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Mannan oligosaccharides enhance rumen cellulose degradation by
modulating microbial composition and glycoside hydrolase expression
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The ruminal microbial structure is one of the important factors affecting cellulose degradation. The mannan
oligosaccharides (MOS) have the potential to regulate the structure of rumen flora and are worth further exploring
the molecular mechanisms by which MOS influence microbial community structure and the expression of genes
related to cellulose degradation. This study systematically evaluated the effects of MOS regulation on
fermentation parameters, the structure of microbial communities, and the potential functions of cellulose
degrading microbiota isolated from the rumen of dairy cows. Microcrystalline cellulose was utilized as the sole
carbon source over five subcultures to select and enrich an efficient cellulose degrading microbiota from the
rumen. The effects of the addition of MOS on the microbial and its functions were investigated by analyzing
fermentation parameters and metagenomic sequences. The result showed that MOS supplementation
significantly enhanced the relative abundance of Fibrobacter succinogenes and Megasphaera elsdenii (P < 0.05),
upregulated the expression of essential glycoside hydrolases (GH6, GH5_29, and GH25) (P < 0.05), increased the
volatile fatty acid production and cellulase activity (P < 0.05). Additionally, the energy metabolism pathways were
significantly enriched (P < 0.05). These findings provided valuable insights into the molecular mechanisms of MOS
regulated cellulose degradation, thereby optimizing rumen function to improve ruminant productivity.
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Introduction additives to improve feed degradation efficiency
[3]. There is meaningful to broaden knowledge of
Ruminants can use a unique rumen microbial rumen microbial interactions and enzyme
ecosystem to specialize in the bioconversion of mechanisms that are employed within the rumen
recalcitrant, complex carbohydrates into energy microbiome for efficiently optimization of feed
[1]. Previous studies have exercised that the conversion and ultimately the productivity of the
ruminal microbial structure is one of the host animal.
important factors affecting cellulose degradation
[2]. Notably, the ruminal microbial structure was Mannan oligosaccharides (MOS) are functional
optimized through the regulation of exogenous oligosaccharides that have garnered significant
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interest in recent years within ruminant nutrition
research [4]. Studies have shown that dietary
supplementation of MOS can improve cellulose
digestibility by increasing the population of
cellulolytic bacteria in the rumen. Zheng et al.
reported that supplementing sheep diets with
1.6% MOS significantly improved carbohydrate
digestibility [5]. Similarly, the addition of 0.6 g of
MOS to beef cattle diets increased the
abundance of Ruminococcus albus 7 and
Ruminococcus flavefaciens FD-1, which both
were the key species involved in cellulose
degradation [6]. Although MOS has positive
effects on the cellulose degradation of rumen
cellulose degrading bacteria, the underlying
regulatory mechanisms remain  unclear.
Cellulolytic  bacteria can utilize various
oligosaccharides as carbon sources with each
oligosaccharide exerting distinct effects on
bacterial growth and metabolism including the
inhibition or induction of glycoside hydrolase
production. Xylo oligosaccharides have been
confirmed to enhance the expression of GH10
genes, which are associated with xylan
degradation in the rumen [7].

Based on these findings, we hypothesized that
MOS might regulate the composition of
cellulolytic bacteria within the rumen, thereby
modulating the expression of key glycoside
hydrolase genes and promoting efficient fiber
degradation. The effects of MOS on the
fermentation functionality of rumen cellulolytic
bacteria were systematically evaluated in this
study using subculturing method that leveraged
microbial adaptability to selectively enrich and
isolate cellulolytic bacterial populations [8].
Microcrystalline cellulose was utilized as the sole
carbon source over five subcultures to select and
enrich an efficient cellulose degrading microbiota
from the rumen. The effects of MOS addition on
fermentation parameters, microbial structure,
and gene expression were also assessed through
metagenomic sequencing and enzyme activity
analysis. This study provided valuable insights
into the regulatory role of MOS in promoting the
abundance of cellulolytic bacteria and
upregulating essential glycoside hydrolase
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enzyme genes, thereby enhancing the fiber
degradation capacity of the rumen microbiota.
This study advanced current understanding of
rumen microbial interactions and enzyme
mechanisms, providing a scientific basis for the
use of MOS in optimizing rumen function and
improving feed efficiency in ruminants.

