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a b s t r a c t

Enterotypes, which are defined as bacterial clusters in the gut microbiome, have been found to have a
close relationship to host metabolism and health. However, this concept has never been used in the
rumen, and little is known about the complex biological relationships between ruminants and their
rumen bacterial clusters. In this study, we used young goats (n ¼ 99) as a model, fed them the same diet,
and analyzed their rumen microbiome and corresponding bacterial clusters. The relationships between
the bacterial clusters and rumen fermentation and growth performance in the goats were further
investigated. Two bacterial clusters were identified in all goats: the P-cluster (dominated by genus
Prevotella, n ¼ 38) and R-cluster (dominated by Ruminococcus, n ¼ 61). Compared with P-cluster goats, R-
cluster goats had greater growth rates, concentrations of propionate, butyrate, and 18 free amino acidsw
and proportion of unsaturated fatty acids, but lower acetate molar percentage, acetate to propionate
ratio, and several odd and branched chain and saturated fatty acids in rumen fluid (P < 0.05). Several
members of Firmicutes, including Ruminococcus, Oscillospiraceae NK4A214 group, and Christensenellaceae
R-7 group were significantly higher in the R-cluster, whereas Prevotellaceae members, such as Prevotella
and Prevotellaceae UCG-003, were significantly higher in P-cluster (P < 0.01). Co-occurrence networks
showed that R-cluster enriched bacteria had significant negative correlations with P-cluster enriched
bacteria (P < 0.05). Moreover, we found the concentrations of propionate, butyrate and free amino acids,
and the proportions of unsaturated fatty acids were positively correlated with R-cluster enriched bacteria
(P < 0.05). The concentrations of acetate, acetate to propionate ratio, and the proportion of odd and
branched chain and saturated fatty acids were positively correlated with P-cluster enriched bacteria
(P < 0.05). Overall, our results indicated that rumen bacterial clusters can influence rumen fermentation
and growth performance of young goats, which may shed light on modulating the rumen microbiome in
early life to improve the growth performance of ruminant animals.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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1. Introduction

Domestic ruminants are important protein-producing animals
and make a huge contribution to meeting the increasing human
demand for high-quality products (Clark and Mora García, 2017;
Morand-Fehr et al., 2004). The microbes in the rumen provide
energy, bacterial proteins, and vitamins by feed degradation and
fermentation, which has a great impact on host metabolism (Jiang
et al., 2022; Liu et al., 2021). Recent studies have shown that the
rumen bacterial population is associated with production perfor-
mance in dairy cows, including milk quality and feed efficiency
(Wallace et al., 2019; Xue et al., 2020).
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Although the microbial community in the gut varies among
individuals, there exists consistent clustering in the predominant
microbes among similar individuals (Arumugam et al., 2011; Costea
et al., 2018). Arumugam et al. (2011) first proposed the concept of
“enterotypes” that suggested predicted clusters of gut microbiota
can be used to describe the distribution of the gut microbial com-
munity. Further studies in humans have found that enterotypes
were strongly associated with long-term dietary types and elicited
broad influence on several diseases like obesity, hypertension, and
diabetes (Christensen et al., 2018; Dinsmoor et al., 2021; Li et al.,
2017; Molinaro et al., 2020; Wu et al., 2011). A recent study on
the fecal microbiome in dairy cows reported that the milk yield and
body weight were significantly higher in unclassified Spi-
rochaetaceae enterotype cows than in Bifidobacterium enterotype
cows (Tr€oscher-Mußotter et al., 2021). However, this research fo-
cuses primarily on enterotypes in the gut. To our knowledge, no
research has been carried out to identify the bacterial clusters in the
rumen and the relationship between bacterial clusters and host
growth performance.

We hypothesized that there existed bacterial clusters in the
rumen and the clusters would have an indispensable influence on
individual variations in rumen fermentation and growth perfor-
mance of young ruminants. The objective of this study was to
identify the bacterial clusters in the rumen and to investigate the
relationships of rumen bacterial clusters with rumen fermentation
parameters and average daily gain (ADG) in young goats. This study
will extend our understanding on how rumen microbiota contrib-
utes to host phenotypes and provide new insights into improving
the growth performance of goats by manipulating the rumen
bacterial clusters in their early life.

2. Materials and methods

2.1. Animal ethics statement

The use of the goats and the experimental protocol was
approved by the Animal Use and Care Committee of Northwest A&F
University (protocol number: NWAFAC1008) and the animal ex-
periments compiled with the ARRIVE guidelines.

2.2. Experiment animals and sampling

The experiment was conducted at a local farm in Baoji (34�410N,
109�090E), China. A total of 99 healthy female Guanzhong goats
were used in this experiment. They had no history of administra-
tion of any antimicrobial agents (antibiotics, antifungals, or anti-
virals) or infectious disease. Goats were all born in one week and
their birth weights were immediately recorded after birth
(3.02 ± 0.05 kg). Goat kids were raised with their dams in the first
3 d after birth, and then they were transferred to the lamb barn
with bottle-feeding of mixed milk. Specifically, the goat kids were
given alfalfa hay starting at 15 d old and a concentrate mixture
starting at 30 d old. All goat kids were weaned at 3 months of age.
After weaning, kids were fed ad libitum three times daily at 07:30,
13:00, and 19:00 with a ration consisting of forage and concentrate
(60:40) and had free access to water. The ingredients and nutrient
concentrations of the diet are presented in Table S1.

