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Abstract

This study examined the effect of replacing peanut vine hay (PVH) with wheat husk (WH) on
fermentation profiles, nutrient degradability and ruminal bacterial communities in vitro ruminal
fermentation system in buffaloes. Five treatment groups (0% A, 25% B, 50% C, 75% D, 100% E), each with
eight replicates, were established by replacing WH with PVH at equal graded levels, followed by
anaerobic incubation at 39°C for 72 h.The results indicated that total gas production, dry matter (DM),
and crude protein (CP) degradability decreased linearly with increasing WH inclusion (P < 0.05). Neutral
detergent fibre (NDF) degradability and hydrogen production increased linearly with higher WH inclusion
(P <0.05). WH increased butyrate (P < 0.05). Alpha diversity was unchanged, while principal coordinate
analysis revealed distinct clustering among treatments (P < 0.05). Bacteroidota (45.76-49.90%) and
Firmicutes (30.91-33.72%) predominated. At the genus taxonomic level, norank_Rikenellaceae and
Xylanibacter were the most abundant taxa across all treatments. Correlation analysis identified
Ruminobacter and Treponema as key drivers of fermentation shifts, with strong associations with volatile
fatty acid profiles and H, production (P < 0.05). Functional prediction indicated that membrane transport
and signal transduction were the dominant pathways. In summary, WH is a viable alternative to PVH in
buffalo diets. Despite decreasing protein degradability, it improves fibre utilisation and exerts favourable
modulatory effects on the rumen microbial community, with no concomitant rise in CH, production.

1 Introduction

The shortage of conventional feed resources has become a major constraint on the sustainable
development of ruminant livestock, particularly buffalo production in southern China[1]. The sustainable
development of livestock is constrained by three major challenges: insufficient feed supply, rising
production costs, and increasing methane emissions|[2]. Enteric methane from ruminants accounts for
approximately 6% of global anthropogenic greenhouse gas emissions and causes a 6—12% loss of
dietary gross energy, which hinders low carbon and efficient production in modern animal husbandry[3].
As a key dietary component regulating ruminal microbiota and fermentation pathways, roughage directly
determines feed utilization efficiency, animal performance, and enteric methane output[4]. Optimizing
roughage utilization is therefore critical to balancing livestock productivity and methane reduction[5].

Peanut vine hay (PVH) serves as a widely available high quality roughage in tropical and subtropical
regions[6]. It contains 10—14% crude protein, with 56.12% organic matter digestibility and 8.98 MJ/kg
DM metabolizable energy, which fully meets the nutritional requirements of growing ruminants[7]. Even
so, large-scale PVH application is limited by multiple practical constraints: unbalanced seasonal and
regional supply, competition with other industries for raw materials, high spoilage risk during long-term
storage, and unstable ruminal fermentation after feeding[8]. Faced with feed shortages and low-carbon
production demands, developing stable, low cost and eco-friendly alternative roughages to replace PVH
is essential to secure feed supply and cut breeding costs in intensive ruminant farms[9].
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China generates massive quantities of crop by-products every year, yet most lignocellulosic residues lack
effective utilization and possess great recycling potential[10]. Wheat husk (WH), a cheap and easily
accessible wheat processing by-product, contains high levels of neutral detergent fiber (NDF), acid
detergent fiber (ADF), and lignin and cannot be digested by monogastric animals[11]. In contrast, the
complex microbial community in the ruminant rumen can effectively degrade recalcitrant
lignocellulose[12]. Compared with beef cattle, buffaloes carry more active fibrolytic microbes and
tolerate low-quality lignified roughages better, so they can efficiently utilize high-lignin raw materials such
as WH[13].

Existing studies have verified that ruminal fermentation and methanogenesis are highly sensitive to
roughage structural traits, lignification degree, and nutritional quality[14]. Fibre-rich substrates with high
cellulose and lignin contents usually trigger acetate-dominated fermentation and hydrogen
accumulation, thus promoting methane production[15]. In contrast, appropriate substitution with high-
lignin roughages shifts fermentation toward propionate synthesis; propionate acts as a competitive
hydrogen sink and suppresses methanogenic activity[16]. Previous research also confirms that dietary
malate reduces ruminal methane yield, while excessive NDF or starch accumulation boosts the growth
of methanogens|[17].

WH and PVH differ substantially in fibre structure and lignification level. Replacing PVH with WH may
therefore reshape ruminal volatile fatty acid profiles and change methanogenic metabolic pathways|[18].

Although multiple studies have explored alternative roughages, few reports systematically clarify how
graded WH substitution affects nutrient degradation, fermentation stability and methane mitigation. This
research gap limits the precise application of WH as low carbon roughage substitutes for ruminants. For
this reason, we conducted an in vitro rumen fermentation trial to explore the effects of different WH
substitution ratios on gas production kinetics, nutrient degradability, fermentation characteristics and
methane emissions. We suggested that moderate WH inclusion could optimise fibre fermentation,
improve nutrient utilisation and lower methane production without damaging feed nutritive value. This
study provides theoretical support for lignocellulosic roughage replacement and methane regulation, and
offers practical data for WH recycling and low-cost, low carbon roughage feeding strategies for
buffaloes.

2 Materials and Methods
2.1 Substrates and Treatments

Fermentation substrates including corn silage, WH, PVH, corn meal and soybean meal were sourced
from the breeding farm of Guangxi Buffalo Research Institute. Raw materials were oven-dried
(LBAO-250, STIK, China) at 65°C for 72 h, then ground with a cyclone mill (Pulverisette 15, Fritsch,
Germany) fitted with a 100-mesh sieve.Nutritional profiles of the substrates are presented in Table 1.1.0
g of fermentation substrate was applied, at a dietary concentrate-to-forage ratio of 3.7.Five treatment
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groups were designed, in which WH were used to equally substitute PVH at substitution ratios of 0% (A),
25% (B), 50% (C), 75% (D) and 100% (E), with 8 replicates per group (Table 2).

Table 1
Nutritional profiles of fermentation substrates

Items Cornsilage Wheat husk Peanutvine hay Cornmeal Soybean meal
DM (%) 29.21 88.30 86.01 88.43 89.16

OM (% DM) 95.23 93.92 92.29 98.65 93.09

Ash (% DM) 4.80 6.08 7.71 1.35 6.91

CP (% DM) 12.03 8.65 8.63 8.64 46.91

NDF (% DM) 55.42 67.39 49.21 61.04 14.43

ADF (% DM) 29.96 30.81 34.35 29.93 9.67

NE (MJ/KgDM)  6.23 6.08 5.46 2.49 6.31

DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fibre; ADF, acid detergent
fibre; NE, net energy.

NE was a calculated value obtained from the Chinese Feed Composition and Nutritive Values Table; all
other components were analytically determined.

