al.
(27) observed that an antioxidant (carvacrol) enriched Candidatus
Saccharimonas in an in vitro trial. It suggested that the enrichment of
Candidatus Saccharimonas might be associated with the antioxidant
provided by ESM. The members of Olsenella could utilize starch and
glycogen, producing lactate, acetate, and formate (28). Kim et al. (29)
reported that the relative abundance of Olsenella was higher in the
rumen of Holstein cows fed a high-grain diet. McLoughlin et al. (30)
reported that the relative abundance of Olsenella in the rumen was
positively associated with feed efficiency in sheep. Elolimy et al. (31)
observed a higher relative abundance of Olsenella in the hindgut of
Holstein heifer calves with high feed efficiency. However, Ellison et al.
(32) found a higher abundance of Olsenella in the rumen of low feed
efficient lambs fed a concentrate diet. It suggested that FSM increased the

TABLE 5 Effects of feeding FSM on the relative abundance of phyla of rumen bacterial community in lactating cows.

Relative abundance, %

T-200 T-400
Firmicutes 42.19° 40.93° 49.13* 51.36° 1.27 0.015
Bacteroidota 48.34° 48.88* 40.54° 39.01° 1.38 0.024
Proteobacteria 1.01 1.62 1.72 2.05 0.22 0.290
Euryarchaeota 3.24 3.29 2.27 1.87 0.23 0.081
Actinobacteriota 0.97¢ 1.25% 2.26° 1.74% 0.12 <0.01
Spirochaetota 1.58 1.25 1.12 0.90 0.09 0.103
Patescibacteria 1.37° 1.51° 1.59 2.00* 0.06 0.012

*>Within a row, mean values with different superscript letters indicate a significant difference (P < 0.05).
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TABLE 6 Effects of feeding FSM on the relative abundance of genera of rumen bacterial community in lactating cows*.

Treatment

T-400

T-200

T-600 SEM P-value

Bacteroidota Prevotella 24.86 25.97 21.18 19.27 1.44 0.233
Rikenellaceae RC9 gut group 5.73 6.15 5.36 6.51 0.30 0.586
Muribaculaceae_norank 5.69° 4.72%® 3.50° 3.39° 0.31 <0.01
Prevotella_7 1.85 1.06 1.12 0.35 0.29 0.131
F082_norank 3.42 4.2 3.84 4.81 0.20 0.076
Bacteroidales RF16 group_norank 1.46 1.39 1.12 1.30 0.10 0.735
Prevotellaceae YAB2003 group 0.37 0.65 0.33 0.16 0.066 0.301
Prevotellaceae UCG-003 1.13 1.29 0.95 0.87 0.062 0.154

Firmicutes Succiniclasticum 6.61 5.83 7.19 8.23 0.54 0.626
NK4A214 group 6.67 591 7.93 7.93 0.38 0.143
Ruminococcus 3.54 4.26 4.35 5.08 0.31 0.405
Christensenellaceae R-7 group 3.99 b 3.75¢ 5.42°% 6.35° 0.31 0.011
Clostridia UCG-014_norank 2.52 2.52 2.74 2.18 0.20 0.254
Lachnospiraceae NK3A20 group 2.62 2.13 3.49 2.96 0.21 0.066
[Ruminococcus] gauvreauii group 0.54 0.53 0.88 0.60 0.10 0.613
UCG-005 0.91 0.61 0.39 0.51 0.089 0.084
Butyrivibrio 0.60 1.06 0.86 1.20 0.094 0.355
Acetitomaculum 1.30 1.32 1.80 2.05 0.097 0.210
Lactococcus 0.005° 0.017° 0.18"° 0.54° 0.065 <0.01

Proteobacteria Acinetobacter 0.012 0.025 0.39 0.88 0.180 0.056

Spirochaetota Treponema 1.56 1.24 1.10 0.89 0.093 0.107

Patescibacteria Candidatus Saccharimonas 1.19¢ 1.34% 1.53° 1.96 * 0.067 <0.01

Actinobacteriota Bifidobacterium 0.23 0.40 0.76 0.53 0.087 0.108
Olsenella 0.43° 0.52°¢ 0.97¢ 0.65 0.062 <0.01

*Genera whose relative abundance >0.5% in at least one group were shown. **<Within a row, mean values with different superscript letters indicate a significant difference (P < 0.05).

feed efficiency in the current study. Unfortunately, the feed efficiency was
not determined in this study. It should be measured in the further study.

FSM is a high-quality plant protein source containing more than
50% crude protein. The study supplemented FSM directly into the
diets without modifying the dietary protein levels across the various
treatment groups. As a result, the dietary crude protein levels in the
treatment groups increased by approximately 0.7 to 1.4% compared to
the control group. A slight rise was observed in the numeric value of
the milk protein percentage and milk urea nitrogen, but this increase
was statistically insignificant. The further studies would adjust the
dietary protein levels to be the same across all treatments.

5 Conclusion

Feeding FSM to lactating cows did not affect the milk
performance, but increased the serum prolactin levels which
would help cows maintain the lactation. Moreover, feeding FSM
only caused a minor change in rumen fermentation parameters,
but greatly alter the rumen microbiota, with the increase of
Firmicutes, and decrease of Bacteroidota in the relative

abundance. Though more work should be done to demonstrate
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the effects of FSM, these findings may provide an approach to
keep the peak of lactation in dairy cows.
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Introduction: This study aimed to examine the effects of fermented rice husk
powder feed on growth performance, apparent nutrient digestibility, and rumen
microbial communities in fattening Hu sheep.

Methods: Twenty-one male Hu sheep with similar body weights (32.68 + 1.59
kg) were randomly assigned to three groups: a control group (CON) receiving a
TMR with soybean straw, a rice husk powder group (RH), and a fermented rice
husk powder group (FHR).

Results: The results indicated that the FHR group exhibited a significant increase
in ADG and FBW of Hu sheep compared to the other two groups (p< 0.05). The
digestibility of CP and EE was significantly higher in the CON and FHR groups than in
the RH group (p< 0.01). Furthermore, the digestibility of DM in the CON group was
higher than in the FHR and RH groups (p< 0.01). The FHR group showed lower NDF
and ADF digestibility compared to the CON group, but higher than the RH group
(p< 0.05). Additionally, serum ALB and ALT levels in the CON group were elevated
compared to those in the two groups (p< 0.05). The rumen concentrations of
TVFA, butyrate, and valerate in the FHR group were significantly elevated compared
to the other two groups (p< 0.05). At the genus level, the relative abundances
of Rikenellaceae RC9 gut group, Succinimonas, UCG-010_norank, UCG-005,
p-251-05_norank, and Lachnospiraceae AC2044 group were significantly
diminished in the FHR group compared to the CON group (p< 0.05). In contrast,
the relative abundance of Succinivibrio was significantly higher (p< 0.05), while the
abundances of Eubacterium coprostanoligenes group_norank and Quinella were
significantly lower (p< 0.05) in the RH group compared to the CON group. Spearman
correlation analysis revealed negative correlations between the Rikenellaceae RC9
gut group and propionate, butyrate, and TVFA, as well as between Prevotellaceae
UCG-003 and both propionate and TVFA. Conversely, Ruminococcus showed a
positive correlation with propionate and TVFA.

Discussion: In conclusion, replacing 15% of soybean straw with fermented rice
husk powder feed modified the rumen microbiota and improved the growth
performance of fattening Hu sheep.

KEYWORDS
fermented rice husk, Hu sheep, growth performance, rumen fermentation, rumen

microbiota
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1 Introduction

Roughage is an essential feed ingredient for ruminants, not only
providing substantial nutrients but also playing a critical role in
maintaining rumen health (1). In China, due to the scarcity of high-
quality forages, large quantities of forage such as alfalfa and oat grass are
imported annually to meet ruminant production needs (2). However,
while high-quality roughage is limited, a large amounts of agricultural
by-products, such as straw and rice husks, remain underutilized (3).
Rice husk, a major by-product of rice milling, is abundant and
inexpensive, with an annual production of approximately 40 million
tons in China (4). Research indicates that the cellulose content in rice
husks is high and has potential to partially replace traditional roughage
for ruminants (5). However, the coarse and hard texture of rice husks
results in poor palatability, low intake, and low digestibility when fed
directly (6). Current methods for processing agricultural by-products,
including physical and chemical approaches, have not been widely
adopted due to high energy consumption, environmental pollution, and
immature technology (7). How to use rice husk powder to fill the gap
in roughage resources has become a new challenge.

In recent years, biological fermentation methods have shown
promising results in reducing the fiber content of agricultural
by-products and enhancing their feed value (8). Microbial fermentation,
a common method for improving feed palatability and nutritional
value, works by decomposing macromolecules into a range of
metabolites that promote digestion and health while reducing harmful
substances in the feed (9). Previous studies have demonstrated that
microbial fermentation can improve feed palatability and significantly
increase nutrient content, leading to improved growth indicators in
animals (10, 11). For instance, adding fermented by-products to lamb
starter feeds has been shown to increase average daily gain and enhance
the richness and diversity of rumen microbial communities (12).
Similarly, incorporating fermented mushroom residues into total mixed
rations (TMR) has significantly improved production performance,
meat quality, and the diversity and abundance of rumen bacterial
communities in Hu sheep (13). Our initial experiments determined the
optimal strains and fermentation conditions for probiotic fermentation
of rice husk powder (14). Post-fermentation, a significant reduction the
pH of the rice husk powder was observed, alongside a notable increase
in the viable microbial count. Additionally, the contents of acid-soluble
protein and crude fat exhibited substantial increases of 118.05 and
60.44%, respectively (14). Given the observed enhancements in
fermentation indices and nutritional content, we hypothesized that
compound fermented rice husk powder may positively impact the
growth of meat sheep. Therefore, this study aimed to evaluate the effects
of partially substituting soybean straw with fermented rice husk powder
on sheep growth performance, nutrient digestibility, and rumen
microbiota. The findings were intended to offer theoretical guidance for
the safe and efficient utilization of fermented rice husk powder.

2 Materials and methods
2.1 Animals, diets, and experimental design
The experimental protocol was approved by the Animal Care and

Use Committee of Nanjing Agricultural University (protocol number:
SYXK2017-0007).
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A total of 21 healthy male Hu sheep in the fattening stage with
an average body weight (BW) of 34.19 + 1.40 kg were selected for
the study and randomly allocated into three groups, each consisting
of seven sheep. The experimental groups included a control group
(CON), a rice husk powder group (RH), and a fermented rice husk
powder group (FHR). The control group was fed a total mixed
ration (TMR) containing soybean straw powder, while the rice husk
powder group replaced 15% of the soybean straw powder in the
TMR with rice husk powder feed (composed of 80% rice husk
powder, 15% corn grain, and 5% soybean meal). The fermented rice
husk powder group substituted 15% of the soybean straw powder
in the TMR with fermented rice husk powder feed. The diets were
formulated according to nutrient requirements of meat-type sheep
and goat (NY/T 816-2021) (15). All raw materials were procured
from Da Bei Nong Technology Co., Ltd. in Anhui Province.
Ingredients and chemical composition of the experimental diets are
presented in Table 1. Each sheep was housed in an individual pen

TABLE 1 Ingredients and chemical composition of the experimental diets.

Ingredients, % DM
Corn grain 26.00 28.25 26.00
Cottonseed meal 4.00 4.00 4.00
Soybean meal 3.00 3.75 3.00
Malt sprouts 5.00 5.00 5.00
Wheat bran 7.00 7.00 7.00
Corn bran 10.00 10.00 10.00
Soybean hull 10.00 10.00 10.00
Soybean straw powder 25.50 10.50 10.50
Rice husk powder — 12.00 —
Fermented rice husk
powder feed! N N 1500
Calcium carbonate 0.80 0.80 0.80
Salt 0.80 0.80 0.80
Calcium
monophosphate 080 080 080
Distillers’ Grains 5.00 5.00 5.00
Premix? 2.10 2.10 2.10

Nutrient composition, % DM
CP 16.32 16.45 16.83
EE 4.77 4.40 4.57
NDF 48.30 45.25 44.60
ADF 26.00 25.59 26.00
ME, MJ/kg DM 9.32 9.40 9.30
Ca 0.76 0.79 0.78
P 0.60 0.67 0.64

"The fermented rice husk powder feed consists of a fermented substrate consisting of 80%
rice husk meal, 15% corn grain and 5% soybean meal. *Formulated to provide (per kilogram
of premix): 150000KIU of vitamin A, 100000 KIU of vitamin Dj, 600 IU of vitamin E, 0.3 g of
Cu, 1.2g of Fe, 1.8 g of Mn, 25 mg of I, 10 mg of Se, 15 mg of Co.
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(1.5m x 2m) with wooden slatted floors and had free access to
drinking water. All the sheep were fed twice daily at 07:00 and
16:00, ensuring a surplus of 5-10%. The pre-feeding period lasted
for 7 days, followed by a formal experimental period of 35 days. All
sheep were uniformly dewormed prior to the experiment.

The probiotics incorporated in the fermented rice husk powder
feed, such as Lactobacillus plantarum L1, Bacillus subtilis B6, and
Saccharomyces cerevisiae Y2, were sourced from Nanjing Zhirun
Biotechnology Group Co., Ltd. The inoculation process employed a
ratio of 1:2:2 for Lactobacillus plantarum L1, Bacillus subtilis B6, and
Saccharomyces cerevisiae Y2, respectively, with the probiotic solution
constituting 7% of the total feed volume. To facilitate optimal
fermentation, the moisture content of the feed was maintained at 35%.
The fermentation process occurred under controlled conditions at
25°C for 96 h, following the method outlined by Cheng et al. (14). The
nutritional compositions of both the rice husk powder feed and the
fermented rice husk powder feed are provided in Appendix 1.

2.2 Sampling and measurement

2.2.1 Growth performance

On the first day prior to the formal experimental period and on
the last day of the experimental period, the sheep were weighed before
the morning feeding to calculate the average daily gain (ADG).
Additionally, the diet offered and the orts were measured daily for
each group of sheep to assess dry matter intake (DMI) and the feed-
to-gain ratio (F/G) of the Hu sheep.

2.2.2 Apparent nutrient digestibility

During the digestibility assessment, each sheep was individually
housed in a pen. On the last day of each week of the formal
experimental period, fecal samples were collected directly from the
rectum. Collections occurred twice daily, once in the morning and
once in the evening. The samples were thoroughly homogenized, a
portion was combined with an equal volume of 10% dilute sulfuric
acid for nitrogen fixation. All fecal samples were stored at —20°C.

During the concluding 3 days of the experiment, feed samples
were collected, thoroughly mixed, and subjected to the quartering
method for sampling. After the experiment, both fecal and feed
samples were dried in an oven at 65°C for 48 h. Subsequently, the
samples were ground using a Cyclotec mill (Tecator 1,093; Tecator
AB, Hogands, Sweden) with a 40-mesh sieve for conventional
nutrient analysis. A portion of the air-dried feed was further dried at
105°C for 3 h to determine the dry matter content. The methods used
to measure neutral detergent fiber (NDF) and acid detergent fiber
(ADF) were based on Van Soest et al. (16), while the crude protein
(CP), crude fat (EE), and ash content in feed and feces were measured
according to AOAC (17). The apparent digestibility was calculated
using acid-insoluble ash (AIA) as a marker, following the methods
of Van Keulen and Chaney (1977). The calculation formula is
as follows:

( AIA concentration in feed /)
X

. . o N AIA concentration in feces
Nutrient digestibility (%) =
[ Nutrient concentration in )

x 100%

feces / Nutrient concentration in feed,
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2.2.3 Serum biochemical indices

On the 34th day of the formal experimental period, blood samples
were collected from the jugular vein using a vacuum tube 2.5h post-
morning feeding. Following clotting, the blood samples were
centrifuged at 3500 x g for 15min at 4°C, and the serum was stored in
liquid nitrogen for subsequent analysis of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and alkaline phosphatase
(ALP), total protein (TP), albumin (ALB), Urea, glucose (GLU), total
cholesterol (TCHO), and triglycerides (TG). Serum biochemical
indices were measured using the Beckman Coulter AU5800 automatic
biochemical analyzer (United States). The globulin concentration
(GLB) was calculated by subtracting the albumin concentration from
the total protein concentration.

2.2.4 Rumen fermentation parameters

On the 35" day of the formal experimental period, rumen fluid
was collected 2.5 h post-morning feeding using an oral stomach tube.
The first 50mL of the sample was discarded to minimize
contamination from saliva. Following immediate filtration through
four layers of cheesecloth, the pH of the rumen fluid was measured
using a portable pH meter (HI-9024C, HANNA Instruments,
United States). The remaining samples were subpackaged and stored
at —20°C for subsequent analysis. 1 mL of rumen fluid was mixed with
0.2mL of 25% (w/v) orthophosphoric acid and analyzed for VFA
concentrations using gas chromatography (GC-14B, Shimadzu, Japan)
(18). The ammonia nitrogen (NH;-N) concentration in the rumen
fluid was measured using a colorimetric method (19). Microbial crude
protein (MCP) concentration was determined using a Bradford
protein concentration assay kit (Beijing Solarbio Science & Technology
Co., Ltd).

2.2.5 DNA extraction, 16S rRNA amplicon
sequencing, and bacterial composition analysis

Total microbial genomic DNA was extracted from rumen content
samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross,
GA, United States) according to the manufacturer’s instructions. The
quality and concentration of DNA were determined by 1.0% agarose
gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer
(Thermo Scientific Inc., United States) and kept at —80°C prior to
further use. The hypervariable region V3-V4 of the bacterial 16S
rRNA gene was amplified with primer pairs 338F: ACTCCTACG
GGAGGCAGCAG and 806R: GGACTACHVGGGTWTCTAAT (20)
by an ABI Gene Amp® 9,700 PCR thermocycler (ABI, CA,
United States). Purified amplicons were pooled in equimolar amounts
and paired-end sequenced on an Illumina Mi Seq PE300 platform/
Nova Seq PE250 platform (Illumina, San Diego, USA) according to
the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd.
(Shanghai, China).

Raw FASTQ files were de-multiplexed using an in-house Perl
script, then quality-filtered by fastp version 0.19.6 (21) and merged by
FLASH version 1.2.7 (22) with the following criteria: The 300 bp reads
were truncated at any site receiving an average quality score of <20 over
a 50bp sliding window, and the truncated reads shorter than 50 bp were
discarded. Reads containing ambiguous characters were also discarded.
Only overlapping sequences longer than 10bp were assembled
according to their overlapped sequence. The maximum mismatch ratio
of the overlap region is 0.2. Reads that could not be assembled were
discarded. Then the optimized sequences were clustered into
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TABLE 2 Effects of fermented rice husk powder on growth performance
in fattening Hu sheep.

DM, g/d 1453.1 1438.6 1608.2 35.03 0.084
IBW, kg 32.63 32.69 32.71 0.36 0.996
FBW, kg 38.54° 37.86" 39.76" 0.40 0.039
ADG, g/d 166.5" 147.8° 204.5* 9.70 0.043
F/IG 9.04 9.97 8.21 0.38 0.166

CON (Control diet), RH (Containing 15% rice husk powder feed), FHR (Containing 15%
fermented rice husk powder feed).

TABLE 3 Effects of fermented rice husk powder on nutrient apparent
digestibility in fattening Hu sheep.

DM, % 62.40° 58.86" 59.64° 0.54 <0.001
CP, % 75.28° 69.87° 75.42° 0.59 <0.001
EE, % 67.36° 60.42° 68.69° 121 <0.001
NDE, % 47.23* 29.49° 34.47° 1.34 <0.001
ADE % 33.76° 16.47° 22.80° 1.41 <0.001

CON (Control diet), RH (Containing 15% rice husk powder feed), FHR (Containing 15%
fermented rice husk powder feed).

operational taxonomic units (OTUs) using UPARSE 7.1 (23) with a
97% sequence similarity level. The most abundant sequence for each
OTU was selected as a representative sequence. On the basis of the
above analyses, a series of in-depth statistical and visual analyses, such
as multivariate analysis and difference significance test, were conducted
on the community composition of multiple samples. Alpha diversity
was calculated using Qiime software (Version 1.9.1), and differences
between groups were analyzed using R software (Version 2.15.3). Bray-
Curtis distances were computed using the default script from the
Phyloseq package to measure beta diversity. Principal Component
Analysis (PCoA) was conducted using the ade4 and ggplot2 packages
of R software.

2.3 Statistical analyses

The growth performance, apparent digestibility, rumen
fermentation parameters, and serum biochemical indicators of Hu
sheep were analyzed using one-way ANOVA in SPSS 26.0, and multiple
comparison tests (SNK method) were performed. Covariance analysis
was used for the FBW, with the covariate being the IBW. The differences
in alpha diversity indicators and relative abundance of microbial
communities were analyzed using non parametric tests (Kruskal
Wallis). Spearmans rank correlation coefficients were calculated
between the relative abundances of all pairs of genera using the Hmisc
package in R (version 4.0.3). Only significant correlations (p < 0.05)
with a Spearman’ correlation coefficient |R|>0.6 were retained for
further analysis. An adjacency matrix based on significant Spearman
correlations was created to represent the network. The network was
visualized using Gephi. Nodes in the network represented genera, and

edges represented significant correlations between them. Node size was
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proportional to the genus’s relative abundance, and edge thickness was
proportional to the strength of the correlation. The significance level
p< 0.05 indicates significant differences, while p< 0.01 indicates
extremely significant differences in the data.

3 Results
3.1 Growth performance

No significant differences in IBW, DMI, and F/G were observed
among the three groups of Hu sheep (p > 0.05). However, there was a
significant improvement in FBW (p < 0.05). Compared to the RH
group, the ADG in the FHR group was significantly higher (p < 0.05),
while no significant differences were noted between the FHR and
control groups (p > 0.05) (Table 2).

3.2 Apparent digestibility of nutrients

The apparent digestibility of CP and EE was significantly higher
in the FHR and control groups compared to the RH group (p < 0.001),
with no significant difference observed between the FHR and CON
groups (p > 0.05). The apparent digestibility of DM, NDF, and ADF
was significantly lower in the RH and FHR groups compared to the
CON (p< 0.001). No significant difference in DM digestibility was
found between the RH and FHR groups. However, the digestibility
NDF and ADF was significantly higher in the FHR group compared
to the RH group (p< 0.05) (Table 3).

3.3 Serum biochemical indices

In comparison to the CON group, the levels of ALB and ALT were
significantly decreased in both the RH and FHR groups (p < 0.05).
However, no significant differences were observed among the three
groups for other indices, including AST, TP, GLOB, ALP, Urea, GLU,
TCHO, and TG (p > 0.05) (Table 4).

3.4 Rumen fermentation parameters

There were no significant differences in rumen pH among the
three groups (p> 0.05), but the FHR group had the lowest
pH. Concentrations of TVFA, butyrate, and valerate were significantly
elevated in the FHR group compared to the other two groups (p < 0.05).
Both the RH and FHR groups exhibited a significant decrease in the
A/P compared to the CON group (p < 0.05). No significant differences
were observed in the concentrations of acetate, propionate, NH;-N,
and MCP among the three groups (p > 0.05; Figure 1).

3.5 Rumen microbial diversity

In terms of alpha diversity, no significant differences were observed
in the ACE and Chaol indices among the CON, RH, and FHR groups
(p> 0.05). However, the FRH and RH groups significantly increased the
Simpson index (p < 0.05), while the Shannon index of the FHR group was
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TABLE 4 Effects of fermented rice husk powder on serum biochemical
parameters in fattening Hu sheep.

TP, g/L 60.33 56.26 56.55 1.03 0.203
ALB, g/L 27.11* 24.11° 24.87° 0.53 0.046
GLB, g/L 33.21 32.14 31.69 0.81 0.750
A/IG 0.83 0.79 0.80 0.02 0.697
UREA,

9.08 8.47 9.84 0.31 0.209
mmol/L
TCHO,

1.39 1.38 1.51 0.05 0.550
mmol/L
TG,

0.30 0.37 0.42 0.03 0.244
mmol/L
GLU,

4.43 5.64 5.53 0.29 0.168
mmol/L
ALP, U/L 546.7 415.6 457.4 26.49 0.116
ALT, U/L 19.71* 15.14° 15.71° 0.81 0.034
AST, U/L 102.7 89.86 100.00 3.29 0.253

CON (Control diet), RH (Containing 15% rice husk powder feed), FHR (Containing 15%
fermented rice husk powder feed).

lower (p< 0.05). The PCoA results based on the Unweighted-UniFrac
metric demonstrated a distinct separation of the FHR group from both
the CON and RH groups (R=0.388, p=0.001) (Figure 2).