All goats were housed individually and allowed one week to
acclimate to pens prior to dry matter intake (DMI) measurement at
one week before 6 months old (173 ± 0.34 d). After the acclimati-
zation period, amounts of feed offered and refused were weighed
daily for seven consecutive days. Dairy goats were fed approxi-
mately 110% of their anticipated consumption, ensuring ad libitum
feeding. Feed samples were dried for 24 h at 105 �C for dry matter
(DM) analysis. DMI was recorded as the difference between the
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total feed offered and feed refused on a DM basis. When goats were
6months plus oneweek old (187 ± 0.34 d), their bodyweights were
recorded before the morning feeding. ADG was calculated as the
difference between 6-month body weight and birth weight divided
by the number of days. Rumen fluid samples of all young goats were
also collected through an oral stomach tube before the morning
feeding at 6 months of age. To avoid saliva contamination, the first
30 mL of rumen fluid was discarded before sampling. Samples were
divided into two aliquots and stored in liquid nitrogen for 16S rDNA
analysis and metabolite determination respectively.

2.3. Rumen volatile fatty acid (VFA) assay

The determination of VFA in rumen fluid was performed ac-
cording to the protocol described by Li et al. (2014). In brief, thawed
rumen fluid sample was centrifuged at 13,500 � g at 4 �C for
10 min. Two mL of supernatant was mixed with 200 mL of crotonic
acid (1%, wt/vol) and then filtered through a 0.45-mm filter. The VFA
concentrations in the filtrate were determined by gas chromatog-
raphy (Agilent Technologies 7820A GC system, Santa Clara, CA)
with a flame ionization detector and a fused silica column (AE-FFAP,
30 m � 0.25 mm � 0.33 mm, Agilent Technologies Inc., Santa Clara,
CA).

2.4. Rumen fatty acid assay

The compositions of fatty acids in rumen fluid were analyzed as
described by Sun and Gibbs (2012). Briefly, a freeze-dried sample
(0.5 g of dry matter) was directly methylated with 4mL of 0.5 mol/L
NaOH/methanol solution at 50 �C for 15 min, followed with 4 mL of
HCl/methanol (5 mL/100 mL) solution at 50 �C for 1 h. The extract
was dissolved in 2 mL of heptane and then introduced to a gas
chromatograph (Agilent Technologies 7820A GC system, Santa
Clara, CA) equipped with a fused silica capillary column (SP-2560,
100 m � 0.25 mm � 0.2 mm; Supelco Inc., Bellefonte, PA).

2.5. Rumen free amino acid assay

The compositions of free amino acids in rumen fluid were
analyzed as described by Chen et al. (2022). Rumen fluid samples
were deproteinized in sulfosalicylic acid (10%, wt/vol), centrifuged
at 3,000� g at 4 �C for 10 min, and filtered through a 0.45-mm filter.
The supernatant was used for the determination of free amino acids
in liquid chromatography and tandemmass spectrometry (Exion LC
AC, QTRAP 5500, AB SCIEX, Framingham, MA) with a phase column
(120 EC-C18, 4.6 mm � 100 mm � 2.7 mm; Agilent Technologies
Inc., Santa Clara, CA).

2.6. Microbial DNA extraction and 16S rRNA gene sequencing

Total DNA in rumen fluid samples was extracted using the
QIAamp DNA Stool Mini kit (QIAGEN, Germany) according to the
manufacturer’s protocol. The quality of DNA was checked in 1%
agarose gel electrophoresis and the DNA concentration was deter-
mined using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). The V3eV4 hypervariable region of bac-
terial 16S rDNA was amplified from extracted DNA using the for-
ward primer 338F (50-ACTCCTACGGGAGGCAGCAG-30) and the
reverse primer 806R (50-GGACTACHVGGGTWTCTAAT-30), with the
reverse primer containing a 6-bp barcode. PCR products were
separated in 2% agarose gel and then purified using AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, CA). Amplicons
were then subjected to paired-end (PE300) sequencing on the
Illumina MiSeq sequencing following the standard protocols.
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2.7. Illumina sequencing data analysis

The raw sequences were merged with FLASH (v1.2.11) and
quality filtered with fastp (0.19.6). Sequences were imported into
QIIME2 v2021.8 for demultiplexing, and the amplicon sequence
variants (ASV) table was constructed using DADA2. Bacterial 16S
ASV were assigned a taxonomy using the SILVA database (version
138) as the reference, and the taxon abundance in each sample was
determined for phylum, class, order, family, and genus. Alpha di-
versity measurements, including the richness estimates (Sobs, ACE,
and Chao1) and diversity index (Shannon and Simpson), were
calculated using QIIME 2. The microbial beta diversity was deter-
mined using the distance matrices generated from BrayeCurtis
analysis, principal coordinate analysis (PCoA), and ANOMIS
analysis.
2.8. Enterotype identification