Table 2
Composition of fermentation substrates (dry matter basis)
Groups Corn silage Wheat husk Peanut vine hay Corn meal Soybean meal
(9) (@) (9) (@) (9)
A 0.350 0.000 0.350 0.228 0.073
B 0.350 0.088 0.263 0.231 0.069
C 0.350 0.175 0.175 0.235 0.065
D 0.350 0.263 0.088 0.239 0.061
E 0.350 0.350 0.000 0.243 0.057

Groups A, B, C, D and E represented WH substitution levels of PVH at 0%, 25%, 50%, 75% and 100%,
respectively.

2.2 In vitro ruminal incubation

Three ruminally cannulated buffaloes (514 + 18 kg live weight) were selected as inoculum sources, with
experimental protocols approved by the Animal Ethics Committee of Guangxi Buffalo Research Institute
(GXBRI202260520). Prior to the morning meal, rumen liquor was aspirated from each animal, pooled,
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and squeezed through four-layer gauze. The pooled filtrate was combined with CO,-flushed artificial
saliva at a volume ratio of 1:2. Artificial saliva was prepared under anaerobic conditions according to the
method described by Theodorou et al.[19]. For the fermentation assay, 50 mL of this buffered mixture
was dispensed into 180 mL serum bottles, each containing 1 g of experimental substrate (with or
without TSO). To ensure strict anaerobiosis, the bottles were gassed with carbon dioxide before being
hermetically sealed. Finally, all bottles were subjected to a 72-h incubation in an orbital water bath set at
39°C and 100 oscillations per minute.

2.3 Analysis of total gas, hydrogen and methane
production

During the fermentation process, the dynamic gas production and the methane and hydrogen production
were measured at 3, 6,9, 12, 24, 36, 48, and 72 hours. At each time point, a graduated glass syringe
balanced internal and external bottle pressure, and we recorded total gas volume. Gas samples collected
in air bags were injected into a gas chromatograph (Model 7890A; Agilent Technologies, USA) to test
methane and hydrogen concentrations.

2.4 Nutrient digestibility analysis

At the end of the 72 h fermentation, each serum bottle was uncapped and its entire contents poured into
100-mesh nylon bags (10 cm x 10 cm) for residue collection. The bags were washed with distilled water
to remove loosely attached microorganisms and soluble materials, then dried at 65°C until a stable
weight was achieved (72 h). The dried residues were used to determine the contents of DM, OM, NDF,
ADF, and CP. The degradation rate of each nutrient was calculated as:

Nutrient degradability (%) = (1 - post-digestion residue weight / pre-fermentation substrate weight) x 100

2.5 Analysis of ruminal fermentation parameters

After 72 h of incubation, the serum bottles were swirled in an ice-water bath to terminate fermentation.
Immediately after opening the bottles, pH was measured using a pH meter (HANNA HI8424, Italy).
Multiple samples of the supernatant from fermentation bottles were collected separately, and volatile
fatty acid (VFA) fractions were determined by gas chromatography with crotonic acid as the internal
standard[20]. Microbial crude protein (MCP) content was determined via colorimetry using an
ultraviolet-visible spectrophotometer (Model PE Lambda 35; Shanghai Pudi Biotechnology Co., Ltd.)[21].
The ammonia N (NH,-N) content using the phenol-hypochlorite method.

2.6 Determination of rumen bacteria through 16S RNA
gene sequencing

At the end of fermentation, total DNA was extracted as described previously[22]. The V3-V4 region of
16S rRNA was amplified with barcoded primers 341F/805R and sequenced on the lllumina MiSeq PE300
platform. Raw sequencing data underwent quality control according to our previous analysis pipeline.
We conducted species annotation and relative abundance analysis to describe bacterial community
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composition across groups, and performed alpha diversity calculation and correlation analysis with
environmental factors to identify inter-group microbial differences.

2.7 Statistical Analysis

All data were processed with SPSS 26.0 software. One-way ANOVA was applied to test treatment
effects, and Duncan’s multiple range test separated mean values. Differences were considered
statistically significant at P < 0.05. All results are presented as mean = standard error of the mean.
Pearson correlation coefficients quantified linear relationships between bacterial genera and
fermentation parameters. Principal coordinate analysis (PCoA) and permutational multivariate analysis
of variance compared overall community structure among groups. The Kruskal—-Wallis test screened
differentially abundant taxa. We predicted microbial functional profiles via Tax4Fun software based on
16S rRNA sequencing data.

3 Results

3.1. In Vitro Total Gas, Methane and Hydrogen(H,)
Production

As presented in Table 3, wheat husk replacing peanut vines hay highly significantly reduced total gas
production (P < 0.01), significantly altered methane yield (P < 0.05) and increased H, production (P <

0.05).

Table 3
Effects of wheat hull substitution on in vitro gas production parameters
Items A B C D E SEM P-
value
Gas
production(ml/g
DM)
Total gas 219.50+ 21413+ 205.75+ 197.00+ 183.63+ 3.273 <0.00T1
9.262 8.513b 5.92bC 12.67° 6.80¢
H, 0.46 + 095+ 111 1.18 % 248 + 0.071  0.011
0.46° 0.54° 0.14° 0.56° 2.262
CH,4 19.35+ 15.65+ 20.11 % 1711+ 16.52 + 0.801 0.016
2.32% 3.41° 2.202 3.893b¢ 2.01P°

Values within the same row with different superscript letters differ significantly (P < 0.05). The same as
below.Groups A, B, C, D and E represented WH substitution levels of PVH at 0%, 25%, 50%, 75% and
100%, respectively.SEM, standard error of the mean.

3.2 In vitro substrate degradation
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Table 4 shows nutrient degradability results across treatments. As WH substitution ratios increased, DM
and CP declined gradually and extremely significantly; A had the highest values while E recorded the
lowest (P < 0.01). ADF and OM showed no significant inter-group differences (P >0.05). NDF in D and E
was significantly higher than values of other treatment groups (P<0.01).

Table 4
Effects of WH substitution for PVH on in vitro nutrient degradability
Items A B Cc D E SEM P-value

DM (%) 72262 71.57° 70.61° 70.43%¢ 70.23¢ 0.157  <0.001
NDF (%) 5618 57.25° 56.01® 58982 59192 0.004 0.001

ADF (%) 3754 42932 4116% 4078 3g19b 0012 0.055
OM (%) 59.47 57.04 56.84 5539 5505 0.012 0.231

CP(%) 43252 37.06® 44972 3130 25774 13.14 <0.001

Values within the same row with different superscript letters differ significantly (P < 0.05).Groups A, B, C,
D and E represented WH substitution levels of PVH at 0%, 25%, 50%, 75% and 100%, respectively.DM, dry
matter;NDF, neutral detergent fibre; ADF, acid detergent fibre; OM, organic matter; CP, crude protein.SEM,
standard error of the mean.