Materials and methods

Sample collection

Three female dairy cows aged 3 — 4 years old
from Pingjibao Dairy Farm No. 3, Yinchuan,
Ningxia, China were involved in this research. All
experimental procedures were approved by the
Institutional Animal Care and Use Committee of
Ningxia University (Yinchuan, Ningxia, China)
(Approval No. NXU-2024-145). Rumen fluid
samples were collected using a stainless-steel
stomach tube prior to the morning feeding,
shaken vigorously, filtered through four layers of
cheesecloth to remove large particulates, and
then immediately stored at 37°C incubator to
maintain anaerobic conditions until further
processing.

Microcrystalline cellulose medium preparation

The microcrystalline cellulose medium was
prepared based on the recipe of Liu et al. with
some modifications [9]. The medium contained
10 g of microcrystalline cellulose (Meilun
Biotechnology Co., Ltd., Dalian, Liaoning, China),
5.0 g of NaHCO3, 1.0 g of peptone, 1.0 g of yeast
extract, 170 mL of cell-free rumen fluid, 0.495 g
of KH2504, 0.495 g of (NH4),S04, 0.99 g of NaCl,
0.066 g of CaCl,-2H,0, 0.0957 g of MgS04-7H,0,
0.6534 g of K;HPO4:3H,0, and 1 mL of 0.1%
resazurin in 1 L volume. The cell-free rumen fluid
was prepared by centrifuging fresh rumen fluid at
2,743 xg, 4°C, for 15 minutes followed by the
second centrifugation of collected supernatant at
15,710 xg, 4°C, for 30 minutes before stored at -
20°C. CO, was continuously passed through the
medium until its color faded. 1.5 g/L cysteine
hydrochloride (Macklin Biochemical Co., Ltd.,
Shanghai, China) was added, and CO, was passed
until the medium turned pale yellow. The
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medium was then aliquoted into 20 mL serum
bottles with 10 mL per bottle and sterilized at
121°C for 15 minutes.

Cultivation of cellulose degrading microbiota
The cellulose degrading microbiota was
cultivated following the method of Shakarami et
al. [10]. Briefly, 0.1 mL of the rumen fluid was
inoculated into 10 mL of the microcrystalline
cellulose medium and incubated in HZQ-X300
Shaking Incubator (Yiheng Scientific Instruments
Co., Ltd., Shanghai, China) at 39°C and 120 rpm.
After each 72 hours of incubation, 0.1 mL of the
inoculum was transferred into fresh medium to
initiate the next passage, while the remaining
inoculum was frozen at -20°C for volatile fatty
acid (VFA) analysis and pH measurement. The
subculturing process was repeated five times (P1-
P5) with six replicates in each passage, resulting
in a total of 30 samples for further analysis.

MOS treatment

Four MOS treatment groups including control
(CMO), low-dose (LMO), medium-dose (MMO),
and high-dose (HMO) groups supplemented with
0%, 0.5%, 1.5%, and 3% mannan oligosaccharides
(Yingxin Laboratory, Shanghai, China),
respectively, were included in this study with six
replicates in each group. The four groups of
media were inoculated with the cellulose
degrading microbiota at a ratio of 1:100 at the
beginning of the experiment. The inoculated
medium was cultured at 39°C, 120 rpm, for 48 h.
The fermentation was terminated by placing the
fermentation broth in ice water [10] and stored
at -20°C for the analysis of volatile fatty acids and
cellulase activity following pH measurement
using a portable pH meter (Dongguan
Wanchuang Electronic Products Co., Ltd.,
Dongguan, Guangdong, China).

Analysis of VFA and cellulose degrading enzyme
activity

The VFA concentrations were analyzed using
Shimadzu 2030 Gas Chromatography System
(Shimadzu, Kyoto, Japan) equipped with a AE-
FFAP 30 m x 0.25 mm x 0.33 um fused silica
column (Atech Technologies, Brunswick, OH,
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USA) [11]. Frozen stored rumen fluid was thawed
and immediately analyzed for the activity of
avicelase using avicel as the substrates. The
enzyme assay was incubated at 39°C, pH 7.0, for
30 min. The amounts of released reducing sugars
were quantified using the dinitro alicyclic acid
colorimetry method at 540 nm [12]. The activity
of B-glucosidase was measured using an Enzyme
Linked Immunosorbent Assay (ELISA) kit (Jingmei
Technologies Co. Ltd., Guangzhou, Guangdong,
China) following the manufacturer’s instructions.
The absorbances were measured using a 3100
Multifunctional Microplate Reader (Boyan
Biotechnology Co., Ltd., Nanjing, Jiangsu, China).