The genus-level relative abundance profiles of samples were
enrolled for enterotype analysis using JenseneShannon divergence
and partitioning around medoid clustering (Arumugam et al., 2011;
Wu et al., 2011). The optimal number of clusters was assessed by
the Calinski-Harabasz (CH) index. PCoA was performed to visualize
bacterial clusters in samples. Based on these analyses, the micro-
biomes in all kids in this study were identified into two separate
clusters (enterotypes): cluster 1 (P-cluster) and cluster 2 (R-clus-
ter), and these two enterotypes were used in subsequent analyses
of their relationships with the other measurements.
2.9. Construction of microbial co-occurrence networks based on
random matrix theory

A microbial co-occurrence network was constructed using a
Random Matrix Theory (RMT)-based method as described by pre-
vious reports (Deng et al., 2012; Zhou et al., 2010). Briefly, the ASV
that existed in less than 50% of all samples were excluded. The
within-module degree (Zi) and among-module connectivity (Pi)
were calculated to analyze the topological roles of different nodes
in the network with the classification as follows: network hubs
(Zi > 2.5; Pi > 0.62), module hubs (Zi > 2.5; Pi < 0.62), connectors
(Zi < 2.5; Pi > 0.62); peripherals (Zi < 2.5; Pi < 0.62). The module
separation was performed by fast-greedy modularity optimization
procedure, and Module-EigenGene analyses were used to analyze
module-environmental traits relationships based on the Pearson
correlation matrix. The network structure was visualized using
Cytoscape v3.7.1.
2.10. Statistical analysis

All goats were separated into P- and R-clusters according to their
rumen enterotypes. The t-test for independent samples was used to
analyze the variables, including ADG and DMI. Microbial taxonomy
and rumen metabolites were compared using the Wilcoxon rank-
sum test between two enterotypes. Spearman’s rank correlation
was used for most correlation analyses, including correlations be-
tween P-cluster enriched genera and R-cluster enriched genera and
correlations between differential genera and metabolites in two
bacterial clusters. Pearson correlationwas used alone to analyze the
memberships and module-environmental traits relationships in
microbial co-occurrence networks using the RMT-based method.
All data were expressed as the means ± SE. Differences were sta-
tistically significant at P < 0.05.
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3. Results

3.1. Clusters of rumen microbiome in young goats

The clustering analysis of the microbiomes in rumen fluid is
shown in Fig. 1. The microbiomes in all goats were separated into
two clusters because the maximum Calinski-Harabasz index was
reached when the cluster number was 2 (Fig. 1A). Cluster 1 (n¼ 38)
was dominated by Prevotella, and cluster 2 (n ¼ 61) was dominated
by Ruminococcus (Fig. 1B). As shown in Fig. 1C, the relative abun-
dance of Ruminococcus and Prevotella differed between the two
clusters. In the following research, all goats were grouped accord-
ing to cluster 1 (P-cluster) and cluster 2 (R-cluster).

3.2. Association of rumen bacterial clusters with growth rate

In this study, there was no difference in DMI between the two
bacterial clusters (P ¼ 0.374, Table 1), but ADG was greater in the R-
cluster compared to P-cluster (P ¼ 0.023, Table 1). Moreover, we
analyzed the association of ADG with Ruminococcus and Prevotella,
respectively (Fig. 2A and B). ADG of all goats (n¼ 99) was negatively
correlated with the abundance of Prevotella in the rumen
(r¼�0.26, P¼ 0.009, Fig. 2B), indicating that the rumen enterotype
may play an important role in the growth performance of young
goats.

3.3. Rumen microbiome compositions between R-cluster and P-
cluster

The rumen microbiome diversity and bacterial composition in
the two bacterial clusters were further explored. Compared to the
P-cluster, the R-cluster had higher community diversity with lower
Simpson index and higher Shannon index (P < 0.01, Table 2). PCoA
based on the BrayeCurtis distance showed that there was a sig-
nificant difference in rumen microbial structure between the two
clusters (P ¼ 0.001, Fig. 2C).

The taxonomic differences between the two clusters were
analyzed at phylum, family, and genus levels, respectively
(Tables 3e5). At the phylum level, the abundance of Bacteroidota
was lower, but Firmicutes was greater in the R-cluster compared
with P-cluster (P < 0.01, Table 3). At the family level, the abundance
of Prevotellaceae was lower in the R-cluster, while the abundances
of Ruminococcaceae and other Firmicutes members, such as
Lachnospiraceae, Oscillospiraceae, and Christensenellaceae, were
greater in the R-cluster compared with the P-cluster (P < 0.05,
Table 4). At the genus level, the abundances of Prevotella, Pre-
votellaceae UCG-003, and Succiniclasticum were lower in the R-
cluster, whereas the abundances of Ruminococcus, Oscillospiraceae
NK4A214 group, Christensenellacea R-7 group, Candidatus Saccha-
rimonas, unclassified Clostridia, and unclassified Lachnospiraceae,
were greater in the R-cluster than P-cluster (P < 0.01, Table 5).