3.3 In vitro fermentation parameters

Table 5 lists all ruminal fermentation indicators. Treatment exerted no significant influence on
fermentation pH (P > 0.05). NH,;-N and MCP concentrations rose significantly as WH inclusion increased,
with E reaching the maximum values (P < 0.01). Total VFA concentrations in C and D were significantly
higher than those in A, B and E (P < 0.01). Acetic acid, propionic acid, butyric acid, isovaleric acid and
valeric acid concentrations differed significantly across groups (P < 0.05): acetic acid and Total VFA
peaked in C, and butyric acid concentrations in C, D and E were significantly higher than A.
Acetate/propionate ratio and isobutyric acid concentration remained unchanged among all treatments
(P>0.05).
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Table 5
Effects of wheat husk substitution on in vitro fermentation parameters

Items A B c D E SEM  P-
value

pH 6.02 + 6.03 + 6.01 + 5.97 + 6.01 + 0.022 0.091
0.04 0.08 0.08 0.03 0.03

NH,-N (mg/mL) 5.38 + 543+ 577 + 6.82 + 743 + 0.424 0.005
0.30° 0.364¢ 0.541bc 0.5562P 0.4212

MCP (pg/mL) 0.057 + 0.053 + 0.053 + 0.063 + 0.075+ 0.004 0.004
0.004bc 0.003¢ 0.005¢ 0.0062P 0.0052

Acetate 66.38 + 67.51 + 78.48 + 73.70 + 65.78 + 5.490 0.004
14.52P 13.87° 7.212 10.382P 9.25P

Propionate 19.96 + 20.32 + 22.30 + 21.84 + 19.65 + 1.380 0.038
3.65P 3.05% 2.672 2.792 2.16P

Acetate/Propionate  3.24 + 3.47 3.54 ¢+ 3.47 + 3.25¢+ 0.160 0.088
0.43 0.12 0.08 0.09 0.34

Isobutyrate 0.97 £ 1.03% 113 1.09% 1.15¢% 0.081 0.067
0.222 0.132 0.20° 0.172 0.162

Butyrate 11.32+ 13.37 + 14.88 + 14.40 + 14.43 + 1.144 0.008
3.03P 2.212b 2.812 2.362 1.732

Isovalerate 1.42 + 1.57 + 1.77 + 1.63+ 1.62+ 0.152  0.050
0.39P 0.252b 0.232 0.23@b 0.15%b

Valerate 1.25+ 1.34+ 1.64 + 1.50 + 1.66+ 0.126 0.017
0.31° 0.28@b 0.212 0.262 0.162

Total VFA (mmol/L) 101.30+  105.14 12020+ 11425+ 104.28 6.691 <0.001
17.71b +16.07°  11.412 10.822 +9.42b

Values within the same row with different superscript letters differ significantly (P < 0.05).Groups A, B, C,
D and E represented WH substitution levels of PVH at 0%, 25%, 50%, 75% and 100%, respectively.SEM,
standard error of the mean.

3.4 Rumen microbial community diversity and structure

Rarefaction curves flattened as sequencing reads increased, confirming sufficient sequencing depth to
cover most ASVs in all treatment groups (Fig. 1). Bacterial alpha diversity indices differed significantly
across treatments (P < 0.05). A had higher OTU number, ACE and Chao1 richness indices and Shannon
diversity index than D and E, while the Simpson index was lower in A. These data indicated A possessed
the highest microbial richness and diversity, and diversity declined in high substitution D and E (Table 6).
We applied PCoA based on Bray-Curtis distance to assess inter-group community dissimilarity; PC1 and
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PC2 explained 15.27% and 11.68% of total community variation respectively (Fig. 2). All samples split
into two distinct clusters: A, B and C clustered on the left axis, while D and E distributed on the right axis
with obvious spatial separation between clusters.

Table 6
Alpha diversity parameters of rumen bacteria among all treatments
Items A B C D E SEM P-value
OTUs 2007.882 2839.383 2817.00° 2678.00° 2661.50¢ 34.080 <0.001
ACE 3369.512 3307.87%  3299.072 3163.80° 3180.14> 2.861  <0.001

ChaoT 3327.43% 3276.212  3278.948 3132.34> 3169.24° 33.391 <0.001

Shannon 6.16° 6.11°2 6.122 596b 596b 0.029 <0.001

Simpson g g12b 0.012° 0.011° 0.0132 0.0132  0.001 0.003

Values within the same row with different superscript letters differ significantly (P < 0.05).Groups A, B, C,
D and E represented WH substitution levels of PVH at 0%, 25%, 50%, 75% and 100%, respectively.SEM,
standard error of the mean.

3.5 Compositional profiles of the rumen microbiota and
taxonomic differences

The relative abundance of bacterial phyla and genera are presented in Fig. 3. The relative abundance of
bacterial phyla showed that Bacteroidota (49.90-45.76%) and Bacillota (30.91-33.72%) were the most
dominant phyla detected in all treatments. At the genus level, norank_Rikenellaceae and Xylanibacter
were dominant, accounting for at least 9.73% and 7.52% of the total rumen microbiota, respectively,
regardless of the treatment.

The Kruskal-Wallis test was used to identify differentially abundant genera among treatment groups
(Fig. 4). At the genus level, the g__norank_F082 and f_F082 were more enriched in A.
f__norank_Oscillospirales, g__norank_Oscillospirales were enriched in B. norank_f_Prevotellaceae showed
more abundance in C. Ruminobacter, Candidatus_Saccharimonas and Pseudobutyrivibrio were more
abundant in E.

3.6 Microbial correlations and functional predictions

The genus level correlation heatmap revealed linear associations between core ruminal genera and key
fermentation parameters (Fig. 5). Ruminobacter showed an extremely significant positive correlation
with valerate (P < 0.01). Treponema correlated positively with butyrate (P < 0.05), and highly positively
with valerate and hydrogen yield (P < 0.01). norank_f_F082 exhibited significant negative correlations with
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butyrate and valerate (P < 0.05), while norank_c_Clostridia correlated negatively with valerate (P < 0.05)
and highly negatively with hydrogen yield (P < 0.01). Ruminococcus and Saccharofermentans were highly
positively correlated with butyrate, valerate and hydrogen yield (P < 0.01). Xylanibacter showed a
significant positive correlation with valerate (P < 0.05) and an extremely significant positive correlation
with hydrogen yield (P < 0.01). norank_f_Rikenellaceae had significant negative correlations with acetate,
butyrate, TAFA and valerate (P < 0.05). Succiniclasticum only correlated negatively with hydrogen yield (P
< 0.05), whereas Succinivibrio correlated positively with valerate (P < 0.05) and highly positively with
hydrogen yield (P < 0.01). norank_f_Christensenellaceae and norank_o_Oscillospirales correlated
negatively with valerate (P < 0.05) and highly negatively with hydrogen yield (P < 0.01). No significant
linear correlations existed between propionate, isovalerate and any detected bacterial genera. Remaining
genera showed no significant correlation with all measured fermentation indicators (P > 0.05).