3.6 Rumen fermentation parameters

A total of 29 phyla were identified, with Bacteroidota (63.97%),
Firmicutes (23.10%), Proteobacteria (8.87%), and Cyanobacteria

10.3389/fvets.2024.1503172

(1.15%) having a relative abundance greater than 1% (Figure 3A). The
relative abundances of Acidobacteriota and Chloroflexi in the FHR
group were lower than in the RH group, although no differences were
noted when compared with the CON group (Figure 3B).

At the genus level, 13 genera had a relative abundance greater than
1%. The FHR group exhibited a significantly lower relative abundance
of Rikenellaceae RC9 gut group, Succinimonas, UCG-010_norank,
UCG-005, p-251-05_norank, and Lachnospiraceae AC2044 group
compared to the CON group (p< 0.05). Conversely, the relative
abundance of Succinivibrio in the RH group was significantly higher
than that in the CON group (p < 0.05), while the relative abundances
of Eubacterium coprostanoligenes group_norank and Quinella were
lower than in the CON group (p < 0.05). However, no differences were
found in the relative abundances of these genera between the FHR and
RH groups (p > 0.05; Figures 3C,D).

3.7 Relationships between major rumen
bacteria, fermentation parameters, and
growth performance

Spearman correlation analysis was conducted to investigate the
relationships between rumen VFA and the top 15 ranked bacterial
genera based on relative abundance. The results revealed significant
negative correlations between Rikenellaceae RC9 gut group and
propionate, butyrate, and total VFA. Additionally, Prevotellaceae
UCG-003 exhibited negative correlations with propionate and TVFA,
whereas Ruminococcus showed a positive correlation with propionate,
and, total VFA. The correlation between the isovalerate and
Ruminococcus, Muribaculaceae_norank, and F082_norank had a
significantly positive correlation. UCG-002 is positively correlated
with propionate and negatively correlated with A/P (Figure 4A). These
findings suggest a potential role of rumen microorganisms in
regulating rumen fermentation.
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FIGURE 1
Effects of fermented rice husk powder on rumen fermentation parameters in fattening Hu sheep. (A) rumen pH, (B) A/P = acetate to propionate ratio,
(C) NH3-N = ammonia nitrogen, (D) MCP = microbial protein, (E) rumen VFA.
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Correlation network analyses were further performed to
investigate the relationships between rumen microorganisms and
sheep growth performance. A correlation was defined as having a
strong interactive relationship if it had a p-value <0.05 and an R value
>0.4 (Figure 4B). The results suggest that Veillonellaceae UCG-001,
RF16
Gastroanaerophilales_norank have the potential to influence
DMI. Additionally, Prevotellaceae UCG-001 and Clostridia UCG-014_
norank are correlated with FBW. While Lachnospiraceae Unclassified
and Veillonellaceae UCG-001 has a strong correlation with ADG.

Bacteroidales group_norank, Anarovibrio, and

4 Discussion
4.1 Growth performance

Enzymes secreted by microorganisms during the fermentation
process can degrade complex compounds in plant fibers, thereby
imparting a distinctive aroma to fermented feed and subsequently
enhancing animal intake (24). Research found that feeding fermented
rice straw containing probiotics to fattening cattle improved growth
performance compared to the Control (25). Similarly, fermented TMR
was found to notably increase the feed intake and growth performance
of Hanwoo steers (26). However, the findings of the current
experiment revealed no significant differences in feed intake among
the three groups of Hu sheep, suggesting that the fermented feed did
not enhance animal feed intake. This outcome may be attributed to
variations in the fermentation strains utilized in different studies,
leading to negligible changes in the flavor compounds of the fermented
rice husk powder.

Research indicates that the incorporation of fermented feed can
positively influence animal growth. For instance, the study conducted
in the same area (27) demonstrated that supplementing with 10%

10.3389/fvets.2024.1503172

fermented mulberry leaves significantly improved the average daily
gain of Hu sheep. Furthermore, the fermentation of rice straw using a
combination of calcium oxide, Bacillus spp., and coconut water
markedly increased the digestibility of OM, CP, and DM (28).
Additionally, the inoculation of corn silage with either Lactobacillus
buchmeri or Lactobacillus plantarum separately improved the intake of
dry matter (DM), crude protein (CP), and neutral detergent fiber
(NDF) in lambs by Basso et al. (29). In this experiment, the ADG and
FBW of the FHR group were significantly higher than those of the
other two groups. This finding indicates that fermented rice husk
powder increased the ADG and final weight of the sheep without a
corresponding increase in feed intake.

4.2 Apparent digestibility of nutrients

It is widely acknowledged that microbial fermentation can
improve the quality of substandard feed materials (30). Research
has demonstrated that treating rice husks through biodegradation
by Pleurotus ostreatus results in an increase in CP content from
2.15t0 9.3%, alongside a 14.76% rise in digestibility. Additionally,
there is a notable reduction in crude fiber and lignin content by
35.4 and 40.9%, respectively (31). The enhancement of nutrient
digestibility in animals fed fermented feed is likely attributable to
modifications in the physical properties of fibers induced by the
fermentation process, which facilitate microbial breakdown in the
rumen (32).

The experiment shows that the FHR group’s digestibility is
higher than the RH group but lower than the CON group. This
implies that fermenting rice husk powder improves its digestibility,
though not to the level of the CON group. The difference may
be due to the higher lignocellulose content in rice husk compared
to soybean stalk powder. The digestibility of CP and EE in
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fermented rice husk powder was similar to the CON group but
significantly higher than the RH group. Fiber digestibility varied
among the three groups, suggesting that rice husk powder’s
lignocellulose is harder to degrade than soybean stalk powder.
However, probiotic fermentation significantly improved its
digestibility. Similar results were observed in a study where feeding
fermented cottonseed hulls to calves significantly improved their
ADG, even though the DM digestibility of the fermented cottonseed
hulls was markedly lower than that of the CON group (33). These
findings suggest that fermented feeds with high lignocellulose
content can enhance digestibility to some extent and promote
growth in animals.

4.3 Serum biochemical indices

The results of the serum biochemical indicators revealed that
the ALB and ALT levels were significantly decreased in the RH and
FHR group compared to the CON group, while no significant
differences were observed for other indicators, such as
GLB. Previous research indicates that increased protein metabolism
can result in elevated ALT levels. However, disruptions in
hepatocytes cellular membrane may also contribute to higher serum
ALT levels (34). Variations in ALB levels partially reflect the
nutritional quality of dietary protein and the status of protein
digestion, absorption, and metabolism in the animal (35). It is
possible that the higher protein content in soybean stalk powder
compared to rice husk powder led to the increased ALT and ALB

levels in the serum of the Hu sheep in the control group.

4.4 Rumen fermentation parameters

Feeding fermented feeds led to a decrease in rumen pH, likely due to
microbial facilitation of carbohydrate breakdown during the fermentation
process, which subsequently increases VFA production (36). The
fermentation process modified the fiber composition of rice husk powder,
thereby influencing the rumen fermentation patterns. Notably, the
butyrate level in the rumen of the FHR group was significantly elevated
compared to the other two groups, while the valerate level was significantly
higher than in the RH group. Numerous studies have demonstrated that
butyrate plays a crucial role in the development of the rumen epithelium
in lambs (37). The marked increase in butyrate levels in the rumen of
sheep fed fermented rice husk powder suggests that this dietary
intervention may promote rumen development. Furthermore, the A/P in
the rumen fluid of the FHR group was significantly lower compared to
the control group, indicating that the inclusion of fermented rice husk
powder in the diet altered the rumen fermentation pattern.

4.5 Rumen microbiota

Rumen microorganisms play a crucial role in fermentation
process and overall health. The present study’s diversity analysis results
reveal significant alterations in rumen microbial populations due to
the different dietary formulations. Previous research indicates that
fermented feeds generally do not lead to dramatic shifts in dominant
microbial phyla (38). However, in this study, the relative abundances
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of Acidobacteriota and Chloroflexi were significantly reduced in the
FHR group compared to the RH group. At present, the functional
roles of Acidobacteriota and Chloroflexi within the rumen remain
inadequately understood. It has been observed that feeding a blend of
cinnamaldehyde, eugenol, and capsicum oleoresin significantly
reduced the relative abundance of Acidobacteriota and Chloroflexi in
the rumen, suggesting potential associations with decreased
inflammation and apoptosis in the rumen (39).

The FHR group reduced the relative abundances of the Rikenellaceae
RC9 gut group, UCG-010_norank, p-251-05_norank, UCG-005,
Quinella, and Lachnospiraceae AC2044 group. The Rikenellaceae RC9 gut
group is commonly found in the digestive tracts of various animals and
is closely associated with the digestion of carbohydrates and celluloses
(40). Additionally, it plays a role in starch degradation (41). Correlation
analysis revealed a negative correlation between the Rikenellaceae RC9
gut group and various VFA, with a positive correlation observed solely
with the A/P. This finding diverges from prior studies, possibly due to
differences in the fiber composition of soybean straw powder and
fermented rice husk powder. Such differences may result in shifts in the
dominant microorganisms involved in degradation and VFA production.

Ruminococcus and Quinella are primarily associated with the
degradation of cellulose and carbohydrates and can produce succinate,
a precursor of propionate (42). A strong positive correlation was found
between Ruminococcus and propionate concentration, suggesting that
the dominant microorganisms involved in carbohydrate degradation
in the FHR group may be influenced by Ruminococcus. The correlation
network indicated that Veillonellaceae UCG-001, Bacteroidales RF16
group_norank, Anaerovibrio, and Gastranaerophilales_norank have the
potential to regulate DMI in the rumen. Anaerovibrio has been
reported to generate propionate through lipid metabolism, suggesting
its potential role in modulating DMI in lambs (43). Furthermore, the
Veillonellaceae family is linked to the remaining feed intake in beef
cattle, indicating that Veillonellaceae UCG-001 may collectively
regulate DMI in sheep. The functional ecological niches of different
microbial communities present in the rumen interact synergistically,
affecting rumen microbial function. Feeding fermented rice husk
powder may enrich the microbial network that promotes DMI in
sheep, thereby enhancing their growth and development.

5 Conclusion

The incorporation of 15% fermented rice husk powder feed has
been demonstrated to enhance the growth performance and nutrient
digestion of Hu sheep, as well as to increase the concentrations of
propionate, butyrate, and valerate in the rumen. This improvement in
rumen fermentation and growth performance in sheep is likely
mediated by rumen microorganisms, including Veillonellaceae
UCG-001, Bacteroidales RF16 group_norank, Anaerovibrio, and
Gastranaerophilales_norank. Therefore, fermented rice husk powder
feed represents a promising alternative to traditional roughage in the
diet to enhance animal performance.
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Holstein bulls fed diets with
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methionine
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The aim of this experiment was to investigate the effects of intravenous infusion
of lipopolysaccharide (LPS) and feeding different ratios of lysine (Lys) and
methionine (Met) on feed intake, apparent digestibility, rumen fermentation and
microorganisms in young Holstein bulls. Five seven-month-old Holstein bulls
with similar body weights (279 + 42 kg) were selected and subjected toa 5 x 5
Latin square experiment. The control group (CON) was fed with basal diet and
the ratio of Lys to Met in the diet was adjusted to 3.0: 1. The experimental groups
were received LPS infusion while being fed the basal diet (TRT1), along with LPS
infusion and the addition of rumen-protected lysine (RPL) and rumen-protected
methionine (RPM) to make the ratio of Lys to Met to 2.5:1 (TRT2), 3.0:1 (TRT3)
and 3.5: 1 (TRT4), respectively. The LPS jugular infusion dose was set at 0.01 pg/
kg body weight on days 1-3 and 0.05 pg/kg body weight on days 4-7. The trial
was conducted over five periods, consisting of a 7-day trial period and a 6-day
interval. The results indicated that there were no significant effects of LPS infusion
on feed intake and apparent digestibility in young Holstein bulls fed different
ratios of Lys and Met (p > 0.05). The treatment had no significant effects on the
pH and total volatile fatty acids (p > 0.05). Compared with CON, the acetate
content in the experimental groups exhibited an increasing trend (p = 0.066),
while the content of NHs-N decreased significantly (p < 0.05). LPS infusion had
no significant effect on rumen microorganisms at either the species or phylum
level (p > 0.05). However, feeding different ratios of Lys and Met could significantly
increasing the abundance of Oribacterium (p < 0.05) and tended to increase the
abundance of norank_f__norank_o__RF_39 at the genus level (p = 0.087). These
findings suggest that adding RPL and RPM into the diet may enhance the rumen
environment in young Holstein bulls. Under the conditions of this experiment,
adding RPL and RPM can mitigate the negative effects associated with LPS infusion,
with an optimal ratio of Lys and Met is 3.0:1.
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1 Introduction

Lipopolysaccharide (LPS) is a common substance that induces
inflammation, which can lead to weakened immunity, decreased feed
intake, and substandard product quality in livestock and poultry. In
the process of protein digestion and utilization of dairy cattle, the
rumen characteristics lead to low protein utilization efficiency (1).
Amino acids (AA) are the fundamental building blocks of proteins,
and the essence of protein nutrition lies in amino acid nutrition. By
reducing the protein level in the diet, an appropriate amount of AA
can be provided to effectively meet the growth requirements of dairy
cattle (2). The overall concentration of AA in the body is strictly
regulated through transport, metabolism, and protein biosynthesis/
degradation. Organs work together to achieve systemic amino acid
homeostasis, and carried out through intestinal absorption and
peptides and renal reabsorption. The liver metabolizes AA and
muscles participate in protein biosynthesis and degradation, and the
nervous and endocrine systems regulate this transport and metabolism
(3). Host-rumen microbiota interaction is an important component
and complex ecosystem of many physiological processes. Ruminant
can consume large amounts of forage and convert it into products,
mainly relying on some bacteria in the rumen to secrete cellulase,
which could decompose partly cellulose as an energy source for the
body (4).

Lysine (Lys) and methionine (Met) are the two primary limiting
essential AA for ruminant growth, playing a crucial role in supporting
gastrointestinal function and the gut-related immune system. Met
promotes the growth and development of immune organs, enhances
the proliferation of immune cells, and facilitates the synthesis of
immune-related compounds, thereby regulating the body’s immune
response (5). Lys induces antioxidant enzymes to prevent oxidative
stress through the Nrf, pathway, improves the repair capabilities of
proteins and DNA, and enhances the cellular redox state of intestinal
cells, thus bolstering the body’s antioxidant capacity (6). Junior et al.
(7) found the supplementation of rumen-protected methionine
(RPM) could enhance the performance of dairy cows during peak
lactation by increasing amino acid metabolism. It has been reported
that RPM supplementation could alleviate heat stress (8). Moreover,
the addition of Lys significantly improved immune function in dairy
cows (9). Although RPM has been rumen protected, adding RPM
could enhance the rumen environment of cows (10). Therefore, the
purpose of this study is to evaluate the effects of lipopolysaccharide
(LPS) infusion on feed intake, apparent digestibility, rumen
fermentation and microorganisms in young Holstein bulls fed diets
with different ratios of Lys and Met. This experiment can provide
theoretical support for adjusting the amino acid structure of the diet
to alleviate stress in dairy cows, which is of great significance for
practical production.

2 Materials and methods
2.1 Animal, diet and design

This study was conducted from October to December 2023 in a dairy
farm and approved by the Experimental Animal Ethics Committee of

Zhejiang A&F University (ZAFUAC202448). Five seven-month-old
Holstein bulls with similar body weights (279 + 42 kg) were selected for
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TABLE 1 Dietary and nutrition composition levels.

Dietary Nutrient
components% level%

Wheat straw 13.04 DM 9291
Peanut seedlings 26.08 CP 14.09
Corn silage 34.78 Ash 10.17
Corn 4.57 EE 4.75
Soybean meal 10.43 NDF 34.14
Brewer’s grains 6.52 ADF 29.73
Bran 3.26

'Premix 0.44

Stone powder 0.44

NaCl 0.22

Dicalcium phosphate 0.22

Total 100

"Premix/kg: 580 kIU vitamin A; 220 kIU vitamin d3; 5.76 kIU vitamin e; 3,200 mg zing;
2,560 mg manganese; 2,400 mg iron; 1,600 mg copper; 55 mg iodine; 20 mg cobalt; 50 mg
selenium.

the study. The dietary composition and nutritional components are
shown in Table 1. A 5x 5 Latin square design was employed for the
experiment. The control group (CON) was fed a basal diet with Lys to Met
ratio of 3.0:1, and the experimental groups received the with basal diet and
infused LPS (TRT1), infused LPS and added rumen-protected lysine
(RPL) and RPM in the diet, resulting in ratios of 2.5:1 (TRT2), 3.0:1
(TRT3), and 3.5:1 (TRT4), respectively. LPS (E. coli O111:B4, L2630,
297-473-0) was sourced from Sigma-Aldrich. RPL and RPM were
obtained from Kemin Industries, Inc. The rumen absorption rates of RPL
and RPM are 65% and 50%, respectively, while the small intestine
absorption rate is greater than 80%. To avoid excessive drug stimulation,
the infusion was adjusted from a low dose to a high dose. The
concentration of LPS solution infused into the jugular vein was 0.01 pg/
kg BW on days 1-3 and 0.05 pg/kg BW on days 4-7. The trial was
conducted over five periods, each lasting 13 days, which included a 7-day
experimental period followed by a 6-day rest period. During both the rest
and experimental periods, the bulls were fed twice daily and had
unrestricted access to water.

On the day before the start of each period, 1 L of infusion solution
was prepared according to their weight and stored at 4°C. The solution
was allowed to return to room temperature before infusion. A constant
flow pump was used for the infusion, which lasted approximately 6 h.
The bulls were arranged in order, and a central venous catheter was
inserted into the jugular vein. The catheters were flushed with saline
before infusion and promptly sealed with heparin sodium to prevent
blockage due to blood coagulation. The surgical site for each trial was
not on the same side as the previous one, allowing sufficient time for
wound recovery.

2.2 Sample collection and determination

2.2.1 Sample collection

Each bull was independently fed twice a day, the remaining feed was
weighed, the daily feed intake of each bull was calculated, and the feed
intake of each bull was calculated according to the treatment. On the last
3 days of each period, spot collection of feces every 6 h. The first collection
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on the second day would be collected 2 h in advance and 4 h in advance
on the third day. Fecal samples would be pooled by periods and bulls. The
feces were then mixed according to the cattle at the end of each period
and stored at —80°C. After a 7-day experimental phase, 50 mL of rumen
fluid was collected before morning feeding, discarding the first 200 mL to
avoid saliva contamination. The rumen fluid was filtered through four
layers of sterile gauze, and the pH was immediately measured. The sample
was divided into 2mL centrifuge tubes and stored at —80°C for
microbiological testing. The rumen microbiota was analyzed by Shanghai
Meiji Biomedical Technology Co., Ltd.

2.2.2 DNA extraction, PCR amplification and
I[llumina MiSeq sequencing

Total microbial genomic DNA was extracted using the E.ZN.A.®
soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to
manufacturer’s instructions. The quality and concentration of DNA
were determined by 1.0% agarose gel electrophoresis and a
NanoDrop2000 spectrophotometer (Thermo Scientific Inc., USA).
The hypervariable region V3-V4 of the bacterial 16S rRNA gene were
amplified with primer pairs338F (5-ACTCCTACGGGAG
GCAGCAG-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3"),
using the following conditions: 3 min of denaturation at 95°C,
27 cycles of 30s at 95°C, 30s of annealing at 55°C, and 45 s of
elongation at 72°C, and a final extension for 10 min at 72°C (11, 12).
Each PCR experiment used a 20-pL reaction mixture containing 4 pL
of 5 x FastPfu buffer, 2 pL of 2.5 mM deoxynucleoside triphosphates,
0.8 pL of each primer (5 M), 0.4 pL of FastPfu polymerase, and 10 ng
of template DNA. The PCR product was extracted from 2% agarose
gel and purified using the PCR Clean-Up Kit (YuHua, Shanghai,
China) according to manufacturer’s instructions and quantified using
Qubit 4.0 (Thermo Fisher Scientific, USA). Purified amplicons were
pooled in equimolar amounts and paired-end sequenced on an
Mumina Nextseq2000 platform (Illumina, San Diego,USA) according
to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd.
(Shanghai, China).

2.2.3 Sample determination

Rumen fluid was centrifuged at 500 x g at 4°C for 15 min.
Subsequently, 3 mL of the supernatant was mixed with 1 mL of 77.6%
trichloroacetic acid solution, vortex-mixed, and divided into two
portions. One placed in an ice bath for 45 min and the other
centrifuged at 27,000 x g for 15 min. Microbial protein (MCP) was
measured using the Coomassie brilliant blue method with a
multifunctional enzyme-labeled instrument (Tecan Infinite 200Pro,
Tecan Group, Switzerland) at a wavelength of 595 nm. The collected
rumen fluid was centrifuged at 1,000 x g at 4°C for 10 min. 1 mL of
the supernatant was transferred into a centrifuge tube, and 0.1 mL of
25% metaphosphate was added. The mixture was then placed in an ice

10.3389/fvets.2024.1523062

bath for 30 min, followed by centrifugation at 1,000 x g at 4°C for
15 min. The supernatant was analyzed for acetate, propionate,
butyrate, isobutyrate, valerate, and isovalerate using a gas
chromatograph (6,890 N, Agilent, USA). The concentration of NH;-N
in rumen fluid was determined using indophenol colorimetry (13).

The contents of dry matter (DM) and crude protein (CP) in both
feed and feces were determined using the AOAC method (1990) (14).
Additionally, the levels of acid detergent fiber (ADF) and neutral
detergent fiber (NDF) were assessed following the method established
by Van Soest et al. (15).

2.3 Statistical analysis

The feed intake, apparent digestibility, rumen fermentation and
microbial composition were all sorted by Excel 2022. Feed intake,
apparent digestibility, rumen fermentation indexes and microbial
composition were analyzed by PROC GLM program in SAS9.4
statistical software. Treatment and period were fixed effects in the
model, while bulls were random effects. Test results are presented as
mean and mean standard error (SEM). p < 0.05 indicated significant
difference, and 0.05 < p < 0.10 indicated trend of difference.

3 Results
3.1 Feed intake

The effects of LPS infusion on feed intake of young Holstein bulls
fed diets with different ratios of Lys and Met is shown in Table 2.
During the whole period, treatment had no significant effect on feed
intake of young Holstein bulls (p > 0.05).

3.2 Apparent digestibility

Effect of LPS infusion on apparent digestibility of nutrients in
young Holstein bulls fed diets with different ratios of Lys and Met are
shown in Table 3. Treatment had no significant effect on the apparent
digestibility of DM, CP, NDF and ADF among groups (p > 0.05).

3.3 Rumen fermentation

Effects of LPS infusion on rumen fermentation in young Holstein
bulls fed diets with different ratios of Lys and Met are shown in
Table 4. The NH;-N content of CON and TRT1 was significantly
higher than that of TRT3 and TRT4 (p < 0.05), and it is the lowest in

TABLE 2 Effect of lipopolysaccharide infusion on feed intake of young Holstein bulls fed diets with different ratios of Lys and Met.

Treatments
TRT2
Mean daily feed
intake kg/d DM 14.91 13.97 15.19

14.96 14.95 0.709 0.423

CON = basal diet, the ratio of Lys to Met is 3.0:1; TRT1 = LPS infusion and basal diet, the ratio of Lys to Met is 3.0:1; TRT2 = LPS infusion, basal diet added rumen-protected amino acids, the
ratio of Lys to Met is 2.5:1; TRT3 = LPS infusion, basal diet added rumen-protected amino acids, the ratio of Lys to Met is 3.0:1; TRT4 = LPS infusion, basal diet added rumen-protected amino
acids, the ratio of Lys to Met is 3.5:1; SEM = standard error of the mean.
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TABLE 3 Effects of lipopolysaccharide infusion on apparent digestibility of young Holstein bulls fed diets with different ratios of Lys and Met.

Treatments
TRT2
DM 64.02 61.44 62.70 66.08 64.99 2.939 0.946
CP 71.72 68.42 70.51 73.28 71.90 1.655 0.840
NDF 50.86 47.31 58.51 58.90 54.38 7.680 0.855
ADF 42.89 38.25 54.01 56.00 53.58 5.637 0.107

CON = basal diet, the ratio of Lys to Met is 3.0:1; TRT1 = LPS infusion and basal diet, the ratio of Lys to Met is 3.0:1; TRT2 = LPS infusion, basal diet added rumen-protected amino acids, the
ratio of Lys to Met is 2.5:1; TRT3 = LPS infusion, basal diet added rumen-protected amino acids, the ratio of Lys to Met is 3.0:1; TRT4 = LPS infusion, basal diet added rumen-protected amino

acids, the ratio of Lys to Met is 3.5:1; SEM, standard error of the mean.