3.4. Microbial interactions differ between P-cluster and R-cluster

The top 60 genera (relative abundance >0.1%, detected in >50%
of all samples) of the rumen microbiome were used to explore the
bacteriumebacterium interactions in the two clusters (Table S2).
There were positive associations among P-cluster enriched genera
and among R-cluster enriched genera, while multiple negative as-
sociations were found between P-cluster enriched genera and R-
cluster enriched genera (Spearman’s correlation, P < 0.05, Fig. 3).
Notably, several genera that were enriched in the R-cluster, such as
Oscillospiraceae NK4A214 group, Christensenellacea R-7 group, un-
classified Clostridia, and unclassified Lachnospiraceae, were nega-
tively correlated with the members of Prevotellaceae that were



Fig. 1. Rumen bacterial clustering in young goats (n ¼ 99). (A) Optimal number of rumen bacterial cluster separation. The x axis shows cluster number; the y axis shows Calinski-
Harabasz index. (B) Principal coordinate analysis (PCoA) plot of bacterial clusters based on Jensen-Shannon distance. (C) Histogram showing the relative abundances of Rumino-
coccus and Prevotella in the two clusters.
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enriched in the P-cluster (Spearman’s correlation, P < 0.05, Fig. 3
and Fig. S1). In addition, Ruminococcus showed increased partici-
pation in the network of the R-cluster compared to P-cluster (Fig. 3,
Table S3 and Table S4).

We also performed an RMT-based network analysis to further
evaluate the potential microbial modules and identify the keystone
bacteria in the P-cluster and R-cluster (Fig. 4A and B). In the P-
cluster, two nodes (ASV) belonging to Ruminococcus and one node
(ASV) belonging to Prevotellaceae UCG-003 were regarded as the
connectors linking the different modules together. One node (ASV)
Table 1
The feed intake and growth performance of goats in P-cluster and R-cluster (g/d).

Item P-cluster R-cluster P-value

DMI 938 ± 37 941 ± 34 0.374
ADG 105.97 ± 2.34 112.34 ± 1.87 0.023

DMI ¼ dry matter intake; ADG ¼ average daily gain.
Data are expressed as the means ± SE.
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belonging to Ruminococcus was considered as a module hub to
cohere their own modules. In R-cluster only 2 module hubs were
identified, which belonged to norank UCG-010 and Selenomonas
(Fig. 4C and D).
3.5. Rumen metabolites differ between P-cluster and R-cluster

The differences in themetabolites in rumen fluid between the P-
cluster and R-cluster are shown in Tables 6e8. Compared with the
P-cluster, the R-cluster had greater concentrations of propionate,
butyrate, and molar percentages of propionate and butyrate, but
lower acetate percentage and acetate to propionate ratio (P < 0.05,
Table 6).

As shown in Table 7, free amino acid concentration in rumen
fluid differed between the P-cluster and R-cluster. Interestingly, the
concentrations of all 18 amino acids were significantly higher in the
R-cluster compared with the P-cluster (P < 0.05). Furthermore, the
concentrations of branched chain amino acids (BCAA) and total



Fig. 2. The relationship between rumen bacterial clusters and the growth rates in young goats. (A) Spearman’s correlation between ADG and the relative abundance of Rumi-
nococcus. (B) Spearman’s correlation between ADG and the relative abundance of Prevotella. (C) Principal-coordinate analysis (PCoA) plot of the rumen microbiome, based on
BrayeCurtis distance matrix.

Table 2
Alpha diversity of rumen microbiota in P-cluster and R-cluster.

Estimators P-cluster R-cluster P-value

Ace 110.07 ± 1.79 107.80 ± 1.28 0.404
Chao1 109.67 ± 1.78 107.62 ± 1.30 0.468
Sobs 109.24 ± 1.75 106.85 ± 1.26 0.371
Shannon 2.99 ± 0.04 3.14 ± 0.03 0.002
Simpson 0.11 ± 0.01 0.08 ± 0.00 <0.001

The data are expressed as the means ± SE.

Table 3
The relative abundance of rumenmicrobiota in P-cluster and R-cluster at the phylum
level (%).

Taxa name P-cluster R-cluster P-value

Firmicutes 38.72 ± 1.22 57.43 ± 1.11 <0.001
Bacteroidota 55.78 ± 1.30 35.04 ± 1.11 <0.001
Patescibacteria 2.53 ± 0.35 3.84 ± 0.36 0.003
Actinobacteriota 0.75 ± 0.15 1.71 ± 0.37 0.020
Spirochaetota 1.07 ± 0.17 0.96 ± 0.21 0.023
Proteobacteria 0.38 ± 0.16 0.19 ± 0.03 0.082
unclassified_k_norank_d_Bacteria 0.11 ± 0.02 0.27 ± 0.03 <0.001
Synergistota 0.14 ± 0.03 0.19 ± 0.03 0.071
Desulfobacterota 0.17 ± 0.02 0.12 ± 0.01 0.043
Verrucomicrobiota 0.17 ± 0.03 0.13 ± 0.02 0.567

The data are expressed as the means ± SE.

Table 4
The relative abundance of rumen microbiota in P-cluster and R-cluster at the family
level (%).