Tax4Fun predicted KEGG Level 2 functional pathways based on 16S rRNA sequencing data. Membrane
transport occupied the highest relative abundance (0.0846-0.0869), followed by signal transduction
(0.0237-0.0250). Other functional categories recorded lower relative abundance, ranked from high to
low as global and overview maps, carbohydrate metabolism, energy metabolism, nucleotide metabolism
and replication and repair, with abundance values ranging from 0.0016 to 0.0084. The relative abundance
variation of each pathway across groups was less than 0.003, indicating minor differences in core
microbial functions among fermentation systems. Overall, membrane transport represented the
dominant functional pathway in all groups, while other core metabolic pathways maintained stable low-
level expression. Coordinated operation of these functional modules sustained stable metabolic
homeostasis of ruminal microbes under different substrate conditions.

Discussion

4.1 Gas Production Dynamics and Hydrogen Metabolism

Total gas yield declined linearly as WH substitution ratios rose, consistent with the downward trend of
DM. This observation indicated that WH had lower fermentability than PVH. Previous research confirmed
in vitro gas production positively correlates with dietary organic matter and crude protein content, and
negatively correlates with NDF and ADF concentrations[23]. Zhang et al.[24] reported similar results in an
in vitro fermentation study using donkey caecal and colonic fluid, where dry matter disappearance of
fibrous feeds was positively correlated with organic matter and crude protein, and negatively correlated
with NDF and ADF. Therefore, the higher NDF content and lower crude protein content of WH in this
study may have jointly limited gas production potential.

Methane yield fluctuated among treatments, being lowest in B and highest in C. Lee et al.[25] found that
methane production from feedstuffs decreased as crude fibre and crude protein increased, but
increased with higher non-fibrous carbohydrate content. In the present study, the high fibre content of
WH may have partly suppressed methane production. Hydrogen yield in Group E was approximately 5.4
times higher than in A, while methane yield did not increase correspondingly, indicating a clear diversion
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of metabolic hydrogen flow. Under normal rumen conditions, most metabolic hydrogen is used by
methanogenic archaea to reduce CO, to CH,[26]. The uncoupling between increased H, and stable CH,
in this study suggests that alternative hydrogen sinks may have been activated.

Wang et al.[27]demonstrated that partial replacement of forage fibre with non-forage fibre sources
(wheat bran and bean hulls) increased H, production by 8.45% and decreased CH, production by 14.06%,
accompanied by a significant increase in propionate concentration. These changes indicated that
hydrogen metabolism was partly shifted from methanogenesis to propionate formation. The authors
further attributed this shift to the replacement of Firmicutes by bacteroidetes, and the replacement of
Methanobrevibacter by Methanomassiliicoccus among methanogens. The substantial increase in H,
yield with relatively stable CH, in Group E may reflect a similar mechanism, in which hydrogen was
directed towards alternative pathways such as butyrate synthesis or reductive acetogenesis rather than
methanogenesis[28]. Additionally, hydrogen metabolism in in vitro systems is influenced by both
substrate fibre structure and inoculum source. Witzig[29] pointed out that dietary differences among
donor animals could affect rumen microbial communities and consequently alter in vitro fermentation
parameters.

4.2 Nutrient Degradation Characteristics

Replacing PVH with WH noticeably changed the degradation pattern of nutrients in the in vitro rumen
system. DM decreased significantly and linearly with increasing replacement, which agreed with the
results of Ma et al.[30], who reported that dry matter disappearance of fibrous feeds was positively
correlated with organic matter and crude protein, and negatively correlated with NDF and ADF. Although
OM showed a decreasing trend, the difference was not significant, indicating that WH replacement did
not severely impair overall organic matter utilisation.

NDF was significantly higher in D and E than in other groups, suggesting that a high proportion of WH
replacement promoted the degradation of structural carbohydrates. Bradford et al.[31] found that partial
replacement of forage fibre with non-forage fibre sources significantly improved DM, NDF and ADF.
Chaucheyras-Durand et al.[32]reported that fibrolytic microorganisms such as Butyrivibrio fibrisolvens
could colonise fibrous substrates and enhance NDF degradation. They also found that live yeast
supplementation increased the abundance of Butyrivibrio fibrisolvens on fibrous materials and improved
NDF degradation of bean hulls, indicating that the degradation efficiency of fibrous substrates depends
heavily on microbial colonisation. Zontini et al.[33] reported that NDF of non-forage fibrous feeds varied
considerably with substrate source and fermentation time. In this study, the high NDF content of WH
may have provided sufficient substrate for fibrolytic microbes, possibly stimulating the secretion of
extracellular fibrolytic enzymes such as cellulase and hemicellulase.

Acid detergent ADF was highest in B, but overall differences were only marginally significant, suggesting
that the effect of WH on ADF degradation may be dose-dependent. CP decreased extremely significantly
with increasing replacement. This was probably due to the low crude protein content of WH and the

presence of protein-fibre complexes, which may have reduced protease accessibility[34]. Okon et al.[35]
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also confirmed that crude protein content was positively correlated with dry matter disappearance.
These results suggest that WH replacement improved fibre degradation while moderately reducing
protein degradation.

4.3 Rumen Fermentation Characteristics

There was no significant difference in pH among treatments, with values ranging from 5.97 to 6.03. This
indicates that WH replacement did not increase the risk of acidosis and that the rumen environment
remained relatively stable (Sadarman et al., 2023). It has been reported that methanogenesis may be
completely inhibited when pH drops below 6.0[14]. In this study, pH remained close to 6.0 across all
groups, which may have provided suitable conditions for methanogens and partly explained why
methane yield did not change dramatically.

NH,-N concentration gradually increased with increasing WH replacement, which was opposite to the
trend observed for CP. This inconsistency may be related to a higher proportion of non-protein nitrogen in
WH, slow release of fibre-bound protein, or changes in microbial nitrogen utilisation efficiency[36]. Yan et
al.[37]suggested that ammonia nitrogen concentration in fibrous substrates is regulated by both protein
degradation rate and microbial nitrogen assimilation. MCP concentration increased significantly with
higher replacement, implying that WH substitution may have improved microbial growth efficiency
through better synchronisation of energy and nitrogen supply, or through stimulation of fibre-associated
microbes[38].