Metagenomic sequencing and analysis

Based on the results of the MOS treatment, two
groups with the largest differences were selected
for metagenomic analysis with three replicates in
each group. Each extracted microbial DNA
sample was fragmented to an average length of
approximately 300 bp using the Covaris M220
system (Gene Company Limited, Hong Kong,
China). The TruSeq™ DNA Sample Prep Kit
(lumina, San Diego, CA, USA) was employed to
prepare individual sequencing libraries.
Metagenomic sequencing was performed using
the whole genome shotgun (WGS) strategy on
the lllumina NovaSeq 6000 platform (lllumina
Inc., San Diego, CA, USA) at Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China) utilizing
the NovaSeq Reagent Kit following the
established protocols provided by Illumina
(www.illumina.com). The raw sequencing reads
were deposited into the National Center for
Biotechnology Information (NCBI)
(https://www.ncbi.nlm.nih.gov/) Sequence Read
Archive (SRA) database (Accession No.
PRINA1163521). Open reading frames (ORFs)
were predicted from each contig using
MetaGene  (http://metagene.cb.k.u-tokyo.ac.
ip/) [13]. All ORFs with a sequence identity of >
95% over at least 90% of their length were
clustered by employing CD-HIT (http://www.
bioinformatics.org/cd-hit) [14]. The longest
sequence within each cluster was chosen as the
representative to build a non-redundant gene
catalog. Quality-filtered sequence reads were
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Table 1. In vitro rumen fermentation parameters after serial passaging.

Groups
Items P1 P2 P3 pa PS5 SEM P value

pH 6.22° 6.55° 6.46° 6.35° 6.18° 0.05 0.020
TVFA, mM 28.65*" 25.444 25.82¢¢ 27.26°¢ 29.61° 0.39 <0.001
VFA proportion
(mol/100 mol)

Acetate 68.50> ¢ 67.03¢ 70.25%" 69.07% ¢ 71.532 0.47 0.019

Propionate 16.05° 15.73>°b 16.35° 13.83b¢ 13.33¢ 0.40 0.035

Butyrate 7.48 7.49 7.71 7.58 7.57 0.01 0.70
A:P ratio 4.33b 4.35° 4.27° 5.03? 5.33° 0.16 0.029

Notes: TVFA: total volatile fatty acids. P1: first passage. P2: second passage. P3: third passage. P4: fourth passage. P5: fifth passage. The different

superscripts (a, b, ¢, d) in a row designated a significant difference (P < 0.05).

aligned to these representative sequences at
95% identity using SOAP aligner (http://soap.
genomics.org.cn/) [15], and gene abundance in
each sample was measured in transcripts per
million. Representative sequences from the non-
redundant gene catalog were aligned to the NCBI
NR database using BLASTP (Version 2.2.28+)
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to
determine  taxonomic  classification.  For
functional annotation, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) was utilized by
running BLASTP (Version 2.2.28+) against the
KEGG database (http://www.genome.jp/keeg/)
[16]. Carbohydrate active enzyme annotations
were predicted via hmmscan (http://hmmer.
janelia.org/search/hmmscan)  against  CAZy
database (version 5) (http://www.cazy.org/). A
maximum e-value cutoff of 1e-5 was applied for
all annotations.