TABLE 4 Effects of lipopolysaccharide infusion on rumen fermentation of young Holstein bulls fed diets with different ratios of Lys and Met.

Treatments
TRT2
pH 6.39 6.47 6.51 6.49 6.52 0.204 0.992
NH;-N, mg/L 2.36" 2.38* 1.47% 0.92° 1.27° 0.349 0.029
MCP, mg/mL 1.26 1.32 1.24 1.42 1.51 0.167 0.791
TVFAs, mmol/L 85.63 96.10 87.20 103.50 100.88 5.926 0.201
Acetate, mmol/L 52.13 59.30 52.10 64.63 63.28 4.613 0.066
Propionate, mmol/L 13.81 15.55 13.85 17.24 16.67 1.392 0.340
Isobutyrate, mmol/L 5.00 5.68 5.13 6.12 593 0.560 0.573
Butyrate, mmol/L 6.61 7.10 6.83 7.04 6.81 0.403 0.910
Isovalerate, mmol/L 3.14 3.40 3.28 3.35 3.14 0.287 0.945
Valerate, mmol/L 4.94 5.07 5.00 5.11 5.06 0.154 0.943
Acetate: Propionate 3.85 3.83 3.92 3.75 3.80 0.236 0.989

CON = basic diet, the ratio of Lys to Met is 3.0:1; TRT1 = LPS infusion and basic diet, the ratio of Lys to Met is 3.0:1; TRT2 = LPS infusion, basic diet added rumen-protected amino acids, the
ratio of Lys to Met is 2.5:1; TRT3 = LPS infusion, basic diet added rumen-protected amino acids, the ratio of Lys to Met is 3.0:1; TRT4 = LPS infusion, basic diet added rumen-protected amino

acids, the ratio of Lys to Met is 3.5:1; SEM, standard error of the mean. ab means in a row that do not have a common superscript letter differ significantly (p < 0.05); ab means in a row that

have a common superscript letter no differ significantly (p > 0.05).

TRT3. During the whole experimental period, the acetate content in
the experimental group showed an increasing trend (p = 0.066) with
the highest content in the TRT3, and the treatment had no significant
effect on the pH, MCP, total volatile fatty acids (TVFAs), propionate,
isobutyrate, butyrate, isovalerate, valerate and the ratio of acetate and
propionate of rumen fluid (p > 0.05).

3.4 Rumen microorganisms

As shown in Figure 1, rumen microbial dilution correlation curve
tended to be stable when the measured effective sequence number
reached 22,000, indicating that the data amount was reasonable.

A total of 25 rumen samples were collected for DNA extraction
and 16S rRNA sequencing. As shown in Figure 2, Venn diagram
showed the number of common and specific ASVs in the rumen of
bulls in different groups: the five groups had 417 ASV's in common,
including 38 specific ASVs in the CON, 41 specific ASVs in the TRT1,
37 specific ASVs in the TRT2, 66 specific ASVs in the TRT3 and 38
specific ASVs in the TRT4.

Alpha diversity mainly reflects the diversity of species. As shown
in Table 5, goods-coverage indexes were all above 0.9, which indicated
that species diversity and community structure could be well reflected.
There was no significant effect of LPS and feeding with different ratios

Frontiers in Veterinary Science

124

of Lys and Met on the alpha diversity of rumen microorganisms in
bulls (p > 0.05).

As shown in Table 6, there was no significant effect of LPS infusion
on the species difference of rumen microorganisms at the phylum
level in bulls which fed diets with different ratios of Lys and Met
(p > 0.05). Table 7 showed that feeding diets with different proportions
of Lys and Met could significantly increase the content of Oribacterium
in the rumen (p < 0.05), with that highest Oribacterium content in
bulls treated with TRT3. Additionly, norank_f _norank_o__RF39
showed an increasing trend (p = 0.078) at genus level.

4 Discussion

The aim of this experiment is to explore effects of
lipopolysaccharide infusion on feed intake, apparent digestibility,
rumen fermentation and microorganisms of young Holstein bulls fed
diets with different ratios of Lys to Met. The experimental results can
provide theoretical support for exploring the amino acid structure of
dairy cows’ diets under chronic stress.

Feed intake is the primary factor of determining efficiency in
production, and whether it is normal or not significantly impacts animal
production (16). Stress is one of the main contributors to decreased feed
intake in animals. Low feed intake adversely affects the rumen condition
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FIGURE 1
Sample dilution curve in different groups. CON = basal diet, the ratio of Lys to Met is 3.0:1; TRT1 = LPS infusion and basal diet, the ratio of Lys to Met is
3.0:1; TRT2 = LPS infusion, basal diet added rumen-protected amino acids, the ratio of Lys to Met is 2.5:1; TRT3 = LPS infusion, basal diet added
rumen-protected amino acids, the ratio of Lys to Met is 3.0:1; TRT4 = LPS infusion, basal diet added rumen-protected amino acids, the ratio of Lys to
Met is 3.5:1.

of ruminants (17-19). It has been discovered that a state of stress could
lead to a significant reduction in feed intake among mice (20). It has
been demonstrated that a variety of stresses including oxidative stress
can lead to low feed intake in ruminants (21). Meanwhile, Kang et al.
(22) reported that intraperitoneal injection of a high dose of LPS
inhibited feed intake. Similar results have been found in studies of dairy
cows (23). However, no difference in feed intake obtained by LPS
infusion may causing by the dose in this study, which lead to varying
doses of RPL and RPM did not significantly effect of young Holstein
bulls. The LPS dose selected in this experiment was relatively low; as well
as in order to avoid acute stress on the bulls. And a concentration
gradient was used to gradually increase the infusion dose, giving the
bulls enough time to adapt. This may be the reason why the feed intake
decreased to a certain extent while no difference among groups.
Apparent digestibility reflects the efficiency with animals utilize
feed. It has been found that incorporating RPL and RPM into the diet
of yaks increased nutrient digestibility (24). Dietary addition of RPL
and RPM have also been shown to promote the digestibility of CP and
NDF in other ruminants (25, 26), likely because methionine or its
analogs increased the abundance of cellulose-decomposing bacteria
in the rumen (27), there are differences from our experimental results,
which also may be related to the rumen passage rate of AA and the
level of feeding management. However, the same trend has not been
shown in studies of dairy cows (28, 29), which aligns with the findings
of this study. Zhao et al. (30) and Lee et al. (31) found that RPM and
other essential amino AA did not influence the apparent digestibility
of nutrients in dairy cows’ diets, consistent with our research findings.

Frontiers in Veterinary Science

Similarly, Odedra et al. (32) reported that supplementing RPL into the
basal diet of goats did not significantly affect the apparent digestibility
of DM, ADE, and NDE consistent with the results of this study. The
discrepancies in these research findings may be attributed to the use
of different types of rumen-protected AA across studies, which exhibit
distinct rumen protection rates, rumen microbial metabolism rates,
and apparent digestibility rates.

In the normal physiological range, a lower rumen pH value is
beneficial for the rumen development of growing cattle (33). However,
when the pH exceeds this range, whether it becomes too acidic or too
alkaline, it can lead to a decline in animal production performance,
directly negatively impacting rumen fermentation. In severe cases,
subacute acidosis may occur, potentially resulting in the death of cattle
(34, 35). In this study, the treatments had no significant effect on the
rumen pH of young Holstein bulls. Ruminants cannot directly utilize
ammonia nitrogen, however, rumen bacteria possess the ability to
capture free ammonia nitrogen in the rumen for MCP synthesis (36).
The rumen and intestinal microflora serve as intermediaries in
nutrient absorption. Through a symbiotic relationship with rumen
microorganisms, all forms of dietary nitrogen sources are ultimately
degraded into peptides, AA, and ammonia in the rumen. Increasing
MCP yield is an effective strategy for enhancing ruminant performance
and reducing protein feed waste (37). Macelline et al. (38) reported
that broilers fed a low-protein diet supplemented with synthetic AA
could sustain growth performance and intestinal integrity while
reducing nitrogen excretion. In ruminant, low-protein diet
supplemented with RPM promoted rumen digestibility and the
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production of volatile fatty acids (39). Additionally, Van et al. (40)
discovered that supplementing RPM and RPL in a low-protein diet can
improve production performance, maintain nitrogen balance, and
enhance nitrogen utilization efficiency in dairy cows. However, some
studies also showed that the addition of Lys and Met had no effect on

TRT1

CON

TRT2

TRT3

FIGURE 2

ASV level venn diagramin different groups. CON = basal diet,
the ratio of Lys to Met is 3.0:1; TRT1 = LPS infusion and basal
diet, the ratio of Lys to Met is 3.0:1; TRT2 = LPS infusion, basal
diet added rumen-protected amino acids, the ratio of Lys to Met
is 2.5:1; TRT3 = LPS infusion, basal diet added rumen-protected
amino acids, the ratio of Lys to Met is 3.0:1; TRT4 = LPS
infusion, basal diet added rumen-protected amino acids, the
ratio of Lys to Met is 3.5:1.

10.3389/fvets.2024.1523062

rumen fermentation parameters and only improved nitrogen use
efficiency (29, 41). Under these experimental conditions, feeding
different proportions of RPL and RPM decreased the concentration of
NH;-N in the rumen, corroborating the aforementioned findings.
Loest et al. (42) found that cattle exposed to LPS exhibited reduced
recyclable nitrogen, leading to increased AA oxidation. The observed
rise in ruminal NH;-N concentration 24 h after LPS infusion may
be attributed to an imbalance between tissue AA supply and immune
system AA demand, or due to increased AA oxidation to support other
metabolic functions (43). It indicated supplementation of ruminal AA
helps maintain this balance and improves nitrogen utilization (44, 45).
This suggests that under LPS infusion conditions, incorporating RPL
and RPM into the diet of young Holstein bulls can enhance nitrogen
utilization efficiency, reduce nitrogen excretion, improve NH;-N
utilization efficiency, and optimize their rumen fermentation status,
and the optimal ratio of Lys and Met in diet is 3.0: 1.

LPS can cause rumen microbial dysbiosis in cows (46). One of the
purposes of this study is to evaluate the effects of LPS infusion on rumen
microorganisms in young Holstein bulls fed diets with different ratios
of Lys and Met. In this study, feeding diets with different proportions of
Lys and Met had no significant effect on rumen microbial diversity at
the phylum level and the alpha diversity of rumen microbiota, which
aligns with the results reported by the previous studies (47, 48). At the
genus level, different proportions of Lys and Met were found to increase
the abundance of norank_f__norank_o__RF39 and Oribacterium,
maintained rumen homeostasis. The abundance of norank_f _
norank_o__RF39 showed a significant positive correlation with NDF
digestibility (49). Therefore, the higher NDF in TRT3 compared to other
groups may be related to the increase in norank_f__norank_o__RF39.
Oribacterium is a strict anaerobic bacterium that plays a crucial role in
synthesizing acetate, propionate, and butyrate for its host (50, 51).

TABLE 5 Effects of lipopolysaccharide infusion on alpha diversity of young Holstein bulls fed diets with different ratios of Lys and Met.

Treatments
TRT2 TRT3
Chaol 2,140 2067 1926 2,115 1923 89.768 0.203
Simpson’s index 2058 1980 1863 2007 1832 77.045 0.109
Shannon index 6.79 6.72 6.51 6.73 6.60 0.105 0.153
Goods-coverage 0.99 0.99 0.99 0.99 0.99 0.001 0.570

CON = basal diet, the ratio of Lys to Met is 3.0:1; TRT1 = LPS infusion and basal diet, the ratio of Lys to Met is 3.0:1; TRT2 = LPS infusion, basal diet added rumen-protected amino acids, the
ratio of Lys to Met is 2.5:1; TRT3 = LPS infusion, basal diet added rumen-protected amino acids, the ratio of Lys to Met is 3.0:1; TRT4 = LPS infusion, basal diet added rumen-protected amino
acids, the ratio of Lys to Met is 3.5:1; SEM, standard error of the mean.

TABLE 6 Comparison of species differences in rumen microorganisms at phylum level in young Holstein bulls infused lipopolysaccharide and fed diets
with different Lys and Met ratios (relative abundance >0.5%).

Items Groups

Species name TRT2 TRT3

Bacteroidota 50.29 48.79 48.25 41.45 55.66 5.267 0.359
Firmicutes 4243 41.19 43.57 50.58 38.14 4.910 0.423
Patescibacteria 3.60 5.89 3.73 3.51 2.46 1.178 0.255
Spirochaetota 1.28 1.39 1.49 0.80 132 0.219 0.426
Actinobacteriota 0.56 0.70 0.73 L1l L12 0213 0.148

CON = basal diet, the ratio of Lys to Met is 3.0:1; TRT1 = LPS infusion and basal diet, the ratio of Lys to Met is 3.0:1; TRT2 = LPS infusion, basal diet added rumen-protected amino acids, the
ratio of Lys to Met is 2.5:1; TRT3 = LPS infusion, basal diet added rumen-protected amino acids, the ratio of Lys to Met is 3.0:1; TRT4 = LPS infusion, basal diet added rumen-protected amino
acids, the ratio of Lys to Met is 3.5:1; SEM, standard error of the mean.
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TABLE 7 Comparison of species differences in rumen microorganisms at genus level in young Holstein bulls fed diets with different ratios of Lys and
Met by lipopolysaccharide infusion.

Treatments
TRT1 TRT2 TRT3

Prevotella 26.12 21.87 23.95 15.20 30.18 4.723 0.293
Rikenellaceae_RC9_gut_group 7.39 9.70 7.35 8.85 8.23 1.034 0.465
norank_f__F082 6.20 7.41 6.29 8.39 6.21 1.060 0.526
Christensenellaceae_R-7_group 5.04 6.36 5.34 6.39 5.29 0.992 0.661
NK4A214_group 4.67 5.42 4.62 5.40 4.81 0.651 0.693
Candidatus_Saccharimonasw 3.18 5.73 3.41 321 2.30 1.150 0.225
unclassified_c__Clostridia 2.65 2.11 2.78 3.72 2.66 0.482 0.252
Prevotellaceae_UCG-003 2.76 1.92 3.45 1.26 2.94 0.777 0.341
norank_f__norank_o__
Clostridia_UCG-014 3.26 191 2.50 2.49 1.71 0.477 0.156
unclassified_f__Lachnospiraceae 2.03 2.25 2.28 3.39 1.66 0.500 0.209
norank_f__Bacteroidales_RF16_

1.62 1.69 1.06 3.18 2.07 0.864 0.374
group
norank_f__norank_o__RF39 2.10 1.47 2.01 231 1.26 0.283 0.078
Lachnospiraceae_NK3A20_group 1.52 1.35 1.41 2.12 1.75 0.528 0.723
Ruminococcus 1.95 1.03 1.28 1.82 1.27 0.422 0.483
norank_f__UCG-010 1.41 1.41 1.36 1.43 1.30 0.219 0.989
Butyrivibrio 0.91 0.93 1.68 1.54 1.15 0.441 0.655
Prevotellaceae_UCG-001 1.20 1.11 1.29 0.81 1.49 0.317 0.609
Saccharofermentans 0.96 1.09 1.31 1.20 0.99 0.182 0.613
norank_f_Eubacterium_
coprostanoligenes_group 1.06 0.87 1.50 1.12 0.89 0.257 0.425
UCG-005 1.12 1.07 0.91 1.07 1.13 0.255 0.977
Anaeroplasma 1.18 1.02 1.05 1.10 0.92 0.270 0.955
Succiniclasticum 1.14 1.39 1.24 0.57 0.89 0.394 0.629
Treponema 1.05 1.23 1.20 0.62 1.12 0.189 0.202
norank_f__Muribaculaceae 1.02 1.02 1.02 0.73 0.82 0.156 0.564
Oribacterium 0.50° 1.10° 0.89* 1.28 0.42° 0.191 0.010
unclassified_f__Prevotellaceae 0.78 0.76 0.96 0.45 0.93 0.245 0.449
Acetitomaculum 0.53 0.61 0.58 0.88 0.58 0.181 0.551

CON = basal diet, the ratio of Lys to Met is 3.0:1; TRT1 = LPS infusion and basal diet, the ratio of Lys to Met is 3.0:1; TRT2 = LPS infusion, basal diet added rumen-protected amino acids, the
ratio of Lys to Met is 2.5:1; TRT3 = LPS infusion, basal diet added rumen-protected amino acids, the ratio of Lys to Met is 3.0:1; TRT4 = LPS infusion, basal diet added rumen-protected amino
acids, the ratio of Lys to Met is 3.5:1; SEM = standard error of the mean. ab means in a row that do not have a common superscript letter differ significantly (p < 0.05); ab means in a row that

have a common superscript letter no differ significantly (p > 0.05).

Additionally, enhanced fiber degradation by the action of Oribacterium
was reported in the previous study (52). These TVFAs can be secreted
and absorbed by the intestinal tract as nutrients and are also essential
for maintaining the host’s health. These changes may lead to the
degradation of nutrients and improve utilization efficiency in the
rumen. The increase in rumen acetic acid concentration in TRT3 may
be related to the increase in Oribacteria abundance.

5 Conclusion

In conclusion, adding RPL and RPM in diets for young Holstein
bulls which infused by LPS has no effect on feed intake and apparent
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digestibility, but can reduce the concentration of NH;-N in the rumen,
the lowest one is when Lys to Met is 3.0:1. Meanwhile, it can increase
the abundance of norank_f__norank_o__RF39 and Oribacterium at
genus level, the highest one is when Lys to Met is 3.0:1, helping to
maintain a stable state of rumen microflora. Thus, it has the best
improvement effect on the rumen of young Holstein bulls infused by
LPS whenthe ratio of Lys to Met in the diet was 3.0:1.
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Effects of residual black wolfberry
fruit on growth performance,
rumen fermentation parameters,
microflora and economic benefits
of fattening sheep

Liangzhong Hou', Pingping Duan™, Yuxia Yang?,
Ali Mujtaba Shah?, Jinlong Li*, Congbin Xu! and Tongjun Guo'*

!Feed Research Institute of Xinjiang Academy of Animal Husbandry Sciences, Urumgi, China, 2College
of Animal Science and Technology, Northwest A&F University, Xianyang, China

Introduction: The residual black wolfberry fruit (RBWF) is rich in nutrients and
contains a diverse range of active substances, which may offer a viable alternative
to antibiotics. This experiment was conducted to investigate the impact of
varying levels of RBWF on the growth performance and rumen microorganisms
of fattening sheep, and to quantify its economic benefits.

Methods: In this experiment, 40 three-month-old and male Duolang sheep with
an average weight of 29.85 kg, selected for their propensity to gain weight, were
randomly assigned to one of four groups, with ten sheep in each group. To this
end, each group was fed with a different proportion of RBWF (0%, 2%, 5%, 8%),
and rumen fluid samples were collected to detect differences in fermentation
parameters and microbial structure.

Results: The findings indicate that the dry matter intake, OM and NDF apparent
digestibility of Duolang sheep in the H2 group were found to be significantly higher
than those observed in the other groups (P < 0.05). The concentration of volatile
fatty acids (VFAs), including acetate, propionate, iso-butyrate, butyrate and iso-
valerate, in rumen fluid demonstrated a linear increase with the supplementation
of RBWF in the diet (P < 0.05). The dominant bacteria in the rumen of Duolang
sheep were identified as Prevotella, Christensenellaceae R7 group, NK4A214
group, Ruminococcus, and Rikenellaceae RC9 gut group. Compared with the
CK group, the relative abundance of Prevotella, NK4A214 group, unclassified
Prevotellaceae and Lachnospiraceae NK3A20 group in the rumen of sheep in
each experimental group increased to varying degrees. The gross profit of the H2
group was significantly higher than that of the other groups.

Conclusion: In conclusion, the supplementation of RBWF has been demonstrated to
enhance the growth performance of Duolang sheep, optimise rumen fermentation
parameters, and ultimately increase gross profit, of which 5 % is the best.

KEYWORDS

residual black wolfberry fruit, Duolang sheep, growth performance, rumen
microorganisms, economic benefits
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1 Introduction

Lycium barbarum is a deciduous shrub belonging to the Solanaceae
family (1). It is a widely utilized ingredient in the food and medical
industries, due to the presence of bioactive metabolites in the branches,
leaves and fruits (2). From a global perspective, China is the world’s
foremost producer of wolfberries, accounting for over 80% of global
cultivation. The majority of China’s wolfberry cultivation is concentrated
in the provinces of Ningxia, Qinghai, Gansu and Xinjiang. It is reported
that in 2023, the total area devoted to wolfberry cultivation in China
will reach 1216.67 km? with an estimated output of 1.4 Mt. of fresh
fruit and 0.24 Mt. of dry fruit. In the production of fresh wolfberry, a
residual quantity of 5 to 10% of the fruit is inevitable. This is typically
discarded as waste, resulting in a considerable amount of wastage. The
contents of crude protein (CP), crude fat (EE), crude ash (Ash), total
carbohydrates and dietary fiber were found to be 9.2, 3.0, 5.6, 61.6 and
12.1%, respectively (3). Furthermore, Lycium ruthenicum Murray is a
rich source of polyphenols, polysaccharides, alkaloids, anthocyanins
and other biochemical components. These component confer a range
of beneficial effects, including immune regulation, antioxidant activity,
anti-aging, anti-tumor, anti-fatigue and anti-inflammatory actions (4).
Zhao et al. (5) demonstrated that the inclusion of 0.6% Lycium
barbarum polysaccharide (LBP) in the diet of dairy cows resulted in a
notable enhancement in their production performance, accompanied
by an augmentation in the body’s antioxidant capacity and immunity.
Zhang et al. (6) discovered that fermented wolfberry residue not only
enhances carcass weight in fattening sheep but also stimulates the
expression of chemokines and immune-related pathways in sheep. Gan
et al. (7) demonstrated that LBP can induce an immune response,
thereby regulating the immune response to diseases such as cancer.

In comparison to red wolfberry, black wolfberry exhibited a higher
concentration of phenols, concentrated tannins and monomeric
anthocyanins, and also demonstrated enhanced anti-inflammatory
and antioxidant activities (8, 9). Currently, there is a plethora of
research exploring the utilization of by-products derived from red
fruit wolfberry. However, despite the unique functional components
present in black fruit wolfberry, it has not yet been subjected to the
same degree of investigation. A substantial body of evidence attests to
the potential value of incorporating red wolfberry by-products into
livestock and poultry production (10). It may therefore
be hypothesized that the inclusion of black wolfberry fruit in the diet
of animals could have a beneficial effect on their production
performance. The objective of this experiment was to investigate the
impact of varying levels of residual black wolfberry fruit (RBWF) on
the growth performance, nutrient apparent digestibility, rumen
fermentation parameters, microflora and gross profit of Duolang
sheep. This was done in order to establish a theoretical basis for the
application of residual black wolfberry fruit in sheep production.

2 Materials and methods
2.1 Ethics committee approval

The study was carried out in accordance with the procedures
sanctioned for this research, which have been approved by the Science

and Technology Ethics Committee of Xinjiang Academy of Animal
Sciences, China (ethics number 20230508). These procedures adhere
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TABLE 1 The main nutritional components of RBWF (DM basis, %).

Items CP EE

RBWEF

Ash CF ADF NDF Ca Pi

1429 | 11.46 9.20 8.86 16.60 28.00 024 030

to the principles and regulations for ethical protection in human and
animal biological science and technology in China.

2.2 Experimental animals and group design

In this experiment, following the collection of the black wolfberry
fruit in October 2022, the fruit that did not meet the quality standard
was identified as RBWE The nutritional components of RBWF were
then determined, as illustrated in Table 1. Based on the principle of
equal energy and nitrogen, four diets containing different proportions
(0, 2, 5, and 8%) of RBWF were formulated (NRC 2007).

Forty male lambs, 3 months aged and with a mean body weight of
29.85 + 2.00 kg, were used in this experiment. Following deworming,
a single-factor completely randomized experimental design was
implemented, with the lambs randomly divided into four groups, each
with 10 replicates. Four distinct proportions of RBWF diets were
provided, comprising the following: a control group (CK, 0% RBWEF),
experimental group 1 (H1, 2% LBL), experimental group 2 (H2, 5%
LBL) and experimental group 3 (H3, 8%LBL). The specific diet
composition and nutrient composition are presented in Table 2. The
experiment spanned 70 days, comprising a 10-day pre-experimental
period and a 60-day experimental period.

2.3 Feeding management

Prior to the commencement of the experiment, the sheep house was
thoroughly cleaned and disinfected, and the test sheep were subjected
to a series of preparatory procedures, including cutting, deworming,
and medicated bathing. During the course of the experiment, the sheep
were maintained in separate columns and provided with food twice
daily, at 10:00 and 18:00, respectively. The Duolang sheep were permitted
to feed and drink freely throughout the duration of the experiment.