Total VFA concentration was significantly higher in C and D than in other groups, showing a parabolic
response that first increased and then decreased. Chen et al.[39] reported that in vitro VFA production
from fibrous substrates was closely related to substrate nutrient composition. Zhao et al.[40] found that
dietary fibre source affected the fermentation characteristics of fibre fractions in pigs, and that VFA
concentration was positively correlated with insoluble dietary fibre digestibility. In the present study,
moderate WH replacement may have provided a more balanced ratio of fibre and fermentable
carbohydrates, thereby promoting synergistic microbial fermentation. Acetate concentration was highest
in C, propionate concentrations were higher in C and D, and butyrate concentrations in C, D and E were
significantly higher than in A. Butyrate is an important energy source for rumen epithelial cells and plays
a role in maintaining rumen barrier function[41].

Wang et al.[27] found that replacement with non-forage fibre sources significantly increased propionate
concentration, but did not affect acetate concentration or the acetate-to-propionate ratio. Amelchanka et
al.[42] reported that buck WH extract increased acetate and total short-chain fatty acid production, and
tended to increase butyrate production. In this study, the acetate/propionate ratio did not differ
significantly among treatments, indicating that acetate remained the main fermentation product and that
the overall energy metabolism pathway was not fundamentally altered[43]. These results suggest that
moderate WH replacement may optimise VFA production and increase butyrate proportion, which could
be beneficial for rumen health.

4.4 Overall Differences in Rumen Microbial Community
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Rarefaction curves tended to plateau in all groups, indicating that sequencing depth was sufficient to
cover most microbial diversity in the samples. Alpha diversity analysis showed that A had significantly
higher OTU number, Chao1, ACE and Shannon indices than D and E, while the Simpson index was higher
in D and E. These results suggest that high levels of WH replacement (= 75%) reduced microbial richness
and evenness, possibly because the high lignin content of WH limited the growth of non-fibrolytic
bacteria[44].

PCoA analysis showed that PC1 and PC2 explained 15.27% and 11.88% of the total variation,
respectively. A, B and C were clearly separated from D and E along the PC1 axis, forming two distinct
clusters. This indicates that microbial community structure changed substantially when the replacement
ratio reached 75% or higher, and that these changes were consistent with the observed differences in
nutrient degradation and fermentation parameters. Thoetkiattikul et al.[45] also found that replacing
forage fibre with non-forage fibre sources significantly altered bacterial community structure, with
Firmicutes decreasing and Bacteroidetes tending to increase at the phylum level. They also reported that
Methanomassiliicoccus increased significantly, while Methanobrevibacter tended to decrease among
methanogens|[46]. In the present study, low- to medium-replacement groups (A, B, C) clustered closely,
suggesting that replacement ratios < 50% had limited effects on community structure. However, high-
replacement groups (D, E) were clearly separated from low-replacement groups, indicating that
substantial microbial community rearrangement had occurred.

It is worth noting that Wang et al.[27] also found that most high-abundance bacteria were relatively
insensitive to changes in dietary fibre source, and that only some amylolytic and fibrolytic genera
responded significantly. This is consistent with the present study, in which the dominant phyla
Bacteroidota and Bacillota remained relatively stable, while differential genera were selectively enriched
at the genus level. These findings support the view that rumen microbial communities respond to dietary
changes in a manner characterised by overall stability but localised restructuring.

4.5 Effects of WH Replacement on Rumen Microbial
Community Composition

At the phylum level, Bacteroidota and Bacillota were dominant in all groups, which is consistent with the
typical rumen microbial structure reported in ruminants[47]. Thoetkiattikul et al.[45] found that non-
forage fibre replacement significantly decreased the relative abundance of Firmicutes and tended to
increase Bacteroidetes. In this study, the relative abundance of these two phyla fluctuated slightly but did
not change significantly, which may be related to differences in replacement levels and substrate types.

At the genus level, Ruminobacter, Candidatus_Saccharimonas and Pseudobutyrivibrio were significantly
enriched in Group E. Pseudobutyrivibrio is a known butyrate-producing bacterium, and its enrichment
may partly explain the significantly higher butyrate concentration in Group E. Chaucheyras-Durand et al.
[32] showed that the colonisation of fibrolytic bacteria such as Butyrivibrio fibrisolvens on fibrous
substrates was closely related to NDF degradation efficiency. Metabolomic analysis by Hua et al.[48]
further showed that a lipogenic diet significantly increased the relative abundance of cellulolytic genera
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such as Ruminococcus, Butyrivibrio, Eubacterium, and Lachnospira, while glucogenic diets favoured
amylolytic bacteria such as Ruminobacter and Succinivibrionaceae_UCG-002. The enrichment of
Ruminobacter in the full-replacement group of this study is consistent with these findings, suggesting
that the fibrous structure of WH may selectively promote the growth of certain fibrolytic microbes.

The enrichment of Candidatus_Saccharimonas in E also implies a potential role in fibre degradation or
hydrogen metabolism. Li et al.[49] observed that WH extract increased the relative abundance of
unclassified Bacteroidales, Clostridiales and Ruminococcaceae, and that Butyrivibrio tended to increase.
These findings support the idea that fibrous substrates such as WH can selectively enrich microbes
involved in fibre degradation and butyrate synthesis. The genus level changes observed in this study
suggest that high-proportion WH replacement may reshape rumen fermentation function by enriching
specific fibrolytic and butyrate-producing populations.

4.6 Microbial Correlation and Functional Pathways

Genus level correlation analysis revealed significant linear relationships between key genera and
fermentation parameters. Ruminobacter showed an extremely significant positive correlation with
valerate. Treponema was positively correlated with butyrate, valerate and H, yield, which supports its
potential role as a fibrolytic bacterium involved in hydrogen transfer and VFA production[50].
Ruminococcus and Saccharofermentans were highly significantly positively correlated with butyrate,
valerate and H, (P < 0.01), indicating their importance in fibre degradation and hydrogen-producing
fermentation. Xue et al.[51] also reported a significant relationship between VFA production and fibre
digestibility.

Xylanibacter was positively correlated with valerate and H,, suggesting that it may play an important role
in xylan degradation and hydrogen metabolism. norank_f_Rikenellaceae showed significant negative
correlations with acetate, butyrate, Total VFA and valerate, indicating that this genus may be involved in
competitive metabolic pathways. Succinivibrio was positively correlated with valerate and H,, whereas
Succiniclasticum was negatively correlated with H, only, suggesting that different succinate-pathway
bacteria may have distinct effects on hydrogen metabolism. Ravelo et al.[52] found that succinate-
pathway bacteria such as Ruminobacter and Succinivibrionaceae_UCG-002 were more abundant in
glucose rich diets, which was associated with higher propionate production. The enrichment of
Ruminobacter and the increase in H, yield observed in this study may reflect similar regulatory
mechanisms.