Taxa name P-cluster R-cluster P-value

Prevotellaceae 27.97 ± 1.96 9.24 ± 0.64 <0.001
F082 11.83 ± 1.21 10.88 ± 0.79 0.707
Ruminococcaceae 6.03 ± 0.57 13.52 ± 0.91 <0.001
Rikenellaceae 8.32 ± 0.70 8.19 ± 0.50 0.853
Lachnospiraceae 6.00 ± 0.35 9.50 ± 0.50 <0.001
Oscillospiraceae 5.80 ± 0.38 8.20 ± 0.35 <0.001
Selenomonadaceae 5.90 ± 0.62 6.97 ± 0.70 0.535
Christensenellaceae 3.24 ± 0.34 7.15 ± 0.38 <0.001
Muribaculaceae 4.92 ± 0.71 4.37 ± 0.47 0.762
Saccharimonadaceae 2.50 ± 0.35 3.83 ± 0.36 0.003
norank_o_Clostridia_UCG-014 2.72 ± 0.40 2.31 ± 0.38 0.191
unclassified_c_Clostridia 1.41 ± 0.15 2.88 ± 0.29 <0.001
Acidaminococcaceae 2.98 ± 0.50 0.55 ± 0.09 <0.001
Eubacterium_coprostanoligenes_group 1.39 ± 0.15 1.94 ± 0.20 0.039
Bacteroidales_RF16_group 1.52 ± 0.19 1.07 ± 0.09 0.054

The data are expressed as the means ± SE.
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essential amino acids (TEAA) were significantly higher in the R-
cluster (P < 0.01).

The different free fatty acids between the two clusters with a
proportion greater than 1.0% in rumen fluid are included in Table 8.
C16:0, C18:1t11, C18:1c9, unsaturated fatty acids (UFA), long chain
fatty acids (LCFA), and monounsaturated fatty acids (MUFA) were
significantly greater in the R-cluster (P < 0.01), while several odd
and branched chain fatty acids (OBCFA, including C14:0iso,
C15:0iso, C15:0anteiso, C15:0, and C16:0iso), saturated fatty acids
(SFA), medium chain fatty acids (MCFA), and ratio of SFA to UFA
were in lower in the R-cluster compared with the P-cluster
(P < 0.05).

3.6. Association between rumen metabolites and bacterial clusters

Because the significant differences in the rumenmetabolites, we
further performed correlation analysis on the bacterial genus
(relative abundance > 0.1%) and the metabolites that differed be-
tween the R-cluster and P-cluster. In the P-cluster, we found that
the Oscillospiraceae NK4A214 group and Lachnospiraceae ND3007
group had positive correlations with UFA and MUFA, while OBCFA
and SFA correlated with them negatively (P < 0.05, Fig. 5A).
Moreover, the Oscillospiraceae NK4A214 group had positive corre-
lations with several amino acids, including total BCAA and TEAA
(P < 0.05, Fig. 5A). Three genera including Candidatus
Table 5
The relative abundance of rumen microbiota in P-cluster and R-cluster at the genus
level (%).

Taxa name P-cluster R-cluster P-value

Prevotella 21.46 ± 1.79 6.24 ± 0.48 <0.001
norank_f_F082 11.83 ± 1.21 10.88 ± 0.79 0.707
Ruminococcus 5.06 ± 0.51 12.23 ± 0.91 <0.001
Rikenellaceae_RC9_gut_group 7.90 ± 0.68 7.79 ± 0.48 0.927
Oscillospiraceae_NK4A214_group 4.74 ± 0.39 7.48 ± 0.34 <0.001
Christensenellaceae_R-7_group 3.23 ± 0.34 7.14 ± 0.38 <0.001
norank_f_Muribaculaceae 4.92 ± 0.71 4.37 ± 0.47 0.762
Candidatus_Saccharimonas 2.50 ± 0.35 3.83 ± 0.36 0.003
norank_f_norank_o_Clostridia_UCG-014 2.72 ± 0.40 2.31 ± 0.38 0.191
unclassified_f_Selenomonadaceae 1.90 ± 0.26 2.98 ± 0.38 0.058
Selenomonas 2.61 ± 0.45 2.19 ± 0.31 0.521
unclassified_c_Clostridia 1.41 ± 0.15 2.88 ± 0.29 <0.001
unclassified_f_Lachnospiraceae 1.38 ± 0.11 2.61 ± 0.23 <0.001
Prevotellaceae_UCG-003 2.35 ± 0.20 1.42 ± 0.12 <0.001
Succiniclasticum 2.98 ± 0.50 0.55 ± 0.09 <0.001

The data are expressed as the means ± SE.



Fig. 3. Co-occurrence network of the top 60 rumen microbial genera (relative abundance >0.1%, detected in >50% of all samples) in young dairy goats with different bacterial
clusters. (A) Co-occurrence network of the top 60 rumen microbial genera in the P-cluster. (B) Co-occurrence network of the top 60 rumen microbial genera in the R-cluster. Red
lines represent positive correlations and blue lines represent negative correlations. The colors of nodes indicate the clusters in which the genera were enriched.