2.4 Sample collection and measurements

2.4.1 Growth performance and apparent
digestibility

The quantity of feed provided and the quantity of residual feed were
recorded on a daily basis. Prior to the morning feeding on the 1st, 30th
and 60th days of the experiment, each sheep was weighed. Thereafter,
the average daily feed intake (ADFI), average daily gain (ADG) and feed-
to-weight ratio (F:G) were calculated. A digestion test was conducted
over the final 10 days of the formal test period, comprising a 5-day
adaptation period. Fecal samples were collected using the total fecal
collection method over 5 consecutive days. The total fecal matter of each
sheep was weighed prior to morning feeding on a daily basis, with 10%
of the total fecal matter collected from each sheep. Following the
conclusion of the experiment, the collected fecal samples were combined
in a uniform manner, with 10% of the samples obtained through the
quartering method and stored at —20°C for subsequent analysis.
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TABLE 2 Composition and nutrient levels of the basal diet (DM basis, %).

ltems CK H1 H2 H3

Ingredients

Corn 33.80 35.00 32.50 31.00
Wheat bran 9.00 6.40 6.28 5.15

cottonseed meal 13.70 13.30 12.92 12.65
RBWF 0.00 2.00 5.00 8.00

Corn stalk 18.00 18.00 18.00 17.90
Alfalfa 20.50 20.30 20.30 20.30
Premix’ 5.00 5.00 5.00 5.00

Total 100.00 100.00 100.00 100.00
Nutritional level®

ME (M]J/kg) 11.06 11.02 10.98 10.93
CP 13.96 13.97 13.99 13.99
NDF 31.12 31.14 31.24 31.45
ADF 16.80 16.85 17.07 17.30
Ca 0.70 0.93 1.16 1.10

P 0.49 0.56 0.64 0.41

"The premix provided the following per kg of the diet: VA 150,000 IU, VD3 56,500 IU, VE
8,000 IU, Se (as sodium selenite) 14 mg, I (as potassium iodide) 58 mg, Cu (as copper
sulfate) 290 mg, Mn (as manganese sulfate) 1,925 mg, Zn (as zinc oxide) 2,050 mg, Co (as
cobalt sulfate) 24 mg.

’Nutritional level were measured values.

An analysis was conducted on samples of diet, ingredients, and
feces for dry matter (method 930.15), CP (method 990.03), EE
(method 920.39), Ca (method 978.02), and P (method 946.06) using
the AOAC procedures (11). NDF and ADF content were determined
following Van Soest’s (12) method. ME was calculated based on the
measured nutritional value:

ME = 0.046 +0.820% (17.211-0.135x NDF)

2.4.2 Rumen fermentation parameters and
microorganisms

Immediately following the formal test, the test sheep were
slaughtered after 16 h of fasting and rumen fluid was collected. The
pH value was immediately measured following filtration through four
layers of gauze using a portable pH meter (PHS-3C, Shanghai,
China), and the measurement was repeated 3 times. To assess rumen
fermentation parameters and rumen microflora, the remaining
samples were transferred to 15 mL and 5 mL freezing tubes and
stored in —20°C and — 80°C freezers, respectively. The concentration
of NH;-N was determined by phenol sodium hypochlorite
colorimetry; the concentration of volatile fatty acids (VFAs) was
determined by gas chromatography.

2.4.3 Extraction of DNA and sequencing of 16S
rDNA

The TGuide S96 Magnetic Bead Method Soil/Fecal Genomic
DNA Extraction Kit (Tiangen, Beijing, China) was used to extract
DNA from the rumen specimens for 16S rDNA sequencing analysis.
The concentration of the extracted nucleic acids was determined using
an enzyme marker (GeneCompany Limited, Hong Kong, China,
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model Synergy HTX), and their integrity was assessed through
agarose electrophoresis at a concentration of 1.8% (Beijing Bomei
Fuxin Technology Co., Ltd., Beijing, China).

The highly variable V3-V4 regions of bacterial 16S rDNA were
amplified by PCR using universal bacterial primers 338F (5'-
ACTCCTACGGGGAGGCAGCA-3") and 806R (5- GGACTACH
VGGGGTWTCTAAT-3') after extracting total DNA from the
samples. The final products were cleaned, quantified, and mixed to
form a sequencing collection. After passing quality assessments, the
collection was analyzed on the Illumina NovaSeq 6,000 instrument
(San Diego, CA, USA). Raw data files from various high-throughput
sequencers, including the Illumina NovaSeq, were processed to
generate sequenced reads. These reads include both the actual
sequences and quality metrics. The initial reads were refined with the
Trimmomatic v0.33 tool. To further refine the data, Cutadapt 1.9.1 was
utilized to eliminate primer sequences and produce polished reads.

2.5 Statistical analysis

The preliminary sorting of the experimental data was conducted
using Excel 2023 software, while the significance test was performed
with the one-way ANOVA program in SPSS 26.0 statistical software.
Subsequently, linear and quadratic analyses were carried out on rumen
fermentation parameters, employing the Duncan method for multiple
comparison differences. The level of significance was determined by
p <0.05, while 0.05<p <0.10 indicated a trend. The taxonomy
annotation of the OTUs was conducted by classifying representative
organisms using a Bayesian classifier based on the SILVA database
(version 138). Alpha diversity analyzes species diversity and complexity
using ACE, Chaol, Simpson, and Shannon indices. Beta diversity
analyses were conducted using principal coordinate analysis (PCoA)
and nonmetric multidimensional scaling (NMDS) to evaluate
distinctions between groups. LEfSe (Line Discriminant Analysis (LDA)
Effect Size) was employed to facilitate a comparative analysis of the
various treatment groups. The differences between the classification
levels were then analyzed individually, from the lowest level (species)
to the highest (phylum), with the objective of identifying biomarkers
exhibiting statistically significant differences between the groups.

3 Results

3.1 Effects of varying levels of RBWF
addition on the growth performance and
nutrient apparent digestibility of Duolang
sheep

Table 3 illustrates the impact of incorporating varying levels of
RBWEF into the diet on the growth performance of Duolang sheep. It
can be observed that following a 60-day feeding period, the final weight
gain of sheep in the H2 group was 14.89 kg, representing a 4.78, 12.97,
and 13.32% increase compared to the CK, H1, and H3 groups (14.21 kg,
13.18 kg, and 13.14 kg, respectively). The H2 group exhibited the most
favorable outcome, although no statistically significant difference was
observed (p > 0.05). Concurrently, the dry matter intake of the H2
group was markedly higher than that of the CK group (p < 0.05).

Table 4 demonstrated that dietary RBWF supplementation had
no statistically significant impact on the apparent digestibility of dry
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TABLE 3 Effects of RBWF on growth performance of Duolang sheep (n = 10).

10.3389/fvets.2024.1528126

Initial body weights, kg 2991 30.05 29.90 29.54 0.230 0.901 0.586 0.605
Final weight, kg 43.77 43.09 45.06 42.70 0.557 0.522 0.821 0.526
ADG, g 249.29 231.19 261.18 230.48 8.394 0.563 0.733 0.788
total gain weight, kg 14.21 13.18 14.89 13.14 0.478 0.563 0.733 0.788
ADFI, kg 1.79° 1.73 1.84* 1.65¢ 0.043 0.021 <0.001 <0.001
F:G 7.52 7.78 7.23 7.67 0.271 0.925 0.976 0.909

'ADG, average daily gain; ADFI, average daily feed intake; F:G, ADFI/ADG.
Trt, treatment effect; L, linear; Q, quadratic.
**< Different letters indicate significant differences between different groups (p < 0.05). SEM is the pooled standard error between five groups; the p-value indicates significance.

TABLE 4 Effect of RBWF on apparent digestibility of nutrients in Duolang sheep (n = 10).

DM 70.60 68.80 71.20 66.90 0.638 0.059 0.099 0.277
OoM 59.76" 58.64" 61.61° 56.46° 0.577 0.047 0.091 0.144
CP 73.26 73.04 73.45 72.63 0.173 0.397 0.342 0.396
EE 55.67 56.24 56.43 56.57 0.418 0.896 0.478 0.809
NDF 43.72° 44.76" 47.55° 41.81° 0.677 0.010 0.536 0.005
ADF 24.93 25.88 27.74 23.69 0.634 0.135 0.728 0.048

"Trt, treatment effect; L, linear; Q, quadratic.
*b¢ Different superscripts indicate significant differences within a row (p < 0.05). SEM is the pooled standard error between five groups; the p-value indicates significance.

TABLE 5 Effects of RBWF on rumen fermentation parameters in Duolang sheep (n = 5).

pH 5.72 5.50 5.42 5.27 0.078 0.288 0.080 0.392
NH;-N, mg/100 mL 26.13 27.3 29.62 31.89 0.847 0.081 0.001 0.030
Acetate, mmol/L 88.49¢ 100.81° 115.63° 109.56° 3.964 <0.001 0.026 0.047
Propionate, mmol/L 27.34¢ 30.67° 33.54* 31.82° 1.104 <0.001 0.044 0.248
Iso-butyrate,

0.87¢ 1.09° 1.43* 1.49* 0.082 0.002 0.045 0.272
mmol/L
Butyrate, mmol/L 20.43¢ 25.78" 31.59* 29.29° 1.608 0.005 0.046 0.064
Iso-valerate,

1.34¢ 2.01° 2.83* 2.57* 0.186 0.001 0.035 0.032
mmol/L
Valerate, mmol/L 1.61 1.74 1.82 1.93 0.141 0.612 0.014 0.130
A:P 3.24 3.29 3.44 3.42 0.067 0.866 0.096 0.278
TVFAs, mmol/L 140.08¢ 162.10¢ 183.29* 176.92% 6.485 <0.001 0.030 0.116

'NH;-N, ammonia nitrogen; TVFA, total volatile fatty acids.
Trt, treatment effect; L, linear; Q, quadratic.
~b<d Different superscripts indicate significant differences within a row (p < 0.05). SEM is the pooled standard error between five groups; the p-value indicates significance.

3.2 Effects of different levels of RBWF
supplementation on rumen fermentation
parameters in Duolang sheep

matter (DM), crude protein (CP), ether extract (EE), acid detergent
fiber (ADF), calcium (Ca) and phosphorus (P) in Duolang sheep
when compared with the CK group (p > 0.05). However, the apparent
digestibility of organic matter (OM) and NDF in the H2 group was
found to be significantly higher than that observed in the H3 group
(p < 0.05).

Table 5 illustrates the impact of dietary supplementation with
RBWF on rumen fermentation parameters in Duolang sheep. It can
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FIGURE 1
Venn diagram of ruminal fluid flora.

be observed that no statistically significant difference was evident in
pH and NH;-N concentration between the experimental groups
(p>0.05). In comparison to the CK group, the pH of the rumen in
sheep exhibited a linear decline (p=0.080), while the NH;-N
concentration demonstrated a notable linear increase (p < 0.05). The
concentrations of acetate and propionate in the rumen of the H2 group
were found to be significantly higher than those observed in the other
experimental groups. The concentrations of iso-butyrate, butyrate,
iso-valerate and total volatile fatty acids (TVFAs) in the rumen of the
H2 and H3 groups were significantly higher than those of the CK
group (p < 0.05). As the ratio of RBWF supplementation increased, the
concentrations of acetate, propionate, iso-butyrate, butyrate,
iso-valerate, n-valeric acid and total volatile fatty acids (VFAs) in the
rumen exhibited a linear increase (p < 0.05). However, the quadratic
effect of acetate and iso-valerate was statistically significant (p < 0.05).

3.3 Effects of different levels of RBWF
supplementation on ruminal microbiota
diversity analysis in Duolang sheep

A total of 1,348,210 readings were obtained from 16 samples in
four groups (5in CK, 4 in H1, 3 in H2 and 4 in H3). Following quality
control and splicing, 1,269,853 clean readings were obtained, with an
average of 79,365 clean readings obtained for each sample. The
number of unique OUTs in each group was as follows: 3,295 in CK,
2,260 in H1, 1,608 in H2 and 2,175 in H3. The total number of OUTs
across all four groups was 4,170 (Figure 1).

As illustrated in Figure 2, dietary RBWF supplementation had
no discernible impact on the alpha diversity of rumen microbiota in
sheep. With regard to beta diversity, the results of PCoA (Figure 3A)
and NMDS (Figure 3B) analysis demonstrated that there was no
notable separation between the distribution of rumen microbial
representative points across different treatment groups, thereby
substantiating that the addition of RBWF had no substantial
influence on the beta diversity of rumen microorganisms in
Duolang sheep.
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3.4 Effects of different levels of RBWF
supplementation on analysis of microbial
composition and community structure in
Duolang sheep

A LEfSe (linear discriminant analysis effect size) analysis was
conducted to identify discrepancies in the taxonomic composition of
bacterial species. The figure presents a representative branch diagram of
the main microbiome structure (Figure 4), illustrating the most notable
differences between the groups of different treatment components at the
phylum, class, order, family, genus, and species levels. The data indicated
that 12 branches were more abundant in the CK group, 3 branches were
more abundant in the H1 group, 11 branches were more abundant in
the H2 group, and 9 branches were more abundant in the H3 group. The
abundance differences of different bacterial groups among CK, H1, H2,
and H3 are shown in Figure 5. The figure illustrates the abundance
differences of various bacterial groups between the CK, H1, H2, and H3
groups. Notably, the Lachnospiraceae ND3007 group, Eubacterium
coprostanoligenes group, and Bifidobacterium longum exhibited the most
pronounced differences in abundance within the CK group. In contrast,
the Prevotellaceae UCG-001 and Parasutterella excrementihominis
genera demonstrated the most significant abundance differences within
the HC group. The bacterial genera Terrisporobacter, Dubosiella and
Enterococcus were more abundant in H2, while Muribaculum and
Pseudomonadales were more abundant in H3.

The differences in rumen microbial species abundance between
the various treatment groups were subjected to analysis. At the
phylum level (Figure 6A), the dominant bacterial species in the
rumen of Duolang sheep were identified as Firmicutes, Bacteroidota,
Proteobacteria, Fibrobacterota, and Patescibacteria. Following the
addition of RBWE, no significant overall effect on the abundance of
phylum-level flora was observed (p > 0.05). However, the relative
abundance of Bacteroidota and Fibrobacterota in H1 group increased
(Supplementary Table SI). At the genus level (Figure 6B), the
dominant bacteria in the rumen bacteria of Duolang sheep were
R7 group, NK4A214 group,
Ruminococcus, and Rikenellaceae RC9 gut group. After the addition of

Prevotella, Christensenellaceae
RBWE the overall effect on the abundance of genus-level bacteria was
not significant (p > 0.05). Nevertheless, there was a notable increase
in the relative abundance of Prevotella, NK4A214 group and
Lachnospiraceae NK3A20 group, while the relative abundance of
Prevotellaceae UCG 001 decreased (Supplementary Table S2).

3.5 Correlation analysis of growth
performance, nutrient apparent digestibility
and rumen fermentation parameters with
main bacteria at genus level

As illustrated in the Figure 7, the relative abundance of rumen-
dominant bacteria exhibited a correlation with growth performance,
nutrient apparent digestibility, and rumen fermentation parameters. The
abundances of F082, Christensenellaceae R7 group, NK4A214 group and
Ruminococcus were found to be significantly and positively correlated
with ADG (p < 0.05). In contrast, Prevotellaceae UCG 001 was observed
to be negatively correlated with FCR and pH, and positively correlated
with other indexes. Of these, it was found to be significantly and
positively correlated with OM apparent digestibility (p < 0.05).
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Alpha diversity analysis of rumen flora. (A) ACE index of species richness; (B) Chaol index of species richness; (C) Shannon index of species diversity;
(D) Simpson index of species diversity.
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FIGURE 3
Beta diversity analysis of rumen flora. (A) PCoA principal axis analysis; (B) NMDS non-metric multidimensional scaling analysis.

3.6 Effects of different levels of RBWF _ _
addition on economic benefits of Duolang 4 Discussion

sheep

The current global concern surrounding antibiotic resistance is

The feed unit price of each group was found to be between 2.25  well documented (13). The intensification of animal husbandry
and 2.39 yuan/kg. As illustrated in the Table 5, as increase in the  practices at home and abroad has resulted in the pervasive use of
proportion of RBWF added to the diet was associated with a gradual ~ antibiotics in animal husbandry production, which has introduced
decrease in feed unit price. The gross profit of the H2 group was  significant risks to food safety and environmental safety. The
observed to have increased by 19.34% in comparison to the CK group  utilization of antibiotics in human and livestock production will
(Table 6). inevitably result in the emergence of drug resistance (14). In order to
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FIGURE 4
LEfSe (linear discriminant analysis effect size) cladogram comparing microbial communities among the 2.5 elevations.

mitigate the adverse effects of antibiotic resistance on human health,
a number of healthcare institutions have introduced a series of
policies aimed at promoting the rational use of antibiotics (15).
Lycium barbarum, a traditional Chinese herbal medicine and health
food, has been the subject of considerable interest due to the diversity
of its functional components (16). Yin et al. (17) demonstrated that
the inclusion of LBP in the diet of weaned piglets resulted in
enhanced growth performance, antioxidant capacity, and immunity,
as well as the regulation of intestinal microbial composition.
Furthermore, they established that LBP can serve as an effective
substitute for antibiotics in the feed of weaned piglets. Tian et al. (18)
observed that Lycium barbarum partially alleviated the intestinal
ecological imbalance caused by antibiotics by regulating the intestinal
flora, and also produced short-chain fatty acids (SCFAs) to improve
intestinal barrier function. Prior research has demonstrated that the
bioactive components present in Lycium barbarum exhibit a range of
biological functions that can prevent and treat chronic diseases,
thereby positioning it as a potential alternative to antibiotics (19) The
current research mainly focuses on the role of mining and extracting
some active ingredients in Lycium barbarum as feed additives in
livestock and poultry production and clinical practice (20, 21).
However, the extraction method also affects the chemical properties
of the active ingredients of Lycium barbarum (22). At the same time,
there are few studies on the effects of wolfberry fruit on growth
performance, nutrient apparent digestibility, rumen fermentation
parameters and microbial flora structure of fattening sheep.
Therefore, the objective of this study was to elucidate the impact of
incorporating RBWF into the diet of fattening Duolang sheep and
evaluate its economic benefits.
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Prior research has demonstrated a significant correlation between
the average daily feed intake of fattening sheep and feed conversion
efficiency, with feed conversion efficiency being closely associated with
growth performance (23). The administration of LBP to a diet regimen
was observed to enhance the growth performance and digestive
enzyme activity of broilers (24). Hao et al. demonstrated that the
administration of Chinese wolfberry and astragalus extracts in lieu of
a 1% basal diet can enhance the growth performance of Tibetan
fragrant pigs (25). The results of this experiment demonstrated that
the incorporation of 5% RBWF into the diet led to a notable increase
in the dry matter intake of fattening sheep. This was accompanied by
a similar trend in both the daily gain and total weight gain. However,
no significant effect was observed, which may be attributed to the
considerable inter-individual variability within the experimental
group. In contrast to the aforementioned findings, Guo et al. (26)
observed that the addition of Lycium barbarum to the basal diet
resulted in a notable enhancement in the average body weight and
growth performance of rats. This discrepancy may be attributed to the
variation in nutrient digestion and absorption rates resulting from the
disparate digestive tract structures of the experimental animals.

Apparent digestibility is a significant indicator of the rate of
digestion and absorption of nutrients in the experimental diet. It
provides insight into whether the diet meets the nutritional
requirements for animal growth (27). The polysaccharide derived
from Lycium barbarum is a complex mixture of active ingredients with
a multitude of potential applications and a promising future in
development (28). The study demonstrated that the intake of
polysaccharides in the diet exerts a discernible influence on the feed
intake and apparent digestibility of nutrients in ruminants (29). Lin
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FIGURE 5
Histogram of LDA score calculated for each taxon ranging from phylum to genus

et al. (30) demonstrated that LBP enhanced the digestive and  of ADE from 24.93 to 27.74%. However, this difference was not found
absorptive processes and immune function of immunosuppressed  to be statistically significant. In contrast to the aforementioned
mice by inhibiting the activation of the MLCK signaling pathway,and  findings, Ju et al. (31) observed that the addition of Lycium barbarum
regulated the immune system of the intestinal mucosal barrier. The  polysaccharides to the lamb diet resulted in a notable enhancement in
addition of 5% RBWF resulted in a significantly higher apparent  the apparent digestibility of DM, OM, and CP. This discrepancy could
digestibility of OM and NDF compared to the control group. be attributed to the distinct processing forms of Lycium barbarum
Additionally, there was a notable increase in the apparent digestibility ~ products. In this experiment, the fruit was not subjected to extraction,
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FIGURE 7
Spearman correlation and clustering analysis between growth performance, nutrient apparent digestibility and rumen fermentation parameters with
main bacteria in Genus level. Different colors represent positive correlation (red) or negative correlation (blue), and the color shade indicates the
magnitude of the correlation, * represents 0.01 < p < 0.05 and ** represents p < 0.01.

and it was directly incorporated into the lamb diet, consequently ~ augment the apparent digestibility of OM and NDE, as well as the daily
influencing the chemical composition of the Lycium barbarum  gain of lambs. This is may achieved by elevating the relative abundance
additives. In conclusion, the incorporation of RBWF into the diethas  of fiber-degrading bacteria within the rumen, which in turn increases
been demonstrated to enhance the feed intake of fattening sheepar *  “"e feed reward.
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TABLE 6 Effects of different levels of RBWF addition on economic benefits of Duolang sheep.

Feed Unit price 2.39° 236 2.30° 2.25¢ 0.009 <0.001 <0.001 <0.001
ADFI 1.79° 1.73 1.84% 1.65¢ 0.043 0.021 <0.001 <0.001
Feed costs 257.12% 246.14° 242.75 222.32¢ 2.238 <0.001 <0.001 <0.001
Sheep live weight

31.00 31.00 31.00 31.00 0.000 - - -
unit price
Total gain

14.21 13.18 14.89 13.14 0.478 0.563 0.733 0.788
weight, kg
Gain from

440.51 408.58 461.59 407.34 1.218 0.563 0.733 0.788
weight gain
Net profit 183.39 162.46 218.86 185.02 1.979 0.789 0.743 0.968

"Trt, treatment effect; L, linear; Q, quadratic.

~bed Different letters indicate significant differences between different groups (p < 0.05). SEM is the pooled standard error between five groups; the p-value indicates significance.

- The unit price for live sheep weight is a fixed value that does not fluctuate.

The compound stomach is the most prominent anatomical feature
of ruminants, and the rumen, situated within the four stomachs, serves
as the primary site for ruminant digestion of feed. The key indicators
for measuring the maintenance of an internal steady state of rumen
fermentation in animals are pH, NH;-N and VFAs. The pH directly
affects the growth and interaction of microorganisms in the rumen, and
maintaining an appropriate range is closely related to rumen
fermentation. At the same time, the concentration of volatile fatty acids
(VFAs) and ammonia nitrogen (NH;-N) within the rumen also exert a
direct influence on rumen pH (32). NH;-N represents the primary
nitrogen source for protein synthesis in rumen microorganisms. The
microorganisms in the rumen engage in cooperative degradation of
nutrients in the feed, converting them into volatile fatty acids (VFAs)
that provide energy for body growth (33). The concentration and
proportion of VFAs in the rumen are related to dietary composition
and energy level, and have an effect on the energy utilization efficiency,
growth performance and methane production of the host (34). The
addition of 0.6% LBP to the diet of dairy cows has been found to
significantly improve the production performance of dairy cows and
significantly increase the total volatile fatty acid content of rumen
ammonia nitrogen (5). In this study, the concentration of volatile fatty
acids (VFAs), including acetate, propionate, iso-butyrate, butyrate and
iso-valerate, in rumen fluid demonstrated a linear increase with the
elevation of dietary RBWF supplemental level. This outcome aligns with
the findings of Duan et al. (35). The pH of rumen fluid in sheep is
typically within the range of 5.5-7.0, while the normal range of NH;-N
is 5.0 to 30 mg/dL (36). The rumen fluid pH and NH;-N of all sheep
were maintained within the normal range in this experiment. As a
consequence of the considerable rise in VFAs concentration in rumen
fluid, the pH in the rumen of Duolang sheep in each experimental
group declined in a linear fashion with the increase of RBWF
supplemental level in the diet, while the concentration of NH;-N in
rumen increased linearly. It may therefore be hypothesized that the
addition of RBWF to the diet can increase the protein synthesis of
rumen microorganisms, thereby promoting microbial fermentation in
the rumen of animals and the absorption and utilization of nutrients in
the diet. Further investigation is required to elucidate the precise effects.