Functional prediction indicated that carbohydrate metabolism and membrane transport were the most
dominant pathways, which is consistent with the upregulation of transporters and glycosidases under
high-fibre substrates[51]. This may reflect an adaptive response of the microbial community to the
fibrous composition of WH. Amino acid metabolism pathways remained relatively stable, which was
consistent with the decrease in CP and the increase in MCP. Metabolomic analysis by Lock et al.[53]
showed that lipid-rich diets improved lipid digestion, particularly fatty acid metabolism, but reduced
amino acid digestion, which is similar to the CP response observed in this study. Overall, the correlation
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analysis and functional prediction support the conclusion that WH substitution selectively enriched
fibrolytic and butyrate-synthetic genera. While maintaining basic energy metabolism, this substitution
appeared to optimise hydrogen flow and VFA production patterns, providing a possible microbial
mechanism for the rumen adaptation to WH as an alternative roughage source.

Conclusions

Replacing peanut vine hay with wheat husk in buffalo diets improved nutrient digestibility, reduced
fermentation gas production, and modified the composition of ruminal fermentative microorganisms.
Under the experimental conditions of this study, the maximum recommended replacement ratio of wheat
husk was 50%. This level maintained stable fermentation without increased methane emissions,
enhanced fiber degradation and butyrate proportion, and optimized the ruminal microecosystem.

Abbreviations

PVH

peanut vine hay
WH

wheat husk

DM

dry matter

CP

crude protein
NDF

neutral detergent fibre
VFA

volatile fatty acid
H,

hydrogen

CH,

methane.

Declarations

Ethics approval and consent to participate

The experimental protocol was approved by the Animal Ethics Committee of Guangxi Buffalo Research
Institute (Approval No. GXBRI202260520). All animal sampling procedures complied with the
institutional guidelines for the care and use of experimental animals.

Consent for publication

Page 16/26



Not applicable.
Availability of data and materials

Raw 16S rRNA gene sequencing data have been deposited in the NCBI Sequence Read Archive under
BioProject accession number PRINA1529365 (SUB16484034). The data will be released upon
publication of this manuscript.

Competing Interests
The authors declare no conflicts of interest.
Funding

This work was supported by National Natural Science Foundation of China (Grant No. 32460852)and
Fundamental Research Operating Expenses of Guangxi Buffalo Research Institute (Grant
No. SNK202613).

Authors' contributions

Conceptualization—M.L and L.H; Methodology—M.L; Validation—L.H, T.L and Z.Z; Formal analysis—L.H;
Resources—M.L and P.L; Data curation—J.L; Writing-original draft—L.H; Writing-review and editing—L.H
and H.X; Supervision—X.G; Project administration—L.H; Funding acquisition—C.Y; All authors have read
and agreed to the published version of the manuscript.

Acknowledgements

We sincerely thank the Guangxi Zhuang Autonomous Region Buffalo Research Institute for the strong
support provided to this experiment. We also gratefully acknowledge the technical staff of the research
team for their professional assistance with laboratory analyses.

References

1. Shang Y, Ju T, Kaur U, Mulim HA, Singh S, Boerman J, et al. Revisiting Environmental Sustainability in
Ruminants: A Comprehensive Review. Agriculture. 2026;16:149.
https://doi.org/10.3390/agriculture16020149.

2. Malyugina S, Holik S, Horky P. Mitigation strategies for methane emissions in ruminant livestock: a
comprehensive review of current approaches and future perspectives. Front Anim Sci.
2025;6:1610376. https://doi.org/10.3389/fanim.2025.1610376.

3. Beauchemin KA, Ungerfeld EM, Eckard RJ, Wang M. Review: Fifty years of research on rumen
methanogenesis: lessons learned and future challenges for mitigation. Animal. 2020;14:s2-16.
https://doi.org/10.1017/S1751731119003100.

Page 17/26



10.

11.

12.

13.

14.

15.

16.

. Henderson G, Cox F, Ganesh S, Jonker A, Young W, Global Rumen Census Collaborators, et al.

Rumen microbial community composition varies with diet and host, but a core microbiome is found
across a wide geographical range. Sci Rep. 2015;5:14567. https://doi.org/10.1038/srep14567.

. Beauchemin KA, Kreuzer M, O’'Mara F, McAllister TA. Nutritional management for enteric methane

abatement: a review. Australian Journal of Experimental Agriculture. 2008;48:21-7.
https://doi.org/10.1071/EA07199.

.Wang J, Zhang H, Li L, Li Y, Mao S, Yin Y. Dietary replacement of peanut vines with fermented rice

straw alters growth performance, nutrient digestibility, rumen fermentation characteristics in Hu
lambs. Front Vet Sci. 2025;12:1720037. https://doi.org/10.3389/fvets.2025.1720037.

. CetiNkaya N, Erdem F, Muruz H. Estimation of Chemical Composition, In Vitro Digestibility and

Metabolic Energy of Peanut Straw and Waste of Peanut Qil Production. Journal of Anatolian
Environmental and Animal Sciences. 2020;5:335-9. https://doi.org/10.35229/jaes.750507.

. Hill GM. Peanut by-products fed to cattle. Vet Clin North Am Food Anim Pract. 2002;18:295-315.

https://doi.org/10.1016/s0749-0720(02)00019-1.

. Shah AM, Zhang H, Shahid M, Ghazal H, Shah AR, Niaz M, et al. The Vital Roles of Agricultural Crop

Residues and Agro-Industrial By-Products to Support Sustainable Livestock Productivity in
Subtropical Regions. Animals (Basel). 2025;15:1184. https://doi.org/10.3390/ani15081184.

Wang B, Sun H, Wang D, Liu H, Liu J. Constraints on the utilization of cereal straw in lactating dairy
cows: A review from the perspective of systems biology. Anim Nutr. 2022;9:240-8.
https://doi.org/10.1016/j.aninu.2022.01.002.

Ferrandis Vila M, Trudeau MP, Hung Y-T, Zeng Z, Urriola PE, Shurson GC, et al. Dietary fiber sources
and non-starch polysaccharide-degrading enzymes modify mucin expression and the immune
profile of the swine ileum. PLoS ONE. 2018;13:e0207196.
https://doi.org/10.1371/journal.pone.0207196.

Xing B-S, Han Y, Wang XC, Wen J, Cao S, Zhang K, et al. Persistent action of cow rumen
microorganisms in enhancing biodegradation of wheat straw by rumen fermentation. Science of The
Total Environment. 2020;715:136529. https://doi.org/10.1016/j.scitotenv.2020.136529.

Xu Q, Zhong H, Zhou J, Wu Y, Ma Z, Yang L, et al. Lignin degradation by water buffalo. Trop Anim
Health Prod. 2021;53:344. https://doi.org/10.1007/s11250-021-02787-z.