Statistical analysis

All data were expressed as mean + SD. Rumen
fermentation parameters, Fibrolytic enzyme
activities, carbohydrate active enzyme genes,
and alpha diversity were assessed using one-way
ANOVA followed by Duncan’s test. Differences in
microbial species were evaluated using the
Kruskal-Wallis H test with post hoc comparisons
conducted through the Tukey-Kramer method.
The alpha diversity indices including ACE, Chaol,
Shannon, and Simpson indices were calculated
using the “giime2-q2-diversity” command in
QIIME2 (https://giime2.org/). Beta diversity
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differences between lineages were assessed with
unweighted UniFrac and Bray—Curtis dissimilarity
and visualized through principal coordinates
analysis (PCoA) plots using QIIME2 [17]. Linear
discriminant analysis effect size (LEfSe) was used
to analyze differential KEGG pathways. The
results were visualized using GraphPad Prism 7.0
(GraphPad Software, Inc., La Jolla, CA, USA).
Spearman correlations between rumen microbial
species and metabolites were computed using
the "psych" package in R (https://www.r-
project.org/) with the results presented as heat
maps using the "pheatmap" package. Statistical
significance was defined as P < 0.05. All statistical
analyses were performed with GraphPad Prism
7.0 and SPSS 19.0 (IBM, Armonk, NY, USA) for
Windows.

Results

In vitro rumen fermentation parameters and
fibrolytic enzyme activities

The pH values of passage 2 (P2) and passage 3
(P3) groups was significantly higher than that of
passage 1 (P1) and passage 5 (P5) groups (P <
0.05). The concentrations of TVFA in P2 and P3
groups were significantly lower than that of P1
and P5 groups (P < 0.05). The molar proportion of
acetate, as well as the acetate-to-propionate
(A:P) ratio in P5 group were higher than that in
P1 and P2 groups (P < 0.05), while the molar
proportion of propionate exhibited an inverse
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Table 2. In vitro rumen fermentation parameters and fibrolytic enzyme activities under mannan oligosaccharides (MOS) supplementation.

Groups
Items VO MO MMO HVIO SEM P value
pH 6.23° 6.05° 5.80b¢ 5.62¢ 0.02 <0.001
TVFA, mM 29.35° 31.67° 31.92° 32.34° 0.28 <<0.001
VFA proportion
(mol/100 mol)
Acetate 73.17 73.33 72.16 72.83 0.04 0.723
Propionate 13.87 13.47 14.83 14.33 0.40 0.691
Butyrate 7.97 8.20 8.00 7.83 0.10 0.693
A:P ratio 5.37 5.52 4.98 5.21 0.18 0.754
Fibrolytic enzyme
Activities (mU)
Avicelase 178.23° 249.16° 214.30*" 201.53° 9.75 0.039
B-glucosidase 231.56 269.55 264.58 246.03 9.73 0.440

Notes: TVFA: total volatile fatty acids. CMO: 0% MOS. LMO: 0.5% MOS. MMO: 1.5% MOS. HMO: 3% MOS. Different superscripts (a, b, ¢, d) in a

row designated a significant difference (P < 0.05).

trend (P < 0.05). No significant differences were
observed in the butyrate molar proportion
among all five groups (Table 1). The pH values of
LMO, MMO, and HMO groups were significantly
lower than CMO group, while the TVFA in LMO,
MMO, and HMO groups were significantly higher
than CMO group (P < 0.05). The microbiome of
LMO group exhibited the highest avicelase
activity compared to the other groups (P < 0.05)
with the enzyme activity being defined as the
amount of enzyme used to release 1 nmol of
reducing sugar as one milliunit (mU) (Table 2). No
significant differences were found in the molar
proportion of acetate, propionate, and butyrate,
or in the activity of B-glucosidase among all five
groups.