The rumen is a digestive organ that contains a diverse range of
microorganisms, which work collectively to degrade nutrients in the
diet, thereby providing the host with energy (37). Simultaneously, the
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host provides a stable and conducive environment for the growth of
rumen microorganisms, while obtaining energy from the final
product (38). The structure and abundance of the rumen microbial
flora can exert a direct influence on the health and growth of the host.
Conversely, the structure of rumen microbial flora is also influenced
by host species, nutritional energy level and environment (39). Prior
research has demonstrated that dietary supplementation of wolfberry
fruit can regulate the composition of gastrointestinal microbiota and
cecal fermentation in rabbits (40). The findings of the study conducted
indicated that the incorporation of LBP into the weaned piglets diet
could potentially enhance the abundance of Bacteroidetes in the ileum
and cecum, while increasing the levels of Lactobacillus and
Bifidobacterium in the cecum, and the intestinal microflora was shown
to be improved (41). Alpha diversity is primarily indicative of the
richness and diversity of species distribution within the rumen,
whereas beta diversity predominantly reflects the dissimilarities in
microbial communities between disparate samples. In this experiment,
the rumen microorganisms of Duolang sheep were sequenced, and the
alpha diversity results demonstrated that the dietary RBWF addition
level had no significant impact on the four indexes of Chaol, Ace,
Shannon and Simpson in the rumen of Duolang sheep. The PCoA and
NMDS plots revealed that the bacterial community structures of the
different treatment groups were not statistically different from one
another, as indicated by the overlap of the respective groups on the
plots. The aforementioned results demonstrate that the incorporation
of RBWF into the diet does not exert any deleterious effects on the
rumen microbial flora structure of Duolang sheep.

A substantial body of research has demonstrated that the
predominant bacteria in the rumen of ruminants are members of the
Firmicutes and Bacteroidota phyla. These bacteria play a pivotal role
in the host’s degradation of complex carbohydrates and promotion of
the decomposition and absorption of nutrients (42, 43). The results
indicate that Firmicutes and Bacteroidota play an important role in
maintaining the stability of the rumen microbial community. Among
them, Bacteroidota mainly promotes rumen fermentation to degrade
cellulose, soluble sugar and carbohydrates to produce small molecules
such as VFAs, which are utilized by the host (44). The role of Firmicutes
is mainly to enhance host lipid metabolism and promote its energy
absorption (45). Fujisaka et al. (46) observed that Firmicutes and
Bacteroidota constituted between 70 and 90% of the total bacterial
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population. In this experiment, the relative abundance of Firmicutes
and Bacteroidota accounted for approximately 90% of the total
bacteria, which was consistent with the aforementioned reports.
Furthermore, the relative abundance of Bacteroidota and
Fibrobacterota increased following the addition of RBWF in this
experiment, which may facilitate the degradation of cellulose in the
rumen and is associated with the enhancement of the apparent
digestibility of NDF in this experiment.

In addition to decomposing and metabolizing complex nutrients
such as cellulose and protein, Prevotella can also engage in cooperative
interactions with other microorganisms to facilitate the growth and
development of the body (47). The NK4A214 group is primarily
responsible for the degradation of fibers, which provides energy to the
host. Additionally, it has been observed that this process enhances the
host’s immunity by inhibiting the growth of harmful bacteria (48). The
Lachnospiraceae NK3A20 group has also been identified as a
potentially beneficial bacterium, with involvement in the metabolism
of various carbohydrates and the production of acetic acid and butyric
acid, which provide energy for the host (49). Prevotellaceae UCG 001
primarily degrades proteins and amino acids, producing short-chain
fatty acids, and facilitates the degradation of fiber in collaboration with
cellulose-decomposing bacteria (50). Following the addition of RBWF
to the experimental diet, a notable increase was observed in the
relative abundance of Prevotella, NK4A214 group, unclassified
Prevotellaceae and Lachnospiraceae NK3A20 group. These bacteria are
capable of decomposing complex dietary fibers, such as cellulose and
pectin, into smaller molecular structures that can be utilized by other
bacteria within the rumen, resulting in the production of volatile fatty
acids (VFAs). Zhu et al. (51) observed that a reduction in the relative
abundance of Prevotellaceae UCG 001 was associated with an
improvement in depressive behavior. This finding was hypothesized
to be linked to a decrease in short-chain fatty acids and a reduction in
intestinal inflammation. The results of this experiment demonstrated
a reduction in the relative abundance of Prevotellaceae UCG 001,
which may be associated with autoimmune regulation. Furthermore,
our study elucidated the correlation between growth performance,
nutrient apparent digestibility, rumen fermentation parameters and
major bacteria at the genus level.

Prior research has demonstrated a positive correlation between
Prevotellaceae UCG 001 and the expression of inflammatory factors
(52). In this experiment, Prevotellaceae UCG 001 was found to
be negatively correlated with feed conversion ratio (FCR) and pH, and
positively correlated with other indicators. Furthermore, it was
significantly positively correlated with organic matter (OM) apparent
digestibility. The concentration of acetic acid and butyric acid in the
rumen of Duolang sheep in the experimental group increased, which
enhanced the absorption of nutrients in the rumen and thus promoted
growth performance. The abundance of F082, Christensenellaceae R7
group, NK4A214 group and Ruminococcus was significantly and
positively correlated with ADG. An increase in the relative abundance
of NK4A214 group was observed, resulting in an increase in ADG for
the experimental group. However, further study is required to
elucidate the specific mechanisms through which these strains affect
growth performance and rumen fermentation.

In the context of sheep breeding, economic benefits are closely
associated with feed costs and growth performance (53). The results of
this experiment indicate that an increase in the proportion of RBWF
added to the diet is associated with a reduction in feed unit price. This
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suggests that the inclusion of RBWF in the diet may offer a potential
means of reducing feed costs. However, the total weight gain of sheep
in the experimental group with RBWF was found to decrease. In
contrast, the H2 group exhibited a 4.78% increase in weight gain
compared to the control group. Additionally, the gross profit was
observed to increase by 17.45% compared to the control group. These
findings suggest that the appropriate amount of RBWF can enhance the
profitability of mutton sheep breeding. Furthermore, the 5% addition
was identified as the optimal dosage. Han et al. (54) demonstrated that
the incorporation of wolfberry as a functional or nutritional feed
ingredient in broiler diets offers a promising economic benefit.
Similarly, Wang et al. (55) revealed that the administration of 0.1-0.2%
LBP nutrition lick blocks can markedly enhance the economic viability
of fattening Tan sheep. Collectively, these studies highlight the potential
of Lycium barbarum products to enhance livestock productivity.

5 Conclusion

The results of this experiment demonstrate that the administration
of RBWF can enhance the growth performance of Duolang sheep,
optimize rumen fermentation parameters, exert no deleterious effect
on the structure and abundance of rumen microbial flora, and
augment gross profit. In the context of the experimental conditions,
the administration of 5% RBWF yielded more favorable outcomes.
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Dietary L-carnosine supplementation has been shown to enhance animal performance
and improve meat quality. However, the mechanisms underlying the effects of L-
carnosine on the physiological functions of animals have not been fully elucidated.
We investigated the effects of dietary L-carnosine supplementation on growth
performance, intestinal microbiota diversity, and the serum metabolome in fattening
lambs to reveal the molecular mechanism underlying the effect of L-carnosine
on the growth performance of sheep. Sixty 3-month-old male crossbred lambs
(Dorper @ x Small Tail Han @) with an average body weight of 30 + 5 kg were
randomly divided into two groups: a control group (group C) fed a basal diet, and
an experimental group (group L) fed a basal diet supplemented with 400 mg/kg
of L-carnosine. At the end of the 60-day experiment, all sheep were weighed,
and fecal and blood samples were collected from 12 random sheep. The fecal
microbiota was analyzed using 16S rRNA sequencing, and serum metabolites were
analyzed using liquid chromatography—tandem mass spectrometry. Spearman
correlation analysis was employed to assess the associations between intestinal
microbiota and serum metabolite biomarkers. The results showed that weight
gain and daily weight gain were significantly increased in group L compared to
group C (p < 0.01). The dominant phyla in the intestinal microbiota (Firmicutes and
Bacteroidetes) did not significantly differ between the two groups (p > 0.05). At
the genus level, the abundances of Syntrophococcus (p < 0.01) and Butyricimonas
(p < 0.001) were higher, whereas those of Escherichia-Shigella and Candidatus
Saccharimonas were significantly lower in group L than in group C (p < 0.05).
Non-targeted metabolomics identified 68 differentially abundant biomarkers
(VIP > 1, p < 0.05). The content of pyridine N-oxide glucuronide was significantly
downregulated (p < 0.01), whereas those of L-histidinol, b-apiose, and isodomedin
were significantly upregulated in group L versus group C (p < 0.001). Holdemania
and Butyricimonas were positively correlated with L-histidine, D-apiose, and L-
erythrulose (p < 0.001), whereas Butyricimonas was negatively correlated with
pyridine N-oxide glucuronide (p < 0.001). This study provided new insights into
the effects of L-carnosine on the intestinal microbiota and nutrient metabolism
in fattening sheep that will be helpful for the future application of L-carnosine
in ruminants.
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1 Introduction

With the enhancement of human living standards, the demand for
livestock products is increasing, which is an excellent opportunity for
animal husbandry, including the sheep farming industry (1).
Carnosine is a dipeptide found in animals (2), but its content varies
among species and animal body parts (3, 4). Carnosine and
L-carnosine have the same chemical structure and biological activity,
and as the amino acid residues in carnosine have an L-form
stereochemical configuration, it can also be referred to as L-carnosine.
L-Carnosine is present at high concentrations in the skeletal muscle
of most vertebrates and has critical antioxidant functions (5). In
porcine myoblasts, it promoted cell proliferation by activating targets
of the mammalian the rapamycin signaling pathway and mitigated
cellular damage caused by oxidative stress (6). In mice exposed to
deoxynivalenol, L-carnosine bound to Keapl, releasing the
transcription factor Nrf2 into the nucleus, thereby activating the
transcription of downstream genes and increasing antioxidant
production to neutralize excess reactive oxygen species and thus
reduce the oxidative stress caused by deoxynivalenol (7). Further,
L-carnosine helps maintain animal health through anti-glycosylation
(8,9), pH stabilization, and metal chelation (10). Studies have shown
that L-carnosine ameliorates the adverse effects of oxidative stress in
pregnant ewes, and it may also offer benefits in reducing the combined
challenges posed by pregnancy and heat stress during the hot-dry
season (11). In finishing pigs, dietary L-carnosine increased body
weight, feed intake, and daily gain, increased the secretion of thyroid
hormone, and induced the proliferation of satellite cells (12). In
chickens, L-carnosine also positively influences weight gain and
activates the enzymatic antioxidant system in the blood (13, 14).

The intestinal microbiota plays a vital role in adaptive coevolution
with mammals (15). The intestinal tract of sheep is characterized by
a diverse microbial ecosystem (16), which is influenced by multiple
factors, such as feeding, drinking, the environment, physiology, and
disease (17-19). The intestinal microbiota also plays a crucial role in
biological processes related to regulating nutrient absorption and
maintaining homeostasis (20). It produces various digestive enzymes
that convert indigestible plant macromolecules into small molecules
that are absorbable by the host (21). For example, certain
microorganisms produce pectinases that can degrade pectin in the
plant cell wall into small molecules that can be utilized by ruminants
(22), whereas many species produce lipases that hydrolyze long-
chain fatty acids (23). Once absorbed by the host, these simple
metabolites enter the bloodstream, altering serum metabolite levels
(24). Microbial homeostasis influences the efficiency with which the
host animal utilizes its feed, ultimately affecting productive
performance metrics, such as daily weight gain and the feed
conversion rate.

Metabolomics plays a crucial role in analyzing metabolic
pathways, processes, and gene functions (25, 26), and is widely used
in the fields of animal disease diagnosis and food ingredient
identification (27). Comprehensive analysis of the correlations
between the intestinal microbiota and serum metabolome not only
enables identifying the relationship between dietary energy levels and
lamb quality (28) but has also been used to investigate how they reflect
age and nutritional requirements in Tibetan sheep (29). Furthermore,
it has well explained the effects of different diets on intestinal microbes
and metabolic pathways in Hu sheep (30).
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Our knowledge about the effects of L-carnosine on the intestinal
microbiota and serum metabolome in fattening sheep is limited, and
published studies are scarce. We investigated the effects of dietary
L-carnosine supplementation on the fecal microbiota and metabolite
composition in fattening lambs using 16S rRNA sequencing and
liquid chromatography-tandem mass spectrometry (LC-MS/
MS)-based metabolomics. Additionally, multi-omics analysis was
conducted on the fecal microbiota and serum metabolites to provide
a reference for the application of L-carnosine in sheep.

2 Materials and methods

2.1 Experimental animals and experimental
design

The experiment was conducted at the Sheep Experimental Station
of the Beijing Academy of Agriculture and Forestry Sciences in
Yangyuan County, Zhangjiakou City, Hebei Province, China. In total,
60 male crossbred lambs (Dorper @ x Small Tail Han Q) of 3 months
of age with an average body weight of 30 + 5 kg were randomly
divided into two groups. The lambs were housed in 2 sheltered
outdoor paddocks and fed a basal diet consisting of a total mixed
ration according to the Chinese sheep feeding standard (NY/T816-
2004). The contents of digestible energy, metabolizable energy, crude
protein, calcium, and phosphorus in the diet were 11.83 MJ-kg-1,
9.73 MJ-kg-1, 14.61, 0.39, and 0.25%, respectively (31). Animals in the
control group (group C) were fed only the basal diet (Table 1). Based
on previous studies and the dietary supplementation level of
L-carnosine used previously in fattening pigs (12, 32), we determined

TABLE 1 Composition and nutrient levels of the basic diet of fattening
sheep.

Item ‘ Content

Ingredients
Corn silage 30.90
Corn 44.20
Soybean meal 17.00
Wheat bran 5.00
Salt 0.70
Limestone powder 1.00
Calcium hydrogen phosphate 0.20
Premix' 1.00
Total 100.00

Nutrientcomponent?
Metabolizable energy 9.73
Digestible energy 11.83
Crude protein 14.61
Calcium 0.39
Phosphorus 0.25

"The premix provided the following per kg diets: VA 200 kIU, VD, 40 kIU, VE 1000 mg,
Nicotinamide 1,200 mg, Biotin 70 mg, Fe (FeSO4) 1300 mg, Mn (MnSO4) 1000 mg, Zn
(ZnSO4) 1240 mg, Se (Na2SeO3) 8.50 mg, Co (CoSO4) 11 mg. *Metabolizable energy was a
calculated value, while the others were measured values.
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the optimal supplementation level of L-carnosine for fattening lambs
to be 400 mg/kg. In the experimental L-carnosine group (group L),
L-carnosine (purity >98%, Zhengzhou Luyuan Biotechnology Co.,
Ltd.) was added to the basal diet at a concentration of 400 mg/kg. Both
groups were provided with adequate water and salt blocks during the
60-day trial period.

2.2 Sample collection

The morning after the feeding experiment, the 60 sheep were
weighed. Fresh feces were individually collected from the rectum of
12 random sheep in each group (n =24 in total), immediately
transferred into sterile tubes, and frozen in liquid nitrogen. To prevent
contamination, the outer layer of each fecal sample was discarded, and
the middle inner portion was sampled for testing. Blood (5 mL) was
collected from the jugular veins of the above 24 sheep using vacuum
blood collection tubes for serum metabolomics analysis. The blood
samples were maintained at room temperature for 4 h, followed by
centrifugation at 3000 rpm, 4°C for 10 min to collect the serum. The
serum was frozen at —80°C until metabolomics analysis.

2.3 Microbial DNA extraction and
sequencing

Microbial DNA was extracted from the fecal using an E.Z.N.A.®
Soil DNA Kit (Omega Bio-tek, Norcross, GA,U.S.). The DNA was
examined using 2% agarose gel electrophoresis, and the DNA
concentration and purity were determined with a Thermo Fisher
NanoDrop-2000 spectrophotometer (Thermo Scientific, U.S). The
variable regions V3 and V4 of the bacterial 16S rRNA gene were
PCR-amplified using primers 338F (5-ACTCCTACGGG
GAGGCAGCAG-3) and 806R (5-GGACTACHVGGGGTWTC
TAAT-3’). The PCR products were recovered, purified, assayed, and
quantified using a microfluorometer (QuantiFluor-ST; Promega,
USA). The PCR products were mixed in equimolar amounts, and a
sequencing library was constructed using a NEX-TFLEX Rapid
DNA-Seq Kit and sequenced on the Illumina MiSeq PE 300 platform
(Shanghai Majorbio Bio-Pharm Technology Co., Ltd.).

2.4 Microbiome composition analysis

Operational taxonomic units (OTUs) at a 97% similarity level
were clustered and compared to the 16S rRNA database (Silva
v138/16S_bacteria) to classify annotations of the OTU sequences,
setting the classification confidence to 0.7. All data were analyzed on
the Shanghai Majorbio Cloud platform. The alpha diversity index was
determined using Mothur. Differences or similarities in the
composition of the fecal microbial communities were analyzed using
principal coordinates analysis (PCoA). Abundance differences in
intestinal microbial composition at various levels between the two
groups were analyzed using Student’s ¢-test. The linear discriminant
analysis effect size (LEfSe) algorithm was used to identify differences
among various taxonomic groups. Using the acquired community
abundance data, rigorous statistical approaches were used to perform
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hypothesis testing on species across various microbial communities.
This process aims to evaluate the significance of species abundance
differences and pinpoint species that exhibit notable disparities
between groups. PICRUSt was used to normalize the OTU abundance
table to obtain the corresponding GreenGene IDs of the OTUs, and
Kyoto Encyclopedia of Genes and Genomes (KEGG) functional
annotations were compared against the Clusters of Orthologous
Genes database to obtain annotation information of the OTUs and
abundance information for each function across the samples.

2.5 Metabolite extraction and
metabolomics analysis

For metabolite extraction, methanol was added to 100 pL of
serum, after which the samples were pulverized using a cryo-mill and
sonicated for 30 min (5°C, 40 kHz). The samples were left to
precipitate the proteins and then centrifuged. The supernatants were
transferred into sample vials for LC-MS/MS analysis.

The samples were separated by ultra-high performance liquid
chromatography system (ACQUITY UPLCHSS T3, Waters Corp.,
USA) and detected. The raw data included quality control (QC) and
detection samples. Data pre-processing for appropriate data analysis
encompassed the filtering of the raw data, recoding of missing values,
normalization, QC verification, and data conversion and was
conducted using the Progenesis QI 2.3 software.

The MS data were matched with the metabolite database HMDB!
and Metlin,” and data analysis was performed on the Shanghai
Majorbio Cloud platform. Projected variable importance (VIP) values
were calculated using orthogonal least partial squares discriminant
analysis (OPLS-DA) modeling, and the validity of the OPLS-DA
model was evaluated using R2Y and Q2.

Enrichment analysis was performed using Fisher’s exact test.
p-values were corrected using the Benjamini-HochbergBH method,
and the corrected p-values were thresholded at 0.05. KEGG pathways
meeting this criterion were considered significantly enriched in the
metabolite set, and the significantly enriched pathways were accurately
examined using the Scipy software v1.0.0 (p <0.05). The raw
sequencing reads generated in this study have been deposited in the
NCBI Sequence Read Archive (SRA) under BioProject accession
number PRJNA1175011.}

2.6 Correlation analysis

The Spearman correlation coefficients between fecal microbial
taxa and differential serum metabolites were calculated using the
Python software. Correlation heatmaps were generated to visualize
and analyze the associations. Spearman’s correlation analysis is a
statistical technique used to assess the relationship and the strength of
influence between an independent variable and a dependent variable
by analyzing the rank order of two sets of variables. It involves three

1 http://www.hmdb.ca/
2 https
3 https

//metlin.scripps.edu

‘'www.ncbi.nlm.nih.gov/sra/PRINA1175011
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primary steps: first, ranking the data from both sets of variables based
on their magnitude; second, replacing the original data with these
ranks; and finally, calculating the correlation between these ranks.
This method provides insights into the association and impact of the
independent variable on the dependent variable.

3 Results
3.1 Growth performance

The effect of L-carnosine on the weight gain of fattening lambs is
presented in Table 2. Total weight gain and average daily weight gain
(ADG) were significantly increased, by 13.31 and 13.28%, respectively,
in group L compared to group C (p < 0.01).

3.2 Fecal microbiota richness and diversity

At the 97% similarity threshold, a total of 1,662 OTUs were found
in samples from groups C and L (Figure 1). The microbiota of group C
and group L samples shared 1,260 OTUs, and 312 and 90 OTUs were
uniquely identified in group C and group L samples, respectively.
Diversity indices were calculated based on the OTUs of each library.
We assessed alpha diversity in the two groups using five indices
(Shannon, Simpson, ACE, Chao, and coverage) (Table 3). No significant
differences between the two groups in these indicators were found
(p > 0.05). Beta diversity was evaluated using PCoA. A PCoA plot based
on the Bray—Curtis algorithm (Figure 2) showed that groups C and
group L differed in terms of beta diversity (p < 0.05). Notably, the group
C samples exhibited a dispersed distribution in the PCoA plot, indicating
substantial variation in the microbial community structures within the
group. Conversely, the group L samples clustered more compactly,
suggesting a higher degree of similarity in the intestinal microbial
community structures among sheep supplemented with L-carnosine.

3.3 Fecal microbiota composition

To investigate the differences in the fecal microbiota composition
between groups C and L, we used the Wilcoxon rank-sum test to
compare the mean relative abundances of dominant bacteria at the
phylum and genus levels. The dominant phyla in the two groups were
Firmicutes and Bacteroidota. The abundances of Actinobacteriota and
Proteobacteria were decreased, whereas those of Bacteroidota and
Spirochaetota were increased in group L compared to group C
(Figure 3A). The top three dominant genera in the two groups were
UCG-005, norank_f_Muribaculaceae, and Rikenellaceae_RC9_gut_
group (Figure 3B). Further analyses revealed that, at the phylum level

TABLE 2 Effect of L-carnosine on weight gain in fattening lambs.

10.3389/fvets.2024.1525783

(Figure 4A), the abundance of Patescibacteria was significantly lower
in group L than in group C (p < 0.01). At the genus level (Figure 4B),
the abundances of Syntrophococcus (p < 0.01) and Butyricimonas
(p < 0.001) were higher in group L than in group C. In contrast, the
abundances of Escherichia-Shigella and Candidatus Saccharimonas
were significantly lower in group L than in group C (p < 0.05).

3.4 Metabolomics analysis

Using non-targeted metabolomics technology, serum samples from
groups C and L were analyzed to characterize the blood metabolites in
fattening lambs with or without L-carnosine supplementation. The
differences between the groups were analyzed using OPLS-DA. As
shown in the OPLS-DA score plot (Supplementary Figure S1A), the
samples of the two groups were clearly distinguished. The values of R2Y
(0.995) and Q2 (0.657) were> 0.5 (Supplementary Figure SIB),
indicating that the OPLS-DA model had a good fit and good predictive
ability, and that VIP values could be calculated based on the data to
screen for differential marker metabolites.

Using VIP>1 and p<0.05 as the optimal thresholds, 68
differential metabolites were identified (Figure 5A). The clustering
heatmap of the differential metabolites shows the differential
metabolite expression profiles and VIP values for the metabolites with
the top 30 VIP values (Figure 5B; Supplementary Table S1). Pyridine
N-oxide glucuronide was downregulated (p <0.01), whereas
L-histidinol, p-apiose, and isodomedin were upregulated in group L
(p <0.001) compared to group C.

Differential metabolites were significantly enriched in eight
KEGG pathways (p < 0.05): choline metabolism in cancer, ascorbate
and alternate metabolism, pyrimidine metabolism, tryptophan

90
(5.42%)

FIGURE 1

Venn diagram showing the OTUs in the fecal microbiota of fattening
sheep. “C" indicated the control group, “L" represented the
|-carnosine of 400 mg/kg. The same as below.

Number Initial weight/kg ~ Final weight/kg = Total weight gain/ Average daily
kg gain/g
Group C 30 33.02+228 47.45+2.95 14.43 + 1.79 240.56 + 29.82
Group L 30 31.88+2.65 4825+ 1.88 1635 + 1.23%% 272.50 + 20.55%%

Data are presented as mean + standard error of mean. **p < 0.01 vs. group C. “Group C” indicated the control group, “Group L’ represented the L-carnosine of 400 mg/kg. The same as below.
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TABLE 3 Effect of L-carnosine on five alpha diversity indices related to the fecal microbiota of fattening sheep.