Fig. 4. Module analysis of co-occurrence network based on amplicon sequence variants (ASV) (detected in >50% of all samples) in young goats with different bacterial clusters. (A
and B) Visualization of microbial co-occurrence networks and their module distribution using the fast greedy modularity optimization method in the P-cluster and R-cluster. Red
lines mean positive correlations, and blue lines mean negative correlations. The colors of nodes indicate the module to which the ASV belongs. (C) Distribution of bacterial ASV
based on their network roles. Nodes in the network were classified as peripherals, modular hubs, or connectors based on Zi and Pi indices. Zi: within-module connectivity; Pi:
among-module connectivity. (D) Keystone ASV in P-cluster and R-cluster networks.
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Table 6
Volatile fatty acid (VFA) concentrations in rumen fluid of P-cluster and R-cluster.

Item P-cluster R-cluster P-value

Absolute concentration, mmol/L
Acetate 62.31 ± 1.85 62.91 ± 1.34 0.557
Propionate 18.05 ± 1.33 20.69 ± 0.98 0.033
Isobutyrate 0.85 ± 0.04 0.86 ± 0.02 0.871
Butyrate 9.27 ± 0.44 11.14 ± 0.37 0.002
Isovalerate 1.48 ± 0.10 1.65 ± 0.05 0.032
Valerate 0.96 ± 0.05 1.00 ± 0.03 0.326
Total VFA 92.92 ± 2.54 98.25 ± 2.21 0.059
Proportion, %
Acetate 67.26 ± 1.18 64.3 ± 0.57 0.002
Propionate 19.07 ± 1.22 20.71 ± 0.68 0.011
Isobutyrate 0.93 ± 0.05 0.89 ± 0.02 0.569
Butyrate 10.09 ± 0.45 11.39 ± 0.3 0.014
Isovalerate 1.62 ± 0.11 1.70 ± 0.05 0.308
Valerate 1.03 ± 0.04 1.02 ± 0.02 0.796
Acetate to propionate ratio 4.08 ± 0.26 3.33 ± 0.12 0.004

The data are expressed as the means ± SE.

Table 7
Free amino acid concentrations in rumen fluid of P-cluster and R-cluster.

Item P-cluster R-cluster P-value

Aspartate 419.94 ± 31.33 692.56 ± 31.50 <0.001
Glutamate 308.5 ± 30.08 589.04 ± 42.78 <0.001
Serine 237.22 ± 21.33 487.53 ± 30.14 <0.001
Histidine 88.38 ± 8.09 170.17 ± 14.15 <0.001
Glycine 290.75 ± 30.99 618.14 ± 41.90 <0.001
Threonine 157.42 ± 21.56 319.74 ± 21.35 <0.001
Arginine 54.22 ± 9.95 62.97 ± 4.89 0.013
Alanine 616.97 ± 61.10 1180.86 ± 77.02 <0.001
Tyrosine 159.44 ± 12.58 315.17 ± 17.46 <0.001
Cystine 46.07 ± 2.77 96.36 ± 6.46 <0.001
Valine 273.21 ± 25.81 510.21 ± 27.94 <0.001
Methionine 137.62 ± 12.86 288.92 ± 21.08 <0.001
Tryptophan 35.5 ± 3.84 56.83 ± 4.47 <0.001
Phenylalanine 130.84 ± 9.82 236.07 ± 12.83 <0.001
Isoleucine 243.3 ± 23.74 492.48 ± 30.94 <0.001
Leucine 295.01 ± 24.72 538.74 ± 28.99 <0.001
Lysine 608.65 ± 50.47 1221.3 ± 71.82 <0.001
Proline 105.23 ± 12.32 194.89 ± 21.66 <0.001
BCAA 811.51 ± 73.47 1541.44 ± 86.38 <0.001
TEAA 2024.15 ± 169.20 3897.42 ± 210.40 <0.001

BCAA ¼ branched chain amino acids; TEAA ¼ total essential amino acids.
The data are expressed as the means ± SE.

Table 8
Free fatty acid concentrations in rumen fluid of P-cluster and R-cluster.

Item P-cluster R-cluster P-value

C14:0iso 1.58 ± 0.90 0.96 ± 0.49 <0.001
C15:0iso 2.82 ± 1.01 2.29 ± 0.74 0.009
C15:0anteiso 6.01 ± 1.52 5.03 ± 1.41 0.005
C15:0 2.81 ± 0.76 2.26 ± 0.67 0.001
C16:0iso 2.94 ± 1.23 2.35 ± 1.05 0.022
C16:0 40.34 ± 2.53 42.18 ± 3.10 0.004
C18:1t11 2.80 ± 1.10 3.38 ± 1.18 0.022
C18:1c9 10.69 ± 2.41 13.13 ± 2.72 <0.001
OBCFA 20.38 ± 4.15 16.89 ± 3.84 0.007
UFA 24.80 ± 3.77 27.38 ± 3.68 0.010
SFA 75.20 ± 3.77 72.62 ± 3.68 0.010
MUFA 17.86 ± 2.63 20.93 ± 2.81 <0.001
MCFA 64.19 ± 4.27 61.97 ± 4.92 0.039
LCFA 35.16 ± 4.3 37.44 ± 4.58 0.038
SFA:UFA ratio 3.13 ± 0.67 2.72 ± 0.51 0.010