Rumen microbiota structure and composition

The CMO and LMO groups were selected for
metagenomic analysis comparison due to LMO's
significantly lower pH, higher TVFA levels, and
the highest avicelase activity. A total of over
428.6 million raw reads with more than 71.3
million reads per sample were obtained. There
were no differences observed in the ACE and
Chao 1, Shannon, and Simpson (Figure 1A), or
PCoA analysis (Figure 1B). The results found that
Firmicutes, Proteobacteria, Bacteroidota,
Synergistetes, Fibrobacteres, Fusobacteria, and
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Actinobacteria were the most dominant phyla
identified across all samples with Firmicutes
(23.47%),  Proteobacteria  (43.87%), and
Bacteroidota (20.64%) as the most abundant
species (Figure 1C). The relative abundance of
Firmicutes and Fibrobacteres in LMO group were
higher than CMO group (P < 0.05). At the genus
level, the relative abundance of Megasphaera,
Streptococcus, Fibrobacter, and Sodaliphilus in
LMO group were higher than CMO group (P <
0.05), while the opposite was observed for
Bacteroides, Escherichia, Fusobacterium,
Pyramidobacter, Prevotella, and Klebsiella (P <
0.05) (Figure 1D). At the species level, the relative
abundance of Megasphaera elsdenii, Fibrobacter
succinogenes, Streptococcus equinus,
Sodaliphilus pleomorphus, Bacteroides ovatus,
and Megasphaera hexanoica in LMO group were
higher than CMO group (P < 0.05), while
Bacteroides heparinolyticus, Bacteroides
thetaiotaomicron, Escherichia coli, and others in
CMO group were higher than LMO group (Figure
1E) (P < 0.05). Additionally, Fibrobacter
succinogenes and Streptococcus equinus were
positively correlated with both the concentration
of TVFA and avicelase activity (P < 0.05) (Figure
1F). Megasphaera elsdenii was positively
correlated with avicelase activity (P < 0.05).
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Figure 1. Microbiota structure and composition. A. Alpha diversity measurements of the microbiota as determined by metagenomics. B. PCoA
profile of ruminal bacterial community based on Bray-Curtis dissimilarity determined by metagenomics. C. Major phyla with a relative abundance
species identified in the rumen metagenome
that significantly differed in relative abundance between the two groups (Phyla and genera marked with red and blue, respectively. * indicated

> 1% in all the samples. D. Major genera with a relative abundance > 1% in all samples. E. Microbial

significantly more predominant in CMO and LMO groups (P < 0.05), respectively. F. TVFA, pH, and avicelase activity.

Carbohydrate active enzymes and KEGG

pathway
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The analysis of glycoside hydrolase families
revealed that, among the top 20 differentially
abundant glycoside hydrolases, the abundance of
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Figure 2. Abundance of carbohydrate active enzyme genes. A. Abundance of the top 20 glycoside hydrolases (GH) families. B. Abundance of
carbohydrate active enzyme genes. C. Relationships between the top 20 GH families and bacterial community at species level with red and blue
indicating positive and negative correction, respectively. “ indicated P < 0.05. The red and blue asterisks indicated significantly more predominant

in the CMO and LMO groups, respectively.

GH1, GHO, GH38, GH13_31, GH152, GHS,
GH13_29, GH5_29, GH53, GH12, GH73, and
GH25 in LMO group were significantly higher
than CMO group (P < 0.05) (Figure 2A). The
abundance of glycoside hydrolases (GHs),
polysaccharide lyases (PL), and auxiliary activities
(AA) in LMO group were significantly higher than
that in CMO group (P < 0.05) (Figure 2B). In
addition, Megaspharea elsdenii showed a
positive correlation with the abundance of
GH5_29 and GH25 (P < 0.05), while Fibrobacter
succinogenes was positively correlated with the
abundance of GH38, GH13 31, GH6, GH5_ 29,
and GH53 (P < 0.05). Streptococcus equinus
exhibited a positive correlation with the
abundance of GH38, GH5 29, and GH25 (P <
0.05). Similarly, Sodaliphilus pleomorphus
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exhibited a positive correlation with the
abundance of GH1, GH152, GH13_29, and GH73
(P <0.05) (Figure 2C).

Differential modules based on Lefse analysis
showed that enriched pathways in LMO group
included cell motility, replication and repair,
immune system, membrane transport, energy
metabolism, environmental adaptation, and
folding sorting and degradation (Figure 3A).
Seven metabolic pathways were enriched in LMO
group at level 3 compared with CMO group,
which included bacterial chemotaxis, flagellar
assembly, phospho transferase system (PTS),
mismatch repair, homologous recombination,
valine, leucine, isoleucine biosynthesis, and
thiamine metabolism (Figure 3B).
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Figure 3. Analysis of KEGG pathways. A. Differential KEGG pathways between the two groups at KEGG level 2. B. Differential KEGG pathways