Janssen PH. Influence of hydrogen on rumen methane formation and fermentation balances
through microbial growth kinetics and fermentation thermodynamics. Animal Feed Science and
Technology. 2010;160:1-22. https://doi.org/10.1016/j.anifeedsci.2010.07.002.

Dittmann MT, Hammond KJ, Kirton P, Humphries DJ, Crompton LA, Ortmann S, et al. Influence of
ruminal methane on digesta retention and digestive physiology in non-lactating dairy cattle. Br J
Nutr. 2016;116:763-73. https://doi.org/10.1017/S0007114516002701.

Ma S, Zhang Y, Li Z, Guo M, Liu B, Wang Z, et al. Roughage quality determines the production
performance of post-weaned Hu sheep via altering ruminal fermentation, morphology, microbiota,

Page 18/26



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

and the global methylome landscape of the rumen wall. Front Microbiomes. 2024,2:1272625.
https://doi.org/10.3389/frmbi.2023.1272625.

Ungerfeld EM. Metabolic Hydrogen Flows in Rumen Fermentation: Principles and Possibilities of
Interventions. Front Microbiol. 2020;11:589. https://doi.org/10.3389/fmicb.2020.00589.

Wang X, Liu X, Hai L, Han G, Erdene K, Bai C, et al. Replacing Dietary Roughage with Barley Hay
Affects Rumen Fermentation, Microbial Community, Serum Immune and Antioxidant Status in
Sheep. Animals. 2026;16:1565. https://doi.org/10.3390/ani16101565.

Theodorou MK, Williams BA, Dhanoa MS, McAllan AB, France J. A simple gas production method
using a pressure transducer to determine the fermentation kinetics of ruminant feeds. Animal Feed
Science and Technology. 1994;48:185-97. https://doi.org/10.1016/0377-8401(94)90171-6.

Hamada T, Omori S, Kameoka K, Horii S, Morimoto H. Direct Determination of Rumen Volatile Fatty
Acids by Gas Chromatography. Journal of Dairy Science. 1968;51:228-9.
https://doi.org/10.3168/jds.S0022-0302(68)86962-0.

Guo Y, Hassan F, Li M, Xie H, Peng L, Tang Z, et al. Effect of Sodium Nitrate and Cysteamine on In
Vitro Ruminal Fermentation, Amino Acid Metabolism and Microbiota in Buffalo. Microorganisms.
2022;10:2038. https://doi.org/10.3390/microorganisms10102038.

Hassan F, Ebeid HM, Tang Z, Li M, Peng L, Peng K, et al. A Mixed Phytogenic Modulates the Rumen
Bacteria Composition and Milk Fatty Acid Profile of Water Buffaloes. Front Vet Sci. 2020;7:569.
https://doi.org/10.3389/fvets.2020.00569.

Guadayo GF, Rayos AA, Merca FE, Tandang AG, Loresco MM, Angeles AA. Prediction of In Situ
Ruminal Degradability of Forages in Buffaloes Using the In Vitro Gas Production Technique. Trop
Anim Sci J. 2019;42:128-36. https://doi.org/10.5398/tasj.2019.42.2.128.

Zhang Z, Wang Y, Zhu M, Wang C. The In Vitro Digestion and Fermentation Characteristics of
Feedstuffs Inoculated With Cecal or Colic Fluid of Dezhou Donkey. Journal of Equine Veterinary
Science. 2022;110:103864. https://doi.org/10.1016/j.jevs.2022.103864.

Lee HJ, Lee SC, Kim JD, Oh YG, Kim BK, Kim CW, et al. Methane Production Potential of Feed
Ingredients as Measured by In Vitro Gas Test. Asian Australas J Anim Sci. 2003;16:1143-50.
https://doi.org/10.5713/ajas.2003.1143.

Morgavi DP, Forano E, Martin C, Newbold CJ. Microbial ecosystem and methanogenesis in
ruminants. Animal. 2010;4:1024-36. https://doi.org/10.1017/S1751731110000546.

Wang K, Nan X, Chu K, Tong J, Yang L, Zheng S, et al. Shifts of Hydrogen Metabolism From
Methanogenesis to Propionate Production in Response to Replacement of Forage Fiber With Non-
forage Fiber Sources in Diets in vitro. Front Microbiol. 2018;9:2764.
https://doi.org/10.3389/fmicbh.2018.02764.

Ungerfeld EM. Limits to Dihydrogen Incorporation into Electron Sinks Alternative to Methanogenesis
in Ruminal Fermentation. Front Microbiol. 2015;6. https://doi.org/10.3389/fmicb.2015.01272.
Witzig M, Boguhn J, Zeder M, Seifert J, Rodehutscord M. Effect of donor animal species and their
feeding on the composition of the microbial community establishing in a rumen simulation. J Appl

Page 19/26



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Microbiol. 2015;119:33-46. https://doi.org/10.1111/jam.12829.

Ma J, Liu H, Liu M, Xu J, Lu J, Cao S, et al. Effects of Diets Combining Peanut Vine and Whole-Plant
Corn Silage on Growth Performance, Meat Quality and Rumen Microbiota of Simmental Crossbred
Cattle. Foods. 2023;12:3786. https://doi.org/10.3390/foods12203786.

Bradford BJ, Mullins CR. Invited review: Strategies for promoting productivity and health of dairy
cattle by feeding nonforage fiber sources. Journal of Dairy Science. 2012;95:4735-46.
https://doi.org/10.3168/jds.2012-5393.

Chaucheyras-Durand F, Ameilbonne A, Bichat A, Mosoni P, Ossa F, Forano E. Live yeasts enhance
fibre degradation in the cow rumen through an increase in plant substrate colonization by fibrolytic
bacteria and fungi. J Appl Microbiol. 2016;120:560-70. https://doi.org/10.1111/jam.13005.

Zontini AM, Foskolos A, Ross DA, Van Amburgh ME. aNDFom degradation behavior in non-forage
feeds: ADSA - ASAS Joint Annual Meeting. 2015.

Abdelgadir IE, Cochran RC, Titgemeyer EC, Vanzant ES. In vitro determination of ruminal protein
degradability of alfalfa and prairie hay via a commercial protease in the presence or absence of
cellulase or driselase. Journal of Animal Science. 1997;75:2215.
https://doi.org/10.2527/1997.758221 5x.

Okon P, Bachmann M, Wensch-Dorendorf M, Titze N, Rodehutscord M, Rupp C, et al. Feed Clusters
According to In Situ and In Vitro Ruminal Crude Protein Degradation. Animals. 2023;13:224.
https://doi.org/10.3390/ani13020224.

Liu C, Li D, Chen W, Li Y, Wu H, Meng Q, et al. Estimating ruminal crude protein degradation from beef
cattle feedstuff. Sci Rep. 2019;9:11368. https://doi.org/10.1038/s41598-019-47768-3.