OBCFA ¼ odd and branched chain fatty acids; UFA ¼ unsaturated fatty acids;
SFA¼ saturated fatty acids; MUFA¼monounsaturated fatty acids; MCFA¼medium
chain fatty acids; LCFA ¼ long chain fatty acids.
The data are expressed as the means ± SE.
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Saccharimonas, Ruminococcus gauvreauii group and Streptococcus
showed positive correlations with the concentration and molar
percentage of propionate, but they correlated with the molar per-
centage of acetate and acetate to propionate ratio negatively
(P < 0.05, Fig. 5A). Unlike these R-cluster enriched genera, we found
that some P-cluster enriched genera like Prevotella correlated with
OBCFA positively and several amino acids negatively (P < 0.05,
Fig. 5A).

In the R-cluster, the Lachnospiraceae ND3007 group had negative
correlations with several OBCFA and SFA, but had positive corre-
lations with UFA and almost all amino acids (P < 0.05, Fig. 5B). On
the contrary, some P-cluster enriched genera like Succiniclasticum
and Norank Lachnospiraceae had positive correlations with several
OBCFA and SFA, but had negative correlations with UFA and almost
all amino acids (P < 0.05, Fig. 5B).

3.7. Relationship between microbial modules and rumen
metabolites

The ADG and rumen metabolite data were submitted to
Module-EigenGene analyses to calculate their correlations with the
microbial modules. In the P-cluster, modules 1 and 2 were posi-
tively correlated with ADG and the molar percentage of propionate,
but negatively correlated with the molar percentage of acetate and
acetate to propionate ratio (P < 0.05, Fig. 6A). Many ASV of modules
1 and 2 were assigned to R-cluster enriched genera, such as
Ruminococcus, Christensenellaceae R-7 group, and Oscillospiraceae
NK4A214 group (Table S5).

In the R-cluster, modules 3 and 4were positively correlatedwith
the concentration and molar percentage of propionate, but nega-
tively correlated with the molar percentage of acetate and acetate
to propionate ratio. Conversely, module 2 showed the opposite
result compared with modules 3 and 4. In addition, module 2
negatively correlated with almost all amino acids, but positively
correlated with OBCFA. Meanwhile module 5 positively correlated
with amino acids, but negatively correlated with OBCFA (P < 0.05,
Fig. 6B). It was notable that modules 3, 4, and 5 containedmany ASV
that belonged to R-cluster enriched genera, like Ruminococcus,
Oscillospiraceae NK4A214 group, Christensenellaceae R-7 group,
whereas module 2 was dominated by ASV belonging to Prevotella
and Rikenellaceae RC9 gut group (Table S6).

4. Discussion

Enterotypes are the strongest differentiator for gut microbial
community structures and provide an attractive framework for
understanding microbial variation in host metabolism and health
(Arumugam et al., 2011; Costea et al., 2018; Hills et al., 2019).
However, to our knowledge, rumen bacterial clustering (enter-
otype) has never been reported in the rumen of ruminant animals.
In the present study, the rumen microbiome of 99 young goats was
able to be identified as two different clusters. The respective bac-
terial clusters were characterized by different community struc-
tures, microbial diversity, and microbial interactions. In addition,
rumen bacterial clusters were associated with the rumen metab-
olites and growth performance of young goats.

Previous research has found that the patterns of enterotypes
vary across species and within the same species (Arumugam et al.,
2011; Guo et al., 2021; Tr€oscher-Mußotter et al., 2021; Yuan et al.,
2020). For example, a total of three enterotypes were identified in
humans: Bacteroides (enterotype 1), Prevotella (enterotype 2), and
Ruminococcus (enterotype 3) (Arumugam et al., 2011). Some studies
suggested that the gut microbial composition of commercial hybrid



Fig. 5. Association analysis between differential genera (relative abundance >0.1%) and differential rumen metabolites in P-cluster (A) and R-cluster (B). Spearman’s correlation,
*P < 0.05, **P < 0.01.
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pigs is structured in two enterotypes, while one native Chinese
breed, called Jinhua pigs, can be clustered into three enterotypes
(Ramayo-Caldas et al., 2016; Xu et al., 2021). All of these suggest
that the enterotypes could be influenced by host genetic factors,
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and other nongenetic factors, such as diet, life style, and environ-
mental stress.