between the two groups at KEGG level 3. LDA: linear discriminant a

Discussion

Passage culture or serial subculturing is an
effective microbiological technique for enriching
and maintaining microbial communities [18]. One
notable application of passage culture is in
enhancing biogas production from lignocellulosic
biomass, where selected microbial consortia
exhibit significantly improved degradation
capabilities, resulting in a 30-40% improvement
in methane production [19]. In this research,
continuous subculturing over five passages
significantly reduced the pH value of the

nalysis.
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fermentation broth and increased the
concentrations of TVFA, acetate concentration,
and acetate-to-propionate ratio. These results
indicated that subculturing promoted cellulose
degradation by rumen microorganisms and
shifted the fermentation pattern towards an
acetate-dominant mode. MOS are functional
carbohydrates that have demonstrated potential
in enhancing rumen microbial community
structure and metabolic activities [20]. In this
study, the addition of 0.5% MOS significantly
increased VFA production and microcrystalline
cellulase activity, which consistent with findings
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of numerous studies that showed the positive
impact of MOS on rumen microbial fermentation
capacity, particularly cellulose degradation [21].
Studies have shown that Tibetan ruminants, that
are well adapted to digest low quality feeds,
exhibit higher levels of cellulose degrading
bacteria, particularly Fibrobacter succinogenes,
compared to lowland ruminants [17]. MOS
selectively promotes the growth of cellulose
degrading bacteria, which is critical for ruminants
in harsh environments, allowing them to digest
and ferment large quantities of low quality
roughage to produce VFA, supporting host
maintenance, reproduction, and growth.

The rumen microbiota is primarily responsible for
energy acquisition in ruminants. Numerous
studies have shown that differences in rumen
microbiota can alter energy efficiency [22].
Among the 16 phyla identified by macrogenomic
analysis in this study, Firmicutes, Proteobacteria,
and Bacteroidetes were the most dominant
microorganisms, considered crucial for meeting
the energy requirements of ruminants. The
relative abundance of Firmicutes increased
significantly with higher energy levels in the diet
[23]. Similarly, the cecal microbiota of obese
individuals and mice contained more Firmicutes
and fewer Bacteroidetes and other phyla [24],
consistent with the positive correlation between
the relative abundance of Firmicutes and dietary
energy concentration [25]. The results of this
study showed that addition of 0.5% MOS
significantly increased the relative abundance of
Firmicutes in the fermentation broth and
enriched energy metabolism  pathways,
indicating the positive effect of MOS on
promoting energy metabolism in rumen
microorganisms. Xue et al. demonstrated that
the relative abundance of Fibrobacter
succinogenes in the rumen of high-yielding dairy
cows was significantly greater than that in low-
yielding cows [26]. Transcriptome sequencing
revealed that Fibrobacter expressed most of
cellulase and hemicellulose transcripts [27]. In
this research, 0.5% MOS promoted the
abundance of Fibrobacter succinogenes, which
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might improve roughage digestibility in dairy
cows and increase productivity.