Groups Shannon Simpson Ace Chao Coverage
Group C 4.60 £0.55 0.035 +0.031 765.5 +161.3 786.2 £ 165.5 0.9965 + 0.0006
Group L 4.78 £0.45 0.024 £ 0.018 751.6 £129.1 766.2 +134.0 0.9966 + 0.0006
R=0.0586, P=0.038000
1 .
c12 ® ¢
: AL
0.5+

£

~
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&
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-0.5 1 :
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FIGURE 2
PCoA plot of microbial beta-diversity (based on the Bray—Curtis algorithm).

histidine metabolism, and
absorption, lysine degradation, and glycerophospholipid metabolism

(Figure 5C).

metabolism, protein  digestion

3.5 Correlations between fecal microbial
and serum metabolites

The correlations between 20 genera and 40 metabolites were
analyzed using Spearman correlation analysis (Figure 6). Holdemania
and Butyricimonas were significantly positively correlated with
L-histidinol, D-apiose, and L-erythrulose (p <0.001). A highly
significant negative correlation existed between Butyricimonas and
pyridine N-oxide glucuronide (p <0.001). Pygmaiobacter was
positively correlated with phenylacetylglutamine (p <0.05). A
significant positive correlation was observed between Butyricimonas
and stachydrine (p < 0.05).

4 Discussion

The dipeptide L-carnosine has been used in pig and chicken
production to improve productive performance and antioxidant
capacity and to maintain livestock health (33-35). However, reports
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on its application in sheep are scarce. Because of the unique digestive
mechanism and dietary characteristics of ruminants, their intestinal
microbiota is crucial for maintaining intestinal health and nutrient
absorption. Intestinal microbial communities indirectly but
profoundly influence the animal feed conversion efficiency and
production performance by regulating the production of endogenous
metabolites and various metabolic pathways (36).

The present study investigated the effects of dietary
L-carnosine supplementation on the growth performance of
fattening lambs. The dietary supplementation induced an increase
in the total weight gain and ADG in the fattening lambs. Similar
positive effects have been observed in other animal species.
L-Carnosine supplementation in pigs increased the final weight,
average daily feed intake, and ADG (12), and in chickens, it
effectively increased body weight and breast muscle development
(14). However, the mechanism by which L-carnosine is able to
improve growth performance in fattening sheep remained unclear.
Therefore, we analyzed the effects of L-carnosine supplementation
on intestinal microbiota composition and serum metabolite
profiles to gain insights into the mechanisms underlying its
growth-promoting effects in fattening sheep.

The results revealed that the addition of L-carnosine did not
affect the diversity and dominant species in the intestinal
microbiota of fattening lambs. At the phylum level, the intestinal
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FIGURE 3
Effect of L-carnosine on fecal microbiota composition of fattening lambs. (A) Bacterial abundance at the phylum level. (B) Bacterial abundance at the
genus level.

microbiota of fattening lambs was enriched in Firmicutes and  Bacteroidetes are primarily responsible for carbohydrate, protein,
Bacteroidetes both in the C and L groups, which is consistent with  and fiber metabolism (18, 39). At the genus level, L-carnosine
the prior findings in herbivores (37, 38). Firmicutes and  supplementation significantly increased the relative abundances
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of Syntrophococcus and Butyricimonas. Syntrophococcus, a member
of Firmicutes, can digest various carbohydrates and produce
short-chain fatty acids (SCFAs) (40). In a previous study, an
increase in solid feed intake was accompanied by an elevation in
the relative abundance of Syntrophococcus, thereby enhancing the
carbohydrate digestive capacity of early-weaned lambs (41).
Syntrophococcus is involved in the utilization of non-fibrous
carbohydrates and the production of acetic acid. Butyricimonas is
a butyrate producer (42). Acetic acid and butyrate are SCFAs. In
the gastrointestinal tract, SCFAs can enhance intestinal barrier
integrity, regulate glucose and lipid metabolism and the immune
system, modulate inflammatory responses, suppress pathogenic
bacterial growth, and manage blood pressure (43, 44). L-carnosine
supplementation increased the abundance of Syntrophococcus and
Butyricimonas, which possibly improved the utilization efficiency
of non-fibrous carbohydrates and SCFA levels. The abundances of
Escherichia-Shigella and Candidatus
significantly reduced in the L group versus the C group.

Saccharimonas were
Escherichia-Shigella, common intestinal pathogens, can cause
intestinal diseases (e.g., enteritis, diarrhea, and dysentery) or
(e.g.,
meningitis, or sepsis) through attachment to epithelial cells and/

extraintestinal conditions urinary tract infections,
or invasion of target host cells (45). Candidatus Saccharimonas,
an opportunistic pathogen in the intestinal tract, is associated
with gastrointestinal disorders and causes inflammatory diseases

/

of the intestinal mucosa (46, 47). A previous study revealed a
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negative correlation between Candidatus Saccharimonas and
production performance in geese (48). Our findings support that
dietary L-carnosine supplementation in sheep increases the
relative abundance of beneficial bacteria in the intestine, while
decreasing that of pathogenic bacteria.

The serum concentrations of the metabolites L-histidine, D-apiose,
and isodomedin were highly significantly upregulated in group
L. p-Apiose is a branched pentose in the cell walls of higher plants (49)
that has an antioxidant effect (50). The differential metabolites were
significantly enriched in the histidine metabolic pathway, in which
L-histidine was upregulated in group L. L-Histidine, as a precursor of
histidine synthesis (51), increases the synthesis of ammonia, alanine,
and glutamine in muscle and affects the anabolism of proteins (52).
Isodomedin belongs to the class of diterpenes (53), which exhibit anti-
inflammatory, antioxidant, and antimicrobial properties (54). Pyridine
N-oxide glucuronide, a glucuronic acid-derivative, was highly
significantly downregulated in group L. It has been shown that
glucuronic acid is closely related to inflammation by acting on Toll-
like receptor 4 and inducing pain in rats (55). We speculate that the
addition of L-carnosine increased the antioxidant capacity in the
fattening lambs to a certain extent. In summary, L-carnosine
supplementation may have increased the antioxidant capacity and
enhanced protein synthesis in the fattening lambs.

Comprehensive analysis of the microbiomes and non-target
metabolomes unveiled the relationships between differential
microbiota genera and differential metabolites. Notably, our
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results indicated a positive correlation between Butyricimonas and
L-histidine and p-apiose. SCFAs, produced through microbial
fermentation in the intestine, exhibit diverse physiological
functions (56). Butyricimonas is a putative SCFA producer with
potent anti-inflammatory and immunomodulatory effects (57).
Amino acids serve as precursors for bacterial SCFA synthesis,
demonstrating an interaction between microbial activity and the
homeostasis of host amino acids and SCFAs (58). Stachydrine
exerts potent anti-inflammatory action via the NF-«B signaling
pathway (59) and prevents oxidative stress by increasing the
activity of antioxidant enzymes such as superoxide dismutase
(60). These findings suggest that Butyricimonas may enhance the
nutrient conversion capacity and production performance by
alleviating inflammatory responses and influencing metabolic
processes associated with amino acids and carbohydrates.
Phenylacetylglutamine is a metabolic byproduct of intestinal
bacteria (41) and serves as a substitute for urea in the urea cycle
to facilitate the excretion of nitrogenous waste from the body (61).
Pygmaiobacter is the main butyric acid producer, and the
correlation analysis showed that it was significantly positively
correlated with phenylacetylglutamine, which may induce changes
in intestinal microbes. We found a negative correlation between
Butyricimonas and pyridine N-oxide glucuronide. Pyridine
N-oxide glucuronide promotes inflammation. These findings
corroborate that L-carnosine has anti-inflammatory properties.
Comprehensive analysis of the microbiome and non-target
metabolomes further showed that L-carnosine promoted weight
gain in fattening sheep by exerting anti-inflammatory and
increasing antioxidant property.

5 Conclusion

Dietary L-carnosine supplementation in fattening lambs was
found to improve growth performance by positively influencing the
intestinal microbiota and serum metabolites. Enhanced oxidative
capacity, protein synthesis ability, and anti-inflammatory activity may
be among the main mechanisms of L-carnosine in increasing weight
gain during the fattening period. Therefore, L-carnosine shows
promise for application in the sheep industry.
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Dietary guanidinoacetic acid
supplementation improves rumen
metabolism, duodenal nutrient
flux, and growth performance in
lambs

Shiqgi Zhang, Mireguli Yimamu, Chen Ma, Jun Pan, Caidie Wang,
Wenjie Cai and Kailun Yang*

College of Animal Science, Xinjiang Agricultural University, Urumqi, China

Guanidinoacetic acid (GAA) is the only precursor of creatine, which is an important
energy source for growth and metabolism. The degradation of guanidinoacetic
acid in rumen plays a decisive role in its application in ruminant diet. Two
experiments were conducted to investigate the rumen GAA escape rate and its
effects on metabolism, blood metabolites and growth performance of Kazakh
male lambs. In the first part of the experiment, 24 Kazakh male lambs equipped
with rumen and duodenal fistulas were selected to determine the rumen escape
rate of guanidylacetic acid. In the second part, 24 healthy Kazakh male lambs
were selected to determine the growth performance. They were divided into
4 groups and fed a basal diet supplemented with 0, 500, 1,000, 1,500 mg/kg
GAA, respectively. The results show that ruminal escape rates of 36-56% were
achieved in lambs with dietary GAA supplementation at 500-1,500 mg/kg DM.
Dietary 1,500 mg/kg DM GAA increased levels of creatine, IGF-1 and insulin, and
promoted lamb growth.

KEYWORDS

lambs, guanidinoacetic acid, creatine, rumen metabolism, ruminal escape rate

1 Introduction

Guanidinoacetic acid (GAA) is the only precursor of creatine, which is an important
energy source for growth and metabolism in vertebrates. The addition of exogenous GAA
stimulates creatine biosynthesis (1). Although creatine levels can be increased by direct dietary
supplementation, GAA is a more stable and potent inducer of creatine synthesis (2). The
addition of GAA to animal diets has been shown to promote muscle energy metabolism and
growth performance (3-5). For example, dietary GAA supplementation can improve carcass
quality, energy metabolism and meat quality in fattening pigs (6) and promote growth
performance in broilers (7-9). Furthermore, the metabolites produced (creatine, creatine
phosphate, creatinine) as well as unmetabolized GAA are excreted in the urine, with previous
studies confirming that no harmful residues are detected in livestock products (10).

Several studies on GAA supplementation in cattle via abomasum continuous infusion (11)
showed increased plasma and urinary creatine concentrations and enhanced creatine synthesis
(12). These findings suggest that GAA can act as a precursor and stimulate creatine synthesis
in cattle. A previous study showed that the bioavailability of exogenous GAA after infusion
into the rumen and abomasum of cattle was approximately 50%, indicating that GAA is
degraded in the rumen (13); however, specific degradation rates and changes in nutrient flow
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were not reported in detail. GAA degraded in the rumen may be used
by microorganisms to support their growth. Furthermore, Li et al. (14)
reported that the addition of 0.6 or 0.9 g/lkg DM GAA improved
growth performance, nutrient digestion and rumen fermentation in
Angus beef cattle, although the escape rate of dietary GAA in the
rumen and the effect on rumen fermentation remain to be clarified.

As an animal-derived amino acid derivative, GAA is largely absent
from whole plant protein-based lamb rations. The effects of GAA on
growth performance and rumen metabolism in sheep have not been
reported. To bridge a current knowledge gap, we investigated the
extent to which GAA added exogenously in the diet is degraded in the
rumen and its effects on rumen metabolism and growth performance
in lambs.

2 Materials and methods

All experimental procedures involving animals were approved
(animal protocol number: 2020024) by the Animal Welfare and Ethics
Committee of Xinjiang Agricultural

University, Urumgj,

Xinjiang, China.

2.1 Experimental materials

GAA (non-rumen protected; purity >98%) was purchased from
Genetech Biotechnology Co., Ltd. (Beijing, China).

All lambs used in this study were commercial livestock purchased
from a local market and owned by this research team. Before study,
the purchased lambs were quarantined and cared by Huikang Animal
Husbandry Co., Ltd. (Changji, Xinjiang). After the study, all the lambs
were euthanized by carotid bleeding under anesthesia (i.v.
Lumianning, main component xylazine hydrochloride, 20 mg/kg BW
[injected]) and then treated following harmless disposal procedures.

2.2 Experimental design

Experimental design 1: To investigate the effect of supplemental
GAA on ruminal GAA flow rate and rumen metabolism in lambs, 24
Kazakh rams [aged 5 months, weight (34.29 + 1.95) kg] with ruminal
and proximal duodenal fistulas were selected. The test lambs (n =6
per group) were fed a basal diet (without creatine and GAA)
supplemented with GAA at 0 mg (0 mg/kg group), 500 mg (500 mg/
kg group), 1,000 mg (1,000 mg/kg group) and 1,500 mg (1,500 mg/kg
group) per kg of dry matter (DM) basal diet. A non-isotopic marker
(Li, Cr-EDTA) was used to determine the chyme flow rate. The
experiment lasted for 23 days, 15 days of adaptation and 8 days
of sampling.

Experimental design 2: We then investigated the effect of dietary
GAA supplementation on blood metabolites and growth performance
in 24 randomly selected healthy Kazakh rams (aged 3 months,
(27.35 + 0.58) kg). The test lambs (n = 6 per group) were fed a basal
diet (without creatine and GAA) supplemented with GAA at 0 mg
(0 mg/kg group), 500 mg (500 mg/kg group), 1,000 mg (1,000 mg/kg
group) and 1,500 mg (1,500 mg/kg group) per kg of DM basal diet.
The feeding trial was conducted for 55 d consisting of a 10-day
pre-feeding period and a 45-day trial period.
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The basal diet was formulated according to the NRC (2007)
nutritional requirements. The diet formulations and nutrient levels are
shown in Table 1.

2.3 Feeding management

The test lambs were numbered and housed in semi-open sheds
(1.2 m x 1.5 m) with good ventilation. The lambs were fed daily in two
separate feedings at 08:00 and 20:00. GAA was mixed into the feed
concentrate. Lambs were fed and watered ad libitum. Feed intake was
recorded daily and each lamb was weighed every 15 days. Dry matter
intake (DMI), average daily gain (ADG) and feed weight ratio (F:G)
were calculated for each lamb. Disinfection and sterilization of the
facility and immunization of the animals were conducted according
to routine farm procedures.

2.4 Sample collection and processing

In experiment 1, ruminal fluid was collected on day 16 of the trial
period at 0 h (before feeding) and 1, 2, 4, 6 and 8 h after the morning
feed, filtered through nylon cloth and then frozen. Duodenal chyme
(chyme is a mixture and includes both solids and liquids) were
collected in three batches (8 lambs per time-point, 2 lambs per
treatment group) on days 17-23 of the trial period according to the

TABLE 1 Feed ingredients and nutrient levels of experimental diets (%).

Maize 30.00
Wheat bran 7.20
Soybean meal 12.00
Cottonseed meal 7.80
Alfalfa hay 20.00
Wheat straw 20.00
Premix* 3.00
Total 100
Organic matter (OM) 89.87
Crude protein (CP) 16.58
Ether extract (EE) 1.53
Neutral detergent fiber (NDF) 46.16
Acid detergent fiber (ADF) 32.62
Calcium (Ca) 0.58
Phosphorus (P) 0.33
Lysine 0.81
Methionine + cysteine 0.58

*The premix provided the following per kg of the concentrate supplement: Vitamin A
10,000.00 IU, Vitamin D3 2,550.00 IU, Vitamin E 20.00 IU, niacin 20.00 mg, biotin 0.06 mg,
Cu (as copper sulfate) 22.00 mg, Fe (as ferrous sulfate) 94 mg, Mn (as manganese sulfate)
80 mg, Zn (as zinc sulfate) 88 mg, I (as potassium iodide) 0.75 mg, Se (as sodium selenite)
0.5 mg, Co (as cobalt chloride) 0.33 mg, Ca (as calcium carbonate and calcium hydrogen
phosphate) 0.35%, P (as calcium hydrogen phosphate) 0.125%, NaCl 0.8%.
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disposable perfusion method (15). In brief, samples of duodenal
chyme were collected from the test lambs prior to perfusion to
determine background values. Each lamb received a perfusion of
Chromium-EDTA(Cr-EDTA, 12 g/lamb) delivered using a 100-mL
syringe fitted with a fine tube (approx. 20 cm) to facilitate even
dispersion to different parts of the rumen. After the perfusion,
duodenal chyme samples (20 mL) were collected at 0 h (before the
morning feed), and 1, 2, 3, 4, 6, 8, 12, 16, 24, 32, 40 and 48 h, after
feeding. At each time-point, 5¢ of ruminal or duodenal chyme
samples were mixed to produce a mixed sample for the determination
of DM, GAA, total nitrogen and total reducing sugar content.

In experiment 2, blood was collected from the jugular vein of
lambs at 0 h before the morning feed on day 45 of the test period. The
blood was centrifuged at 3,500 x g for 15 min to isolate the plasma,
which was stored at —20°C.

2.5 Sample analysis and calculations

The diet samples were finely ground, passed through a 1-mm
mesh (Thomas-Wiley Laboratory Mill Model 4, Thomas Scientific,
Swedesboro, NJ, USA), and analyzed for the contents of dry matter
(DM), organic matter (OM), crude protein (CP), fat (EE), acid
detergent fibers (ADF), and neutral detergent fibers (NDF). The
samples (5.0 g) were dried at 105°C overnight according to the AOAC
method (16). The nitrogen content was determined using a nitrogen
analyzer combustion method (990.03; AOAC) (Model CNS-2000;
LECO Company, S$t.1990), and CP was calculated as Nx 6.25. Ether-
like hexane extracts were obtained from the samples using the Ankom
Extraction System (Macedonia, New York). The NDF and ADF
contents were determined as described by Van Soest et al. (17) and
Goering et al. (18). After anerobic hydrolysis, the amino acid content
of the diet samples was analyzed using a Sykam S433D Amino Acid
Analyzer (Sykam, Germany).

The rumen and duodenal chyme collected were air-dried in an
oven at 60°C and then subjected to DM determination at 105°C. The
chromium concentration was determined by inductively coupled
plasma mass spectrometry (THERMO, USA, model iCAPQ) using the
DM of the rumen and duodenal chyme as described above. Method:
The sample was weighed into a PTFE digestion tank and 5 mL of nitric
acid was added. The sample was left to stand, sealed and placed in a
microwave digestion apparatus. After the temperature had cooled to
<50°C, the digestion tank was removed and placed in a fume hood;
blanks were treated in the same way. Total nitrogen in the contents of
the rumen and duodenum was determined using the Kjeldahl method
(16). Total reducing sugars were determined by the tetrazolium blue
chloride method (19).

The DM of duodenal chyme was weighed and 500 mg was
dissolved in 1 mL of distilled water, extracted by ultrasonication for
10 min and centrifuged at 12,000 x g for 15 min. The supernatant was
then removed for determination of GAA. Ruminal fluid samples were
filtered through nylon mesh and centrifuged at 12,000 x g for 15 min.
The supernatant was then removed for determination of creatine and
GAA. The concentrations of GAA and Cr in the supernatants were
determined according to methods described by Wada et al. (20).
Briefly, to precipitate the protein, 200 pL plasma or supernatant was
mixed with 400 pL acetonitrile and incubated for 10 min before
centrifugation at 12,000 x g for 10 min. Subsequently, 100 pL clear
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supernatant was mixed with 200 pL phosphoric acid (2 mM). A
sample of the mixture (20 pL) was then analyzed using an IC YS-50
weak acid cation exchange column (4.6 mm x 125 mm) under the
following conditions: flow rate, 1.0 mL/min; column temperature,
30°C; detection wavelength, 210 nm; elution mode, one-time
linear elution.

Ruminal fluid pH was determined using a PE20K Mettler Toledo
(METTLER TOLEDO, Shanghai, China) acidity meter.

Volatile fatty acids (VFA) were determined by gas chromatography
using 4-methyl-N-valeric acid as an internal standard. Ammoniacal
nitrogen (NH;-N) was determined using an alkaline sodium
hypochlorite-phenol spectrophotometric method (21). Protozoa
counts were determined using a hemocytometer after adding
formaldehyde solution (37% formaldehyde (v/v): 0.9% (w/v) NaCl,
1:9) (22).

Plasma levels of insulin (INS), growth hormone (GH) and insulin
growth factor-I (IGF-I) were determined in lambs 0 h before the
morning feed on day 45 of the trial by immunoradiometric assay using
enzyme-linked immunosorbent assay (ELISA) kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

2.6 Duodenal inflow calculations

The duodenal inflow was calculated after first matching the
decreasing curve of chromium concentration in DM per unit of
rumen chyme with sampling time according to Equation 1:

C=Cyxe ™ 1)

where C = the concentration of Cr in the duodenal chyme
sample, C, = the concentration of Cr in the duodenal chyme
sample at ¢t = 0, k & ¢ = the dilution constants and the sampling
time, respectively.

The fitted equations for duodenal inflow obtained from the
determination of chyme chromium concentration in experiment 1 are
shown in Table 2.

Then, the duodenal inflow volume of the rumen chyme was then
calculated using Equation 2:

_Cr

r=—
Q Co

2

Where Qr = duodenal inflow volume (kg/day), Cr = perfusion
dose of chromium in the test lambs (mg), C, = the concentration of
chromium in the duodenal chyme sample at t = 0.

TABLE 2 Fitting equations for duodenal chyme chromium
concentrations.

Group Co k Exponential R?
equation

0 mg/kg 6.8495 0.0885 ¥ = 6.8495¢0058% 0.9864

500 mg/kg 6.0481 0.0827 ¥ = 6.0481¢005% 09911

1,000 mg/kg 6.5505 0.0737 ¥ = 6.5505€ 0077 0.9906

1,500 mg/kg 6.6911 0.0652 ¥ = 6.6911e0%6 0.9799
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The GAA, total nitrogen and total reducing sugars of duodenal
inflow are the multiplications of the GAA, total nitrogen and total
reducing sugars concentration values of the mixed duodenal chyme
samples and the duodenal inflow values.

2.7 Data analysis

Ruminal fluid pH, VFA, ammonia nitrogen and protozoa counts
were calculated using a MIXED model with repeated observations in
SAS (Version 9.2; SAS Inst. Inc., Cary, NC, USA). The fixed effects
were the treatment (Trt), the sampling time-point (Date) and the
interaction between the two (Trt x Date). The interaction between
treatment and date was primarily analyzed in terms of its effects on
test treatment. Other indicators analyzed using the GLM program of
SAS (Version 9.2; SAS Inst. Inc., Cary, NC, USA). Orthogonal
polynomial comparison coefficients were used to determine the linear
and quadratic effects of the elevated dietary GAA levels on different
parameters. The results were presented as least squares means and
standard error of mean (SEM), with p < 0.05 set as the threshold for
statistical significance.

3 Results

3.1 Changes in the level of GAA in the
ruminal fluid of lambs

No GAA was detected in the ruminal fluid of lambs in the 0 mg/
kg group. Complete ruminal evacuation of GAA was completed after
8 h of dietary GAA supplementation in the 500 mg/kg group, and
within 12 h in the 1,000 mg/kg group. In the 1,500 mg/kg group,
ruminal evacuation of GAA was incomplete after 12 h of dietary GAA
supplementation (Table 3).

3.2 Ruminal fermentation parameters

Compared to the 0 mg/kg group, the pH of the rumen fluid was
significantly higher in the 1,500 mg/kg group (Treatment, p < 0.05)
(Table 4). Dietary GAA supplementation at 500-1,500 mg/kg increased
the ruminal ammonia content in lambs (Treatment, p < 0.05), and there

TABLE 3 Effect of dietary guanidinoacetic acid supplementation on the
guanidinoacetic acid content of rumen fluid in lambs (umol/L).

ltem Dietary GAA supplement levels, mg
per kg DM diet
500 1,000 1,500
0h b - - 118.24 6.68
1h - 406.11 827.67 1,315.81 23.43
2h - 296.39 612.38 1,076.44 28.91
4h - 133.62 328.34 705.79 18.58
6h - 72.26 210.10 495.01 20.26
8h - - 136.52 240.69 17.39

ASEM = standard error of the least squares means; n = 6 lambs/group.
B“~” means that the concentration was not detected under this test condition.
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was a significant interaction between date and treatment (Interaction,
P <0.05). Propionic acid, butyric acid and isovaleric acid levels were
significantly lower in the 500 mg/kg group compared to those in the
0 mg/kg group (Treatment, p <0.05). Propionic acid levels were
significantly lower in the 1,500 mg/kg group and butyric acid levels were
significantly higher than those in the 0mg/kg group (Treatment,
P <0.05). The Acetic acid: propionic acid ratio was significantly higher
in the 500 mg/kg and 1,500 mg/kg groups than that in the 0 mg/kg group
(Treatment, p < 0.05). The protozoa counts were significantly higher in
the sheep rumen fluid of the 1,500 mg/kg group compared to that in the
0mg/kg group (Treatment, p<0.05), and there was a significant
interaction between date and treatment (Interaction, p < 0.05).