In our study, the goats in the P-cluster had higher relative
abundances of several Prevotellaceae members, but their ADG was



Fig. 6. Association analysis between microbial modules and rumen metabolites in young goats with different bacterial clusters. (A) Heatmap showing association between microbial
modules and differential rumen metabolites in the P-cluster. (B) Heatmap showing association between microbial modules and differential rumen metabolites in R-cluster.
Pearson’s correlation, *P < 0.05, **P < 0.01.
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lower. This was similar to an obese mice model fed with a high-fat
high-sucrose diet, in which Firmicutes/Ruminococcus enterotype
was changed into a Prevotella/Akkermansiaceae enterotype when
the mice became thinner (Rodríguez-Daza et al., 2020). Moreover,
some other researchers stratified enterotypes and found that Pre-
votella contributes to weight loss in humans (Christensen et al.,
2019; Hjorth et al., 2020; Song et al., 2020). Ruminal Prevotella
generally possesses extensive repertoires of polysaccharide utili-
zation loci and carbohydrate active enzymes targeting various plant
polysaccharides (Accetto and Avgu�stin, 2019; Emerson and
Weimer, 2017). Some researchers suggested that the ruminal Pre-
votellawas beneficial to raise acetate production and reduce animal
feed efficiency (Anderson and Fernando, 2021; Bandarupalli and St-
Pierre, 2020; Carberry et al., 2012; Dai et al., 2021). In our study, we
also found the molar percentage of acetate and the ratio of acetate
to propionate were higher in the P-cluster. In addition, we found
that these Prevotellaceae members may have great impacts on
rumen lipid metabolism. The relative proportions of OBCFA and SFA
in rumen fluid were lower in the P-cluster compared to the R-
cluster. Some previous studies have proven that variations in those
lipids can reflect the changes in the biohydrogenation process and
rumen fermentation patterns, and OBCFA were related to the
relative proportions of cellulolytic and amylolytic bacteria in the
rumen (Vlaeminck et al., 2006; Xin et al., 2021; Zhang et al., 2019).

We found that Ruminococcus and other Firmicutes, such as
Oscillospiraceae NK4A214 group, Christensenellaceae R-7 group, un-
classified Clostridia, and unclassified Lachnospiraceae, were enriched
in the R-cluster. Those R-cluster enriched genera belong taxo-
nomically to Clostridia and have been reported to produce propi-
onate and butyrate (Low et al., 2022; Reichardt et al., 2014; Sun
et al., 2019; Waters and Ley, 2019), which is consistent with our
results that R-cluster goats have higher ruminal propionate and
butyrate in both concentration and proportion. In ruminants, up to
70% of energy is sourced from VFA (Baldwin and Connor, 2017). In
contrast to hydrogen production in the process of acetate fermen-
tation, the production of propionate and butyrate during rumen
fermentation is accompanied by hydrogen sequestration, which is
42
considered to be energy efficient (Auffret et al., 2020; Shabat et al.,
2016; van Lingen et al., 2016). What’s more, we observed that some
R-cluster enriched genera had positive correlations with ruminal
AA, including several EAA and BCAA, which have an important
influence on animal health, growth, and production performance
(Cao et al., 2021; Nichols et al., 2022; Webb et al., 2020). For
example, the Lachnospiraceae ND3007 group was found to have a
positive correlation with methionine and lysine, which were most
frequently identified as the two most limiting AA in ruminants
(Richardson and Hatfield, 1978; Schwab and Broderick, 2017).

Our results also highlighted the co-occurrence and co-exclusion
of the differential bacteria in the two bacterial clusters, which is
consistent with previous studies carried out in humans and pigs,
especially the co-exclusion between Prevotella and Ruminococcus
(Arumugam et al., 2011; Ramayo-Caldas et al., 2016). Using RMT-
based network analysis, we also found that the ASV belonging to
Prevotella and Ruminococcus were the keystone bacteria in some
important microbial modules. Although the most microbial in-
teractions among other differential bacteria were less of a focus in
previous research, they may play indelible roles in shaping the
formation of the two rumen bacterial clusters. For example, the
Oscillospiraceae NK4A214 group, Christensenellaceae R-7 group, un-
classified Clostridia, and unclassified Lachnospiraceae, which were
the predominant R-cluster enriched bacteria, were found to have
multiple negative correlations with several P-cluster enriched
bacteria. Furthermore, different microbe-metabolite interaction
patterns were found between these R-cluster enriched bacteria and
P-cluster enriched bacteria. There are various ecological relation-
ships that exist in microbial communities, ranging from mutualism
to competition, while two taxa with similar niches tend to exclude
each other for limited food and living space (Faust and Raes, 2012).
Faust et al. (2012) also suggested that the patterns of microbial co-
occurrence and exclusion are determined by both their evolu-
tionary relatedness and functional similarity. In particular, taxa
with close evolutionary relationships tended to positively associate
with each other, while distantly related taxa with functional simi-
larities tended to compete (Faust et al., 2012). Future studies
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investigating the active microbial functions and taxa using culture-
based technologies are required to confirm the function of those
cluster related species on a deeper mechanistic level.

5. Conclusion

In the present study, we applied the enterotype concept to the
rumenmicrobiome and found that the rumenmicrobiome in young
goats can be classified into two clusters, which were apparently
associated with the differences in rumen fermentation and the
growth rate of goats. Some specific bacterial taxa and their asso-
ciations with other bacteria in different bacterial clusters may have
an influence on rumen fermentation, and thus drive the formation
of host phenotype. The presence of rumen microbiome clustering
and its association with rumen fermentation and host productivity
could shed a light on modulating the rumen microbiome in early
life to improve the growth performance of ruminant animals.
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