This study found that MOS significantly
promoted the gene abundance of GH6 in the
rumen microbiome. The GH6 family includes
both endoglucanases and exoglucanases, which
typically possess a conserved B-helix domain
[28]. This structure enables GH6 enzymes to bind
tightly to cellulose molecules and catalyze
hydrolysis [29]. GH6 enzymes can act
synergistically with other glycoside hydrolases
[30], such as GH5 and GH9, and usually contain a
carbohydrate-binding module (CBM) [31], which
allows them to degrade highly recalcitrant
crystalline cellulose, playing a critical role in
cellulose degradation [32]. MOS may serve as
substrates or inducers, activating the expression
of genes related to the degradation of cellulose
and other polysaccharides, thereby promoting
the increased abundance of GH6 genes [33].
Additionally, the gene abundance of other GH
families, GH1, GHO, GH38, GH3_31, GH152,
GH13_29, GH5_29, GH53, and GH12, was
significantly upregulated with the addition of
0.5% MOS. The GH1 family glycoside hydrolases
including B-glucosidase and B-galactosidase
hydrolyze various plant cell wall components,
promoting cellulose degradation and volatile
fatty acid production in the rumen, particularly
under high fiber diets [33]. GHO is a relatively new
family of glycoside hydrolases, whose function is
not yet fully defined but is involved in the initial
degradation and modification of complex
polysaccharides [34]. The GH38 family, primarily
represented by a-mannosidase, hydrolyzes
mannose-glycoside bonds, which plays a crucial
role in the degradation of plant derived mannans
in ruminants [35]. The GH3_31 family includes B-
glucosidase and xylanase, which break down long
chain cellulose or hemicellulose into soluble
oligosaccharides or monosaccharides, providing
readily absorbable carbon sources for ruminants
[36]. Although research on GH152 is limited, it is
known to be involved in the degradation of
specific carbohydrates such as alginates [37].
GH13_29 is part of the starch hydrolase family
and helps rumen microorganisms quickly
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degrade soluble starch, balancing rumen pH, and
improving fiber digestion. The GH5_29 family
contains endoglucanases that hydrolyze the
internal B-1,4 bonds of cellulose, producing cello
oligosaccharides and glucose, which play an
essential role in plant cell wall degradation [38].
GH53 is primarily composed of galactosidase,
which specifically degrades B-1,4-galacturonosyl
linkages in hemicellulose, enhancing the
digestibility of fiber based feeds [39]. GH12 is
involved in cellulose and hemicellulose
degradation, working synergistically with other
cellulose degrading enzymes to form stable
enzyme complexes, significantly improving fiber
degradation efficiency [40]. Additionally,
Fibrobacter succinogenes, the most important
cellulose degrading bacterium in this study, was
significantly positively correlated with the gene
abundance of GH38, GH13 31, GH6, GH5_29,
and GH53. MOS enhanced the abundance of
Fibrobacter succinogenes, thus increasing the
gene abundance of GH families related to fiber
degradation, thereby enhancing the fiber
degradation capacity of the rumen microbiota.
Further, MOS also promoted the abundance of
GH73 and GH25 genes. The primary members of
GH73 and GH25 are lysozymes, which degrade
peptidoglycan in the cell walls of Gram-positive
bacteria, inhibit pathogenic bacteria growth, and
enhance the stability and functional diversity of
the rumen microbiome [41]. GH73 coded
lysozyme can enhance immune function by
clearing necrotic cells and tissue debris, playing a
crucial role in rumen health [42]. The abundance
of GH73 gene in this study showed a significant
positive correlation with Sodaliphilus
pleomorphus, while GH25 gene demonstrated
positive correlation with Megasphaera elsdenii
and  Streptococcus  equinus.  Sodaliphilus
pleomorphus is a newly identified anaerobic
bacterium originally isolated from pig feces,
which inhibits pathogens like E. coli by secreting
organic acids and competing for substrates [43].
Megasphaera elsdenii is an important lactate
utilizing bacterium in the rumen, effectively
alleviating ruminal acidosis caused by high
concentrate grain diets [44]. Streptococcus
equinus is a lactic acid producing bacterium, but
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unlike other lactic acid producers, it can coexist
with Megasphaera elsdenii, reducing lactic acid
accumulation in the rumen through metabolic

cooperation [45]. In this research, MOS
significantly  promoted the growth of
Megasphaera elsdenii  with its relative

abundance increasing nearly 30-fold after 0.5%
MOS supplementation. Similar phenomena were
observed when MOS was added to sheep diets
[46]. MOS regulates gut microbial balance by
promoting the growth of Megasphaera elsdenii
and other bacteria, and by increasing the gene
abundance of glycoside hydrolases such as GH73
and GH25, which act on bacterial cell wall
polysaccharides, thus enhancing cellulose
degradation capacity in the rumen.

This study revealed a distinct variation in the
composition and functions of rumen cellulolytic
bacteria following MOS supplementation. MOS
substantially enhanced rumen function through
enriching the key cellulose degrading bacteria
such as Fibrobacter succinogenes. Additionally,
the upregulation of glycoside hydrolase genes
involved in cellulose degradation (GH6, GH38,
and GH13_31) and the regulation of gut microbial
balance (GH73 and GH25) further optimized
ruminal energy metabolism. These effects
collectively facilitated enhanced cellulose
degradation by rumen microorganisms, leading
to a significant increase of volatile fatty acid
production. This study provided key insights into
the molecular mechanisms through which MOS
modulated rumen microbial communities, while
optimizing cellulose utilization and improving
overall rumen function.
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