Yan M, Firkins J, Guo J, Relling A, Yu Z. Genome-resolved multi-omics provide new insights into
microbial nitrogen utilization by the rumen microbiota. Microbiome. 2026;14:152.
https://doi.org/10.1186/s40168-026-02422-9.

Kim KH, Oh Y-G, Choung J-J, Chamberlain DG. Effects of varying degrees of synchrony of energy and
nitrogen release in the rumen on the synthesis of microbial protein in cattle consuming grass silage.
J Sci Food Agric. 1999;79:833-8. https://doi.org/10.1002/(SICI)1097-
0010(19990501)79:6%3C833::AID-JSFA293%3E3.0.CO;2-C.

Chen X, Yan F, Liu T, Zhang Y, Li X, Wang M, et al. Ruminal Microbiota Determines the High-Fiber
Utilization of Ruminants: Evidence from the Ruminal Microbiota Transplant. Microbiol Spectr.
2022;10:e00446-22. https://doi.org/10.1128/spectrum.00446-22.

Zhao J, Bai Y, Zhang G, Liu L, Lai C. Relationship between Dietary Fiber Fermentation and Volatile
Fatty Acids’ Concentration in Growing Pigs. Animals. 2020;10:263.
https://doi.org/10.3390/ani10020263.

Chen W, Ma Q, Li Y, Wei L, Zhang Z, Khan A, et al. Butyrate Supplementation Improves Intestinal
Health and Growth Performance in Livestock: A Review. Biomolecules. 2025;15:85.
https://doi.org/10.3390/biom15010085.

Page 20/26



42.

43

44.

45.

46.

47.

48.

49.

50.

o1.

52.

53.

Amelchanka SL, Kreuzer M, Leiber F. Utility of buckwheat (Fagopyrum esculentum Moench) as feed:
Effects of forage and grain on in vitro ruminal fermentation and performance of dairy cows. Animal
Feed Science and Technology. 2010;155:111-21. https://doi.org/10.1016/j.anifeedsci.2009.10.007.

.Zhang Z, Li F, Li F, Wang Z, Guo L, Weng X, et al. Influence of Dietary Forage Neutral Detergent Fiber

on Ruminal Fermentation, Chewing Activity, Nutrient Digestion, and Ruminal Microbiota of Hu
Sheep. Animals. 2025;15:314. https://doi.org/10.3390/ani15030314.

Bekele W, Mahawar L, Ramin M, Simachew A, Albrectsen BR, Zegeye A. Associations between
volatile fatty acid profiles, methane emissions, and rumen microbiota in sheep fed Ethiopian forage.
Front Microbiol. 2026;16:1731623. https://doi.org/10.3389/fmicb.2025.1731623.

Thoetkiattikul H, Mhuantong W, Laothanachareon T, Tangphatsornruang S, Pattarajinda V,
Eurwilaichitr L, et al. Comparative Analysis of Microbial Profiles in Cow Rumen Fed with Different
Dietary Fiber by Tagged 16S rRNA Gene Pyrosequencing. Curr Microbiol. 2013;67:130-7.
https://doi.org/10.1007/s00284-013-0336-3.

Soni PK, Kala A, Agarwal P, Deka R, Rahman H, Vijayalakshmy K, et al. Taxonomic and functional
shifts in the rumen microbiome of buffalo calves under long-term strategic supplementation of
phyto-feed additives. Front Vet Sci. 2025;12:1647762. https://doi.org/10.3389/fvets.2025.1647762.

Lu W, Hua J, Zhang M, Yan L, Zhao H, Lv X. Metagenomic sequencing reveals the taxonomic and
functional characteristics of rumen microorganisms in Dongliu buffalo. Sci Rep. 2025;15:18398.
https://doi.org/10.1038/s41598-025-03059-8.

Hua D, Hendriks WH, Zhao Y, Xue F, Wang Y, Jiang L, et al. Glucogenic and lipogenic diets affect in
vitro ruminal microbiota and metabolites differently. Front Microbiol. 2022;13:1039217.
https://doi.org/10.3389/fmicb.2022.1039217.

Li D, Kyawt Y, Wang Q, Gao J, Wang R, Wang M, et al. High-dose phytosterols supplementation
improves lactation performance, modulates rumen microbiota, and reduces methane emission
intensity in mid-lactation Holstein dairy cows. Vet World. 2026;:2339.
https://doi.org/10.14202/vetworld.2026.2339-2357.

Shi R, Dong S, Mao J, Wang J, Cao Z, Wang Y, et al. Dietary Neutral Detergent Fiber Levels Impacting
Dairy Cows’ Feeding Behavior, Rumen Fermentation, and Production Performance during the Period
of Peak-Lactation. Animals. 2023;13:2876. https://doi.org/10.3390/ani13182876.

Xue MY,WudJ, XieYY,ZhuSL,Zhong Y F, Liu J X, et al. Investigation of fiber utilization in the
rumen of dairy cows based on metagenome-assembled genomes and single cell RNA sequencing.
Microbiome. 2022;10:11. https://doi.org/10.1186/s40168-021-01211-w.

Ravelo AD, Arce-Cordero JA, Lobo RR, Liu T, Jeong KC, Faciola A. Effects of partially replacing
dietary corn with sugars in a dual-flow continuous culture system on the ruminal microbiome.
Translational Animal Science. 2023;7:txad011. https://doi.org/10.1093/tas/txad011.

Lock AL, Dos Santos Neto JM, De Souza J. Invited review: Moving from dietary fat to fatty acids—

New insights into how fatty acids affect digestibility, metabolism, and performance in dairy cows.
Journal of Dairy Science. 2025;108:11733-56. https://doi.org/10.3168/jds.2025-27040.

Page 21/26



Figures

6 e
44
Groups
3 - A
2
£ -
: ~c
£ - D
7]
-- E
2-.
0-
0 10000 20000 30000 40000 50000
Number of Reads Sampled
Figure 1

Rarefaction curves of amplicon sequence variants

Page 22/26



0.2 -
.
.
-
0.1
] .
;E; -
=8 | o ".I
II )
[ g / .I
0.0 1 / / /
_.-/ .__.-' ."I
- a, A& i ¥
/
1
! /
. . /
f = .
- | - b |
* s a J
=01 .
=1 o0 01
PO (15.27%)

Figure 2

Principal component analysis (PCoA) of the bacterial community
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Figure 3

Relative abundance of rumen microbial communities in buffalo phylum level (a) and genus level (b).
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Figure 4

Differentially abundant genera were identified using the Kruskal-Wallis test.
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Figure 5

The correlation between microbial genera and rumen metabolism.
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Prediction of functional metabolic pathways of microbial communities.
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