3.3 Nutrition duodenal inflow

There were no significant differences in the DMI and duodenal
inflow (DM) between the groups (Linear & Quadratic, p > 0.05,
Table 5). No GAA was detected in the duodenal chyme of lambs in the
0 mg/kg group. The GAA flux in the duodenal chyme of lambs in the
500 mg/kg, 1,000 mg/kg and 1,500 mg/kg groups reached 393.78 mg/d,
451.55 mg/d and 655.37 mg/d, respectively, and the ruminal escape
rates reached 65.63, 37.63 and 36.41%, respectively. As dietary GAA
levels increased, duodenal reducing sugar influx increased linearly. The
amount of total reducing sugars entering the duodenum of lambs was
significantly higher in the 1,000 mg/kg and 1,500 mg/kg groups
compared to that in the 0 mg/kg group (Linear, p < 0.05). There were
no significant differences in the total nitrogen entering the duodenum
between the groups (Linear & Quadratic, p > 0.05).

3.4 Jugular venous plasma parameters

With increasing levels of dietary GAA supplementation, jugular
venous plasma GAA, creatine and IGF-I levels increased linearly
(Linear, p < 0.05, Table 6) while glucose concentrations decreased
linearly (Linear, p < 0.05).

3.5 Growth performance

The average day gain of lambs showed a linear increase with
dietary GAA supplementation (Linear, p < 0.05, Table 7).

4 Discussion

In recent years, the potential benefits of dietary GAA
supplementation in ruminants have become a focus of research. In
this study, we investigated the ruminal escape of GAA in lambs and
its impact on their growth performance. We showed that dietary GAA
supplementation was associated with a ruminal escape rate of GAA
ranging from 36 to 65%, and the average daily gain of lambs increased
linearly with the supplementation of GAA in the diet.

The ruminal GAA escape rate ranged from 36 to 65%, indicating
partial degradation of GAA in the rumen, which is consistent with the
study reported by Speer et al. (13) showing that GAA bioavailability
was approximately 50% after infusion into the rumen and wrinkled
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TABLE 4 Effects of dietary guanidinoacetic acid supplementation on ruminal fermentation parameters in lambs.

Dietary GAA supplement levels, p-value
mg-kg

(0] 500 1,000 1,500 Treatment Date Interaction
pH 6.32 6.31° 6.44% 6.52° 0.03 <0.01 <0.01 0.95
NH;-N, mg-100 mL~"! 21.33° 25.84° 24.96" 2453 0.47 <0.01 <0.01 <0.01
Total olatile fatty acids, mmol-L~ 81.51 74.18 77.56 79.34 1.99 0.72 <0.01 0.28
Acetate, % 62.35° 65.87° 62.79* 63.60° 1.23 0.01 <0.01 0.16
Propionate, % 20.62° 17.93¢ 20.98" 16.49 0.23 <0.01 <0.01 0.84
Butyrate, % 14.02 13.14 13.05 16.54 0.32 0.21 <0.01 0.49
Isobutyrate, % 0.98 1.09 112 121 0.05 0.93 <0.01 0.25
Valerate, % 0.87 1.00 1.01 0.89 0.07 0.03 0.06 0.76
Isovalerate, % 115 0.98° 110 127 0.06 0.35 <0.01 0.30
A:P® 3.31° 3.88° 3.20° 4.20° 0.15 <0.01 <0.01 0.06
Protozoa, x10%/mL 2.76° 2.88° 2.92% 3.01° 0.92 0.11 <0.01 <0.01

ASEM = standard error of the least squares means (n = 6 lambs/group).
PA:P = acetate: propionate.
*Least squares mean values within a row with different superscripts differed (p < 0.05).

TABLE 5 Effects of dietary guanidinoacetic acid supplementation on the nutrition duodenal inflow in lambs.

GAA supplement levels, mg-kg™ DM diet p-value
(0] 10]0] 1,000 1,500 Linear Quadratic

DML, g/day 1,096.24 1,081.64 1,096.31 1,087.96 11.36 0.84 0.79
Duodenal inflow (DM), g/day 341.67 361.98 352.44 354.25 19.63 0.75 0.64
GAA ruminal escape, mg/day =B 393.78 451.55 655.37 28.75

GAA percentage ruminal escape, % - 65.63 37.63 36.41 3.37

Total reducing sugar flow flux, mg/day 405.99 520.83 568.25 590.48 41.64 <0.01 0.28
Total nitrogen flow flux, g/day 16.20 16.51 15.58 16.37 0.95 0.92 0.81

ASEM = standard error of the least squares means; n = 6 lambs/group.

B« »

means that the concentration was not detected under this test condition.

TABLE 6 Effects of dietary guanidinoacetic acid supplementation on jugular vein plasma parameters in lambs.

GAA supplement levels, mg-k p-value
(0] 500 1,000 Linear Quadratic
GAA, pmol/L 162.96 166.63 180.79 203.75 5.86 <0.01 0.24
Creatine, pmol/L 106.76 113.62 117.48 123.32 251 <0.01 0.90
Glucose, mmol/L 5.51 5.28 5.16 5.04 0.12 0.01 0.67
GH, ng/mL 1.88 2.05 1.92 1.69 0.11 0.18 0.09
IGF-I, ng/mL 99.90 114.08 100.14 13535 7.69 0.02 0.19
INS, mIU/L 20.39 20.81 19.19 24.38 L11 0.05 0.05

AGH = growth hormone; IGF-I = insulin-like growth factor-1; INS = insulin.
BSEM = standard error of the least squares means; n = 6 lambs/group.

stomach of cattle. The inclusion of GAA in the diet facilitated its
degradation in the rumen, causing an elevation in ammoniacal
nitrogen content and an increase in the pH of the rumen fluid. This
effect may be correlated with alterations in the protozoa population,
particularly in groups receiving 1,000 mg/kg and 1,500 mg/kg of GAA,
where their numbers increased. Notably, protozoa consume bacteria
for nourishment (23, 24). The heightened protozoa population
subsequently increased their consumption of bacteria and starch
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granules, resulting in a decline in bacterial count and reduced
carbohydrate availability. This, in turn, impeded the degradation and
utilization of both carbohydrates and proteins (25), further contributing
to the increase in pH. Additionally, the expanded protozoa population
ingested significant quantities of microbial proteins, thereby enhancing
nitrogen excretion via the release of ammonia (26).

The increase in protozoa numbers in the rumen may be due to the
use of GAA as a nitrogen source to provide energy and promote division.
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TABLE 7 Effects of supplementation with GAA on growth performance in lambs.

GAA supplement levels, mg-kg~! DM diet p-value
500 1,000 1,500 Linear Quadratic
Initial BW, kg 27.83 27.45 27.55 27.38 031 0.42 0.75
Day 45 BW, kg 33.95 33.92 34.09 3472 0.42 0.15 0.52
DML, g (DM) 901.42 897.45 899.57 913.78 7.14 0.23 0.22
AG, kg 6.12 6.47 6.54 7.34 0.38 0.04 057
ADG, g/d 135.93 143.78 145.33 163.04 8.48 0.04 0.57
E:G 6.90 6.37 6.26 5.64 0.44 0.06 0.92

ABW = body weight; DMI = dry matter intake; AG = average gain; ADG = average day gain; F:G = feed to gain ratio.

PSEM = standard error of the least squares means; n = 6 lambs/group.

The least squares means for BW, DMI, ADG, F:G in the table are the results of an analysis of covariance with initial weight as the covariate.

The nitrogen resources in the protozoa are derived partly from bacterial
proteins obtained by engulfing bacteria, and partly from protein nitrogen
supplied in the diet (27). Proteolytic enzymes are found in ruminal
protozoa and are highly active, engulfing insoluble protein particles, free
amino acids and bacteria to synthesize protozoal proteins (28, 29).

In this study, we did not observe a significant change in the flow
of total duodenal nitrogen material. However, there was a linear
increase in the flow of GAA into the small intestinal chyme,
indicating an increase in the proportion of available nitrogen
entering the small intestine; therefore, we hypothesized that dietary
GAA improves nitrogen utilization in sheep. Adding 1,500 mg/kg
GAA to lamb diets improved nitrogen retention in lambs and also
demonstrated that dietary GAA can improve nitrogen utilization in
sheep. In addition, the increase in the number of protozoa, which
engulf starch granules and store them as branched chain starch that
enters the small intestine with the chyme, increases the flow of
reducing sugars from the small intestine chyme (27, 30). This
phenomenon may also account for the increase in the flow of
reducing sugars from the duodenum after dietary GAA
supplementation and the improvement in the utilization of
non-structural carbohydrates.

In this study, growth performance was improved lambs receiving
1,500 mg/kg MD GAA, with an increase in average daily weight gain
and reduced average feed-to-weight ratio. Significantly elevated
jugular vein plasma levels of creatine and GAA were observed with
increasing dietary GAA supplementation, indicating incomplete
degradation of GAA by ruminal microorganisms. Comparable
findings were reported in cattle receiving rumen infusions of GAA
(13). Speer et al. (13) stated that approximately 50% of GAA undergoes
ruminal degradation, and rumen-infused GAA leads to increased
plasma and urinary concentrations of Cr and enhanced Cr synthesis.
Increasing creatine levels in animals can conserve the raw materials
for protein synthesis and energy sources such as glycine and arginine,
to improve energy metabolism, accelerate animal growth and increase
feed utilization. Thus, the increase in creatine levels induced by the
addition of GAA acid to the diet may be one of the mechanisms by
which GAA improves growth performance.

Moreover, the addition of 1,500 mg/kg GAA to the diet increased
plasma insulin levels and decreased plasma glucose levels. This may
be explained by the presence of a positive charge on the GAA side-
chain (31), which affects the depolarization of islet cell membranes,
stimulating the secretion of protein kinase A and C-type insulin and
improving the sensitivity of the mechanism that regulates insulin
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secretion (32). Previous studies have shown that exogenous GAA
stimulates insulin secretion in rodents (33), and reduces plasma
glucose levels (34). This, combined with the increased availability of
reducing sugars in the duodenum, suggests that the addition of GAA
to the diet increased the rate of glucose metabolism and facilitated
glucose utilization, thus exerting a positive effect on the energy supply
available to the organism for growth.

The addition of 1,500 mg/kg GAA to the diet increased plasma
IGF-I levels, possibly by conserving arginine and stimulating IGF-I
secretion. The addition of GAA to the diet of broiler chickens (8) also
increased IGF-I secretion in the blood. IGF-I has been reported to
improve amino acid utilization and increase net protein gain, thereby
promoting body growth (35). Changes in IGF-I and insulin secretion
may be one of the mechanisms by which dietary GAA supplementation
improves the growth performance of lambs.

Looking ahead, the application of GAA in lamb production
holds significant promise. The ability of GAA to enhance growth
performance and nutrient utilization, as demonstrated in this study,
suggests that it could become a valuable feed additive in the lamb
industry. By improving average daily gain and feed efficiency, GAA
has the potential to reduce the time required for lambs to reach
market weight, thereby increasing the overall productivity and
profitability of lamb farming operations. Furthermore, the positive
effects of GAA on rumen fermentation and blood metabolites, such
as increased microbial protein synthesis and elevated levels of
IGF-1, indicate that it can support optimal health and development
in lambs. This could lead to improved meat quality and yield, which
are critical factors for consumer satisfaction and market
competitiveness. Additionally, the synergistic potential of GAA
with other feed additives, like betaine, offers an opportunity to
further enhance its benefits. For instance, combining GAA with
betaine has been shown to improve nutrient digestibility and
energy-nitrogen metabolism in lambs, although the combined
effect on growth performance may not be significantly greater than
the individual effects of each additive. This highlights the
importance of continued research to optimize the use of GAA in
lamb diets and explore its interactions with other feed components.
Moreover, long-term studies are needed to assess the sustained
impact of GAA supplementation on physiological parameters and
overall health of lambs over extended periods. By addressing these
research gaps, the lamb industry can harness the full potential of
GAA to drive advancements in production efficiency and
animal welfare.
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5 Conclusion

Ruminal GAA escape rates of 36-56% were achieved in lambs
with dietary GAA supplementation at 500-1,500 mg/kg DM. Dietary
supplementation of 1,500 mg/kg GAA increased the ruminal
ammoniacal nitrogen concentration and the total reducing sugar flow
into the small intestine, promoted the creatine level and glucose
utilization in lambs, and increased daily weight gain in lambs.
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Previous studies have discussed the association between serum metabolism and
lactation performance among Sanhe and Holstein cows of different parities and
found that the metabolic profiles of these two breeds vary differently with parity.
Since the rumen is the central organ for nutrient absorption and production
transformation in dairy cows, it remains unknown whether the differences
observed under the same dietary conditions are related to the structure of the
rumen microbiome. This study measured the apparent digestibility and rumen
fermentation parameters of Sanhe cows (S1/S2/S3/S4) and Holstein cows (H1/H2/
H3/H4) across four parities and generated a comprehensive rumen microbiome
dataset using high-throughput sequencing technology. Significant differences
in dry matter digestibility (p=0.001) and ammonia nitrogen (p = 0.024) were
observed among the S groups, with higher trends of various VFA contents in
S1 (0.05<p<0.1). The H group showed significant differences in crude protein
digestibility (p = 0.001), higher isovaleric acid content in H1 (p = 0.002), and the
lowest acetate to propionate ratio (p =0.002) in H3. Metagenomic sequencing
results indicated consistency between rumen microbiome patterns and metabolic
changes, with S1 distinctly different from S2/S3/S4, and H1 and H2 different from H3
and H4. The species composition of the rumen microbiome was similar between
Sanhe and Holstein cows, but differences in abundance were noted. Rhizophagus
<glomeromycetes>, Neocallimastix, and Piromyces were more abundant in S1,
H1, and H2, and pathways such as autophagy-animal, plant-pathogen interaction,
and endocytosis were significantly enriched in these parities. Multiparous Sanhe
cows had higher abundances of ATP-binding cassette transporters pathways.
Additionally, CAZymes such as GH84 and GH37 were significantly associated
with differential physiological indicators and milk traits. In conclusion, this study
reveals the complex relationship between rumen microbiota and metabolic
characteristics in Sanhe and Holstein cows of different parities, indicating that
changes in the structure of the rumen microbiome may be key factors affecting
lactation performance and metabolic differences in dairy cows.
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1 Introduction

In recent years, with the increasing demand for high-quality dairy
and beef products, cattle breeding and management have garnered
growing attention worldwide. Among the numerous cattle breeds,
Holstein cows are one of the most widely distributed and extensively
studied dairy breeds globally (1). However, there is also a rich diversity
of genetic resources in cattle breeding and production, including
indigenous breeds such as the Sanhe cattle in China (2, 3). Through
selective breeding, Sanhe cattle have been developed for both dairy
and meat production. Nevertheless, compared to widely studied
breeds like Holstein, there remains a significant gap in understanding
the production performance and physiological characteristics of
Sanhe cattle.

Lactation is the most critical production activity in dairy cows.
Due to differences in basal metabolic levels and energy requirements
among cows of different parities (4), the impact of parity on lactation
performance cannot be overlooked under normal feeding and
management conditions. In our previous research, we systematically
explored the physiological and metabolic characteristics of Sanhe and
Holstein cows across parities 1 to 4 (5). We found significant
differences in the metabolic patterns between primiparous and
multiparous Sanhe cows, indicating substantial changes in nutrient
utilization and lactation-related metabolic pathways during
continuous lactation periods. In Holstein cows, the metabolic profiles
exhibited different trends, with the first and second parities being
more similar to each other and distinct from the third and fourth
parities (6).

For dairy cows, the composition and activity of the rumen
microbiome are crucial factors determining feed efficiency, nutrient
utilization, and overall productivity (7). However, most existing
studies focus on the development of the rumen microbial community
in weaned calves (8) and the differences in rumen microbiome
composition between high-and low-producing dairy cows (9, 10).
There is limited understanding of the successional patterns of the
rumen microbiome in lactating cows of different parities. Xue et al.
(11) found significant differences in the relative abundance of
Fibrobacteres and SRI in the rumens of mid-lactation cows from
parities 2 to 7, while the main functional metabolic bacteria showed
no significant changes. The lactation traits of dairy cows have a
complex relationship with the core rumen microbiota (12-14).
Therefore, the rumen microbiome is a critical entry point for studying
the mechanisms regulating milk quality in dairy cows.

We hypothesize that under identical dietary conditions, the
differences in serum metabolism and lactation performance between
Sanhe and Holstein cows of different parities are partially attributable
to specific changes in their rumen microbial community structure.
This study focuses on investigating the impact of rumen microbial
composition on rumen fermentation and metabolic activities in Sanhe
and Holstein cows across parities 1 to 4 under the same dietary
conditions. The aim is to further elucidate the effects of rumen
microecology on metabolic adaptability and production performance
in specific breeds of dairy cows. Combined with previous research
findings, this study can provide a comprehensive framework to clarify

Frontiers in Veterinary Science

the multifaceted interactions among host physiology, rumen
microbiota, and metabolic responses. This will enhance the
understanding of the Sanhe breed and inform breeding and
context of sustainable

management strategies in  the

livestock production.

2 Materials and methods

2.1 Animal management and experimental
design

All procedures involving animals in this experiment were
approved by the Animal Experiment Ethics Committee of the Institute
of Subtropical Agriculture, Chinese Academy of Sciences. Sanhe and
Holstein cows in lactation periods from parity 1 to 4 were selected
from the same farm, with similar feeding management conditions and
identical dietary formulations. The four groups of Sanhe cows were
designated as S1 (N=10), S2 (N=9), S3 (N=10), and $4 (N=10),
while the four groups of Holstein cows were designated as H1 (N=10),
H2 (N=7), H3 (N=9), and H4 (N=9). Detailed information on
feeding management procedures and animal selection can be found
in our previously published works, including studies on Sanhe cows
(5) and Holstein cows (6).

2.2 Collection and analysis of fecal samples

During the sampling period, rectal fecal samples were collected
for five consecutive days, twice daily, 2h before feeding and 2h
after feeding. The samples were mixed with 10% sulfuric acid and
stored at —20°C until analysis for apparent digestibility. Fecal
samples were dried at 65°C and ground to pass through a 1-mm
sieve. The measurements of dry matter (DM; method 930.15),
crude protein (CP; method 2001.11), neutral detergent fiber (NDF;
method 2002.04), acid detergent fiber (ADF; method 973.18), and
ether extract (EE; method 920.39) were conducted following the
methods of the Association of Official Analytical Chemists (55,
56). Gross energy (GE) was determined using a calorimeter
(5E-C5508, Kaiyuan Instruments, China). Apparent total-tract
digestibility was calculated using the acid-insoluble ash
method (15).

2.3 Collection and analysis of rumen
samples

Using an oral intubation method, a tube was inserted
approximately 120-150cm deep into the esophagus, and contents
from the rumen were aspirated using a syringe at the oral end. To
avoid saliva contamination, the initial 100 mL of aspirated content was
discarded, and the subsequent 100 to 150 mL of rumen fluid was
collected. Immediately on-site, the pH value was measured using a
portable pH meter (BPHPOCKET-E, BELL Analytical Instruments
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(Dalian) Co., Ltd., China). The fluid was then filtered through two
layers of sterile gauze into sterile centrifuge tubes and flash-frozen
using liquid nitrogen. As described previously (16), after processing
the rumen fluid, volatile fatty acid (VFA) concentrations were
analyzed using Gas Chromatography (7890A, Agilent, United States).
Ammonia nitrogen concentration was determined using a UV-2300
Spectrophotometer (Shimadzu, Kyoto, Japan) by recording absorbance
at 700 nm.

2.4 Extraction of rumen fluid DNA and
metagenomic sequencing

The extraction of rumen fluid DNA was performed by Guangdong
Magigene Biotechnology Co., Ltd. (Guangzhou, China) using a
commercial kit following the manufacturer’s instructions. The
integrity of the DNA was checked using 1% agarose gel electrophoresis.
DNA concentration and purity were assessed simultaneously using the
Qubit 2.0 (Thermo Fisher Scientific, Waltham, United States) and
Nanodrop One (Thermo Fisher Scientific, Waltham, United States).
Sequencing libraries were prepared using the NEB Next® Ultra™
DNA Library Prep Kit for Illumina® (New England Biolabs, Ipswich,
MA, United States) following the manufacturer’s recommendations,
with index codes added. Library quality was evaluated using the Qubit
3.0 Fluorometer (Life Technologies, Grand Island, NY) and the
Agilent 4200 (Agilent, Santa Clara, CA) system. Finally, the libraries
were sequenced on the Illumina Hiseq X-ten platform, generating
150 bp paired-end reads.

2.5 Bioinformatic processing of rumen
metagenomic data

The raw data obtained from sequencing were processed using
(v.0.36,
php?page=trimmomatic) to obtain clean data for subsequent

Trimmomatic http://www.usadellab.org/cms/index.
analysis. Clean data were assembled using MEGAHIT (Version
v1.0.6, https://github.com/voutcn/megahit). Mixed assembled
scaffolds were broken from N connection to obtain scaftigs.
Scaftigs >500 bp were screened and used for ORF prediction with
MetaGeneMark (Version 3.38, http://exon.gatech.edu/GeneMark/
metagenome/Prediction), with default parameters filtering out
predicted results shorter than 90 nt. Redundancies were removed
using CD-HIT (Version 4.7, hLLp://\\'\\'\\:bioin ('()rmalics‘m‘g/
cd-hit/), creating a unique initial gene catalogue. Clustering was
performed with 95% identity and 90% coverage, selecting the
longest representative sequence. Clean data from each sample were
mapped to the initial gene catalogue using BBMAP,' obtaining
gene mapping reads for each sample. Gene abundance information
for each sample was calculated based on the number of mapped
reads and the gene length. DIAMOND software (Version 0.8.35,
https://github.com/bbuchfink/diamond/) was used to align
unigenes against bacterial, fungal, archaeal, and viral sequences
extracted from the NCBI NR (non-redundant protein sequence

1 http://jgi.doe.gov/data-and-tools/bbtools/
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database). Results with an e-value of 1x107'° were selected for
LCA algorithm annotation. Based on the LCA annotation results
and gene average depth or gene abundance tables, gene average
depth and abundance information tables for each taxonomic level
(kingdom, phylum, class, order, family, genus, species) were
obtained for each sample. Abundance clustering heatmaps and
PCA were based on abundance tables at each taxonomic level.
Group differences were tested using ANOSIM analysis. LEfSe
analysis (default LDA score of 2) was used to identify different
species between groups. Visualization was performed using the R
package ggplot2 (version 4.3.1). Clustering heatmaps were
generated using the R package Pheatmap. Differential KEGG
pathways were visualized using OmicStudio tools.?> CAZy’
annotation results were generated by dbCAN* to obtain annotation
information of carbohydrate-active enzymes. CAZy classification
circular heatmaps and bar charts were created using the online
analysis tool ChiPlot.” Spearman correlation analysis was used to
analyze the differential GH enzymes and apparent differential
indices, with visualization performed using the linkET and
ggplot2 packages.

2.6 Statistical analysis

Data for apparent digestibility and rumen fermentation
parameters were initially organized using Excel 2019 (Microsoft
Corporation, United States) and then subjected to statistical analysis
using Statistical Package for the Social Sciences 22.0 software (SPSS,
Inc., United States). The normality of each variable was assessed with
the Shapiro-Wilk test. If the data met the normal distribution criteria,
comparisons were made using analysis of variance (ANOVA), and
multiple comparisons between categorical variables were adjusted
using Bonferroni correction. A p-value <0.05 was defined as
statistically significant, 0.05<p<0.10 was defined as a trend, and
Pp>0.10 was defined as no difference.

3 Results
3.1 Nutrients digestibility

The apparent digestibility results for Sanhe cows from parity 1 to
4 are shown in Table 1. The digestibility of DM differed significantly
among the four parities, with S4 being lower (p=0.038). However, the
digestibility of other nutritional indices, including CP, NDF, ADE, EE,
and GE, showed no significant differences between S1 and S4
(p>0.05). The digestibility results for Holstein cows from parity 1 to 4
are presented in Table 2. Except for the CP digestibility, which was
significantly higher in H4 compared to H1, H2, and H3, the
digestibility of DM, NDE, ADE, EE, and GE showed no significant
differences among H1 to H4 (p>0.05).

https://www.omicstudio.cn/tool
http://www.cazy.org/

http://csbl.bmb.uga.edu/dbCAN/

U~ NN

https://www.chiplot.online/index.html
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TABLE 1 Apparent total-tract apparent digestibility of nutrients in Sanhe cows with 1-4 parities.

