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Abstract

Background: The gut microbiota play an important role in maintaining host metabolism, the immune system and
health, while sex, genotype, diet and health have specific effects on the composition of the gut microbiota. Therefore,
to explore the sex differences in the structure and function of rumen microbiota in Tibetan goats, herein we analyzed
sex differences in rumen fermentation parameters, rumen microbiota and the expression of genes related to VFA
transport in Tibetan goats.

Results: The results showed that the contents of acetic acid and propionic acid in the rumen of TGM (Tibetan goat
male) were significantly higher than those in TGFm (Tibetan goat female) (P<0.05), and total VFAs was significantly