10.3389/fvets.2024.1463209

DM 86.42° 85.59% 85.96° 84.03° 0.325 0.038
CP 63.80 59.72 62.63 59.88 0.832 0.220
NDF 56.98 52.86 58.96 50.91 1.201 0.059
ADF 47.47 44.49 48.52 40.14 1.642 0.260
EE 85.37 82.49 83.34 80.79 0.707 0.134
GE 58.72 52.41 56.74 52.10 1.061 0.061

'DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; EE, ethanol extract; GE, gross energy.
281, S2, S3, and $4 represented first-, second-, third-, and fourth-parity Sanhe dairy cattle, respectively.

*SEM was standard error of means.

**Means within a row with different superscripts differ significantly (p <0.05).

TABLE 2 Apparent total-tract apparent digestibility of nutrients in Holstein cows with 1-4 parities.

DM 84.01 83.31 83.07 84.96 0.385 0.279
CP 62.72° 62.36" 65.40° 69.58* 0.782 0.001
NDF 57.12 55.76 48.19 55.55 1.498 0.134
ADF 59.55 57.04 50.81 56.55 1.448 0.169
EE 85.65 84.37 83.14 83.79 0.613 0.507
GE 58.22 56.45 53.98 59.93 1.006 0.172

'DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; EE, ethanol extract; GE, gross energy.
?81, S2, $3, and $4 represented first-, second-, third-, and fourth-parity Holstein dairy cattle, respectively.

*SEM was standard error of means.

**Means within a row with different superscripts differ significantly (p <0.05).

TABLE 3 Rumen fermentation variables in Sanhe cows with 1-4 parities.

Rumen pH 6.52 6.77 6.73 6.56 0.040 0.068
Ammonia N (mg/dL) 8.59* 5.20 6.67% 7.75* 0.423 0.024
MCP (mg/mL) 1.42 1.45 1.37 1.21 0.064 0.547
Total VFA (mmol/L) 92.19 63.74 81.69 88.61 3.971 0.053
Acetate (mmol/L) 57.03 40.41 49.82 53.91 2.300 0.058
Propionate (mmol/L) 19.52 12.89 18.16 20.11 1.086 0.079
Butyrate (mmol/L) 11.91 7.79 10.26 11.08 0.565 0.056
Isobutyrate (mmol/L) 0.87 0.64 0.81 0.80 0.031 0.059
Valerate (mmol/L) 1.48 1.03 1.39 143 0.068 0.077
Isovalerate (mmol/L) 1.38 0.98 1.26 1.29 0.055 0.070
Acetate/Propionate 2.99 3.18 2.84 2.89 0.073 0.386

'MCP, microbial crude protein; VFA, volatile fatty acid.

%81, S2, S3, and $4 represented first-, second-, third-, and fourth-parity Sanhe dairy cattle, respectively.
*SEM was standard error of means.

**Means within a row with different superscripts differ significantly (p <0.05).

3.2 Rumen fermentation parameters and lowest in S2 (p=0.024). Additionally, the mean values for total
VFA, acetate, butyrate, isobutyrate, valerate, and isovalerate were

The rumen fermentation parameters for Sanhe cows from parity ~ higher in S1 (0.05<p <0.1). There were no significant differences in
1 to 4 are shown in Table 3. There was a trend for lower rumen pHin =~ MCP and acetate/propionate ratios among S1 to S4 (p>0.05). The

S1 (p=0.068). Conversely, ammonia N was significantly higher in S1 =~ rumen fermentation parameters for Holstein cows from parity 1 to 4
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TABLE 4 Rumen fermentation variables in Holstein cows with 1-4 parities.

Rumen pH 6.71 6.61 6.69 6.83 0.050 0.521
Ammonia N (mg/dL) 9.23 6.99 7.86 6.33 0.489 0.176
MCP (mg/mL) 1.44 1.38 1.28 1.43 0.073 0.864
Total VFA (mmol/L) 96.53 78.20 83.17 74.23 4.590 0.336
Acetate (mmol/L) 60.74 49.22 49.71 46.53 2.744 0.253
Propionate (mmol/L) 20.37 16.61 21.19 16.45 1.221 0.396
Butyrate (mmol/L) 11.76 9.50 9.09 8.69 0.627 0.289
Isobutyrate (mmol/L) 0.88 0.67 0.80 0.61 0.056 0.315
Valerate (mmol/L) 1.40 1.11 1.41 1.08 0.070 0.175
Isovalerate (mmol/L) 1.38° 1.08° 0.96" 0.88b° 0.054 0.002
Acetate/Propionate 3.05° 3.06* 243 2.84° 0.074 0.002

'MCP, microbial crude protein; VFA, volatile fatty acid.

%81, 82, $3, and $4 represented first-, second-, third-, and fourth-parity Holstein dairy cattle, respectively.
*SEM was standard error of means.

**Means within a row with different superscripts differ significantly (p <0.05).
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FIGURE 1
(A) Relative abundance distribution of microorganisms at the kingdom level in the rumen of S1-S4. (B) PCoA (principal coordinate analysis) clustering
analysis of rumen microorganisms at the phylum level in S1-S4 based on the Bray method. (C) ANOSIM analysis of rumen microorganisms at the
phylum level in S1-S4. (D) Heatmap of hierarchical clustering analysis of rumen microorganisms at the phylum level in S1-S4. (E) PCoA analysis of
rumen microorganisms at the genus level in S1-S4 based on the Bray method. (F) ANOSIM analysis of rumen microorganisms at the genus level in
S1-S4. (G) Heatmap of hierarchical clustering analysis of rumen microorganisms at the genus level in S1-S4.

are presented in Table 4. The acetate/propionate ratio was significantly ~ abundance of bacteria in S1 was slightly lower than in S3-S4, while

lower in H3 (p=0.002), whereas isovalerate was significantly higher
in H1 (p=0.002). Other rumen fermentation parameters showed no
significant differences among H1 to H4 (p>0.05).

3.3 Rumen microbial composition

A total of 2,712,982,832 clean reads were obtained from the 39
rumen samples of Sanhe cows (Supplementary Table S1). Microbial
identification at the kingdom level revealed four types: bacteria,
eukaryota, archaea, and others (I'igure 1A). Among the S1-54 parities,
bacteria had the highest abundance, followed by eukaryota. The
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eukaryota showed the opposite trend. The PCoA results for the 185
identified phylum-level species are shown in Figure 1B, indicating that
the four groups were relatively clustered. However, ANOSIM analysis
results demonstrated that inter-group differences were significantly
greater than intra-group differences (Figure 1C), with S1 having the
highest richness. Hierarchical clustering analysis (HCA) of the top 30
phylum-level microbes revealed that Cyanobacteria, Basidiomycota,
Blastocladiomycota, Microsporidia, Cryptomycota, Chytridiomycota,
Zoopagomycota, Ascomycota, and Mucoromycota had higher abundances
in S1, while Proteobacteria and Candidatus Melainabacteria were more
abundant in S4 (Figure 1D). Further analysis of the 3,528 identified
genus-level microbes showed similar PCoA results to the phylum level,
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(A) Relative abundance distribution of microorganisms at the kingdom level in the rumen of H1-H4. (B) PCoA (principal coordinate analysis) clustering
analysis of rumen microorganisms at the phylum level in H1-H4 based on the Bray method. (C) ANOSIM analysis of rumen microorganisms at the
phylum level in H1-H4. (D) Heatmap of hierarchical clustering analysis of rumen microorganisms at the phylum level in H1-H4. (E) PCoA analysis of
rumen microorganisms at the genus level in H1-H4 based on the Bray method. (F) ANOSIM analysis of rumen microorganisms at the genus level in
H1-H4. (G) Heatmap of hierarchical clustering analysis of rumen microorganisms at the genus level in H1-H4.
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with less distinct separation (Figure 1E). ANOSIM analysis indicated a
trend towards inter-group differences (Figure 1F). The HCA results for
the top 30 genus-level species indicated that Rhizophagus
<glomeromycetes>, Neocallimastix, and Piromyces were more abundant
in S1 (Figure 1G).

The metagenomic sequencing data for rumen fluid from Holstein
cows (H1-H4) are provided in Supplementary Table S2. The kingdom-
level microbial composition structure was similar to that of Sanhe cows,
with bacteria abundance being slightly lower in H1 and H2 compared to
H3 and H4, and eukaryota showing the opposite trend (Figure 2A).
Analysis of selected phylum-and genus-level microbes in H1-H4
revealed that PCoA showed no distinct separation between groups
(Figures 2B,E). ANOSIM analysis indicated significant differences at the
phylum level between groups (Figure 2C) and a trend towards differences
at the genus level (Figure 2F). The HCA heatmaps of phylum-and genus-
level microbes showed that the microbial abundance patterns of H1 and
H2 were more similar. Specifically, phylum-level microbes such as
Blastocladiomycota, Microsporidia, Zoopagomycota, Basidiomycota,
Ascomycota, Mucoromycota, Chytridiomycota, and Cryptomycota had
higher abundances in H1 and H2 (Figure 2D). Similarly, genus-level
microbes such as Rhizophagus <glomeromycetes>, Neocallimastix, and
Piromyces also had higher abundances in H1 and H2 (Figure 2G).

3.4 Differential rumen microbes and KEGG
functional pathways

To further identify microbial composition differences and select
representative marker microbes between different parities, we conducted
LEfSe analysis on 1-4 parity Sanhe and Holstein cows. According to the
LDA and evolutionary analysis results (Figure 3A), 19 marker microbes
were identified in S1-S4 (p<0.05). Notably, three of the four microbes
enriched in S1 were related to Prevotella (s_Prevotella_sp_tc2_28, g
Prevotellaceae_unclassified, s_Prevotellaceae_bacterium_MN60), and the
other was s_Lactobacillus_fructivorans. S2 had the highest number of
marker microbes, including p_Proteobacteria, c_Gammaproteobacteria,
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o_Enterobacterales, f Erwiniaceae, p_Actinobacteria, g Pantoea, c_
Actinobacteria, s_Pantoea_agglomerans, s_Frigoribacterium_sp_Leaf8,
f_Microbacteriaceae, s_Frigoribacterium_sp_Leaf164, g Frigoribacterium,
and s_Lactobacillus_amylovorus, totaling 13. S3 and S4 had one
significantly enriched microbe each, s_Eubacterium_uniforme and f_
Clostridiaceae, respectively.

Similarly, in the LEfSe results for H1-H4 (Figure 3B), s_Fibrobacter_
succinogenes was significantly enriched in H1. In H2, s_Prevotella_sp_
tf2_5, g_Selenomonas, s_Selenomonas_ruminantium, s_Oribacterium_
sp_KHPX15, acteroidales_bacterium_WCE2008, and g_Oribacterium
were significantly enriched. H3 had significant enrichments in s_
Eubacterium_eligens, o_Veillonellales, f_Veillonellaceae, and g_Allisonella.
H4 had significant enrichments in s_Eubacterium_uniforme and
g Roseburia.

Continuing with the analysis of functional pathways enriched by
these rumen microbiota. For the rumen fluid of multiparous Sanhe cows,
a heatmap was generated for the top 20 identified KEGG orthologies
(KO) number, revealing that, apart from K13412 showing higher
expression in Sl, the rest exhibited higher abundance in S2-S3
(Figure 4A).

It was also found that K01990, K01992, and K02003 are all related to
ABC Transport, while K13412, which has a higher abundance in S1, is
with kinase
(Supplementary Table S3). Stamp analysis was conducted on 425 level 3

associated calcium-dependent protein
pathways mapped to the KEGG database, selecting the top 20 pathways
with significant differences in abundance (Figure 4B). Except for
autophagy—animal, plant-pathogen interaction, cancer network viewer,
and endocytosis showing higher expression in S1, other pathways with
differential expression were more abundant in multiparous Sanhe cows.

Concurrently, analysis of microbial functional pathways in Holstein
H1-H4 revealed that, apart from K21572 and K05349 showing higher
abundance in H1 and H3, the remaining KO pathways exhibited more
similarity in abundance between H1 and H2, whereas H3 and H4
showed similar patterns (Figure 4C). The KO pathways with higher
abundance in H1 and H2 are mainly related to cell signaling and
metabolic regulation, and their activity is influenced by phosphorylation
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FIGURE 3

(A) Taxonomic tree and biomarker microorganisms of rumen microbiota in S1-S4 based on linear discriminant analysis effect size (LEFSe).

(B) Taxonomic tree and biomarker microorganisms of rumen microbiota in H1-H4 based on LEFSe. Nodes of different colors represent representative
microorganisms in the rumen of cows at different parities, with the specific names of the microorganisms labeled beside the nodes. The selection
criteria for biomarkers are linear discriminant analysis (LDA) score >2.0, p < 0.05.

status (Supplementary Table S4). Comparative analysis with the KEGG  esterases (CE), glycoside hydrolases (GH), glycosyl transferases (GT),
database identified 4 pathways significantly more abundant in S2and  and polysaccharide lyases (PL). Among these, GH enzymes were the
also higher in abundance in H1 and H2, with salmonella infection =~ most abundant in both S and H groups (Supplementary Figure S1).
additionally showing higher abundance in H1 and H2 (Figure 4D). Heatmap analysis of CAZymes abundance distribution in S revealed
overall higher abundance in most CAZymes in S4 (Figure 5A).

Comparing the inter-group differences in enzymes with higher

3.5 The composition of CAZymes in the abundance, we found significant differences in 12 GH enzymes. GH1,
rumen microbiota GH109, GH112, GH120, GH4, GH42, GH48, and GH50 showed higher
abundance in multiparous cows (52-S4), while GH108, GH37, GH64,

The breakdown of complex carbohydrates by rumen microbiota ~ and GH84 were more abundant in primiparous cows (S1). Correlation
affects rumen fermentation processes, relying on CAZymes. By  analysis using Spearman’s method between previously measured rumen
comparing with the CAZymes database, we identified six enzyme types ~ and milk differential indicators and these differential GH enzymes
in both 1-4 parity Sanhe cows and Holstein cows, including auxiliary ~ revealed (Figure 5B): ammonia nitrogen showed significant negative
activities (AA), carbohydrate-binding modules (CBM), carbohydrate  correlations with GH109, GH112, and GH120. Milk protein exhibited
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(A) Analysis of the top 20 differential KEGG Orthology (KO) identified in the rumen microbiota of S1-S4. (B) Analysis of the top 20 differential KEGG
functional pathways identified in the rumen microbiota of S1-S4. (C) Analysis of the top 20 differential KO identified in the rumen microbiota of H1-
H4. (D) Analysis of the top 20 differential KEGG functional pathways identified in the rumen microbiota of H1-H4. The stamp plots were created using
the rank-sum test (Kruskal test), selecting the top 20 pathways by abundance with p <0.05.

significant positive correlations with GH112 and GH4. Lactose correlated
with up to 6 GH enzymes, including significant positive correlations with
GH64 and GH84, and significant negative correlations with GH109,
GH42, GH48, and GH50. Fat-free dry matter exhibited significant
negative correlations with GH48 and significant positive correlations
with GH64 and GH84.

For the H group, it can be observed that most CAZymes have higher
abundance in H3 (Figure 6A). Additionally, we identified 13 GH
enzymes (GH119, GH124, GH18, GH19, GH27, GH37, GH6, GH64,
GHe65, GH73, GH84, GH85, GH87) with significant inter-group
differences (Figure 6B). Among these differential GH enzymes, H3
showed the highest abundance in GH119, GH18, GH6, GH173, and
GHB85, highlighting differences in enzyme abundance between H1/H2
and H3/H4. Correlation analysis with previously detected differential
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indicators revealed significant associations with these 13 GH enzymes:
acetic/propionic acid showed significant positive correlations with
GH37, GH64, GH84, and GH87, and significant negative correlations
with the other 7 enzymes. Additionally, isovaleric acid exhibited
significant negative correlations with GH6 and GH65, while lactose
showed significant positive correlation with GH64.

4 Discussion

To fill the knowledge gap regarding the impact of rumen
microecology on the production performance of Sanhe cattle, we focused
on comparing the rumen microbiota of Sanhe cattle and Holstein cows
across 1-4 parities. The aim was to identify potential differences in
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microbial composition and functional characteristics associated with
parity and breed under the same dietary conditions, as well as their
effects on lactation metabolism.

For Sanhe cattle, our previous studies found that the milk
metabolome of S1-S4 displayed a pattern where S1 was significantly
different from S2/S3/S4. This aligns with the observed changes in the
rumen microecological environment in this study, where the
microbial abundance and the types of enriched functional pathways
in S1 also significantly differed from those in multiparous cows.
We found that among the genera-level microbes significantly
enriched in S1, both Neocallimastix and Piromyces are anaerobic
fungi producing cellulase (17), mainly found in the rumen and
intestines of ruminants (18, 19). Neocallimastix has a very high
cellulase activity due to its 89% degradation activity on the cell wall
(20). Piromyces can ferment cellulose to produce more acetate (21).
Previous studies have found that using strains from these two genera
for in vitro fermentation can increase DM digestibility and VFA
content (22), which is consistent with the trends observed in S1 in
this in vivo experiment. It is currently known that the genus Prevotella
is the most abundant microbial group detected in ruminants globally
(23). On one hand, Prevotella can contribute to rumen nitrogen
metabolism by hydrolyzing proteins to produce ammonia (24, 25).
On the other hand, as an ammonia-producing bacterium, it can
generate ammonia through the deamination of amino acids (26),
both of which promote the production of ammonia nitrogen. The
concentration of NH;-N in the rumen reflects the relationship
between the rate of ammonia nitrogen production and utilization in
the rumen. Compared to Prevotella ruminantium and Prevotella
bryantii, which have been verified to have a positive correlation with
ammonia nitrogen production (27), the specific functions of the three
Prevotella-related biomarkers identified in S1 are currently less
studied. However, this study suggests that they may still be one of the
reasons for the higher ammonia nitrogen levels in S1.

Although there were no significant differences in VFA levels
between S1-54, the total VFA and other short-chain fatty acids showed
a higher trend in S1. Among the four biomarkers in S1, Lactobacillus
fructivorans can decompose fructose to produce more acetic acid (28).
The other three biomarkers are related to Prevotella, and previous
studies have shown that the abundance of Prevotella is positively
correlated with VFA production, improving fermentation efficiency
and promoting the production of short-chain fatty acids (29-31).
We also observed that the rumen microbiota in S1 was significantly
enriched in KEGG pathways such as autophagy—animal, plant-
pathogen interaction, and endocytosis, which are related to immune
functions (32), cell metabolism (33), and intracellular material
transport (34). These results suggest that the rumen microbiome in S1
undergoes dynamic adjustments to cope with the stress of the first
lactation experience, showing more dramatic changes. In contrast, in
S$2/83/54, we observed a higher enrichment of ATP-binding cassette
(ABC) transporters (K01990 and K02003) and ABC-2 type transport
system permease protein (K01992) in the rumen microbiota, which
aligns with the higher mapping of ABC transporters pathways in the
KEGG database for S2/53/54. ABC transporters in microorganisms
mainly participate in the transport of nutrients, especially
monosaccharides and amino acids (35). These metabolic activities may
indirectly affect the digestion, absorption, and nutrient metabolism of
dairy cows, consistent with our previous findings of higher glucose and
total protein levels in the serum of $2/83/54 cows.
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Cows themselves cannot synthesize any enzymes necessary for
the deconstruction of plant biomass. They rely primarily on the
rumen microbiome to release energy from plant polysaccharides in
the form of carbohydrates and sugars (36). Within the CAZyme
family, glycoside hydrolases (GHs) are the most abundant and diverse
group responsible for breaking glycosidic bonds in plant
polysaccharides. They account for 50% of the classified enzymes in
the CAZyme database (37) and can decompose cellulose,
hemicellulose, and starch into simple carbohydrates that cows can
absorb and utilize. Glucose and other substances produced by the
breakdown of substrates such as cellulose by GH enzymes are
important precursors for lactose synthesis (38, 39). Among the GH
enzymes that showed a significant positive correlation with lactose
content in Japanese Black cows, GH64 can hydrolyze 8-1,3-D-glucan
(40), releasing glucose monomers, a process providing the carbon
source needed for lactose synthesis. GH84 can participate in the
modification of glycoproteins (41), potentially regulating enzymes or
substrates related to the lactose synthesis pathway and indirectly
influencing lactose production. However, the actual abundance of
these GH enzymes in the rumen, the downstream products they
produce, and their impact on lactose synthesis through blood
circulation still need to be verified through a series of experiments.
This is necessary to further explore the mechanisms by which rumen
microbial functions affect the biosynthetic pathways of
milk components.

Compared to other breeds, Holstein cows are the most widely
distributed high-yield dairy cattle globally, and research on their
metagenome is both extensive and in-depth (42, 43). However,
longitudinal comparisons of rumen microbiota changes with parity
and cross-sectional comparisons of rumen microbiota under the
same dietary conditions with other cattle breeds are still relatively
scarce. Studies on Holsteins have shown that in multiparous cows,
parity may be one of the driving factors for host-microbe interactions
(44). Previous research mentioned that differences in microbial
community composition are mainly attributed to diet, with the host
having a smaller impact (23). This study indicates that under the
same dietary conditions, the species composition structure of high-
abundance phyla and genera in the rumen microbiota of Japanese
Black cows and Holstein cows is similar, though the abundance varies
slightly between different parities. We found that under the farm
conditions we investigated, the trend of changes in the rumen
microbiota of Holstein cows is somewhat different from that of
Japanese Black cows, where S1 differs from S2/53/S4. Specifically, H1
and H2 are similar, H3 and H4 are similar, but H1/H2 differ from H3/
H4. Interestingly, these changes in the rumen microecology of
Holstein cows align with the trends in metabolic profile changes
we previously identified, showing similar patterns where H1 and H2
have closer abundance and differ from H3 and H4 on the heatmap
(6). These findings suggest that rumen microbiota can influence body
metabolism and thereby affect milk traits in different cattle breeds.

In terms of rumen fermentation, unlike S1, which had slightly higher
levels of various VFAs than the other parities, the VFA changes in the H
group did not follow a regular pattern. We found that although H3 had
less acetate and more propionate in the rumen, the differences between
groups were not significant. However, the acetate-to-propionate ratio in
H3 was significantly lower than in the other parities. This could be related
to the significantly higher abundance of Succinivibrio and Ruminobacter
genera found in H3. Previous studies have shown that using a glucogenic
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diet as a substrate for in vitro fermentation can lead to a reduced acetate/
propionate ratio, accompanied by higher abundances of Succinivibrio
and Ruminobacter genera (45). Propionate can be produced directly via
the decarboxylation of succinate, a pathway in which the Succinivibrio
genus plays an important role (46). Moreover, we found that many GH
enzymes in H3 had higher abundances and significant negative
correlations with the acetate/propionate ratio. These GH enzymes do not
directly participate in propionate production but can promote propionate
production by providing monosaccharide substrates required for
microbial fermentation. Among the GH enzymes highly expressed in
H3, GH119 (47), GH6 (48), and GH65 (49) can hydrolyze a-glucan,
cellulose, and oligosaccharides to produce glucose, which can promote
propionate production (50). s_Fibrobacter succinogenes is a major
degrader of lignocellulose substances in the intestines of herbivores (51).
Previous studies have also found that lower levels of isovaleric acid
accompanied by lower abundances of s_Fibrobacter succinogenes in the
rumen of Altay sheep at different energy feeding levels (52). However, in
Nellore calves, it was found that with an increase in concentrate content,
rumen isovaleric acid concentration increased, but s_Fibrobacter
succinogenes decreased (53). This is contrary to the higher isovaleric acid
content accompanied by higher abundances of s_Fibrobacter succinogenes
found in H1 in this study, which might be related to differences in feed
composition and the stage of the cattle. s_Eubacterium uniforme,
identified as a common biomarker in both H4 and S4, is a fiber-digesting
bacterium that mainly decomposes cellobiose and xylan and has
previously only been isolated from sheep rumen (54).

5 Conclusion

This study explored the differences in rumen microbiota
composition between multiparous Sanhe cattle and Holstein cows and
found two main points: First, under the same dietary conditions, the
species composition of the rumen microbiota was similar between Sanhe
cattle and Holstein cows, but their abundances differed. Second, the
rumen microecological patterns were highly correlated with milk
metabolic patterns, but breed remained a decisive factor influencing
dairy cow performance. These results highlight the breed-specific
metabolic adaptability of dairy cows, which changes with parity,
emphasizing the dynamic interactions between genetic background,
physiological state, and metabolic regulation. Understanding these
complex metabolic dynamics is crucial for optimizing feeding strategies,
improving production efficiency, and ensuring the overall health and
welfare of dairy herds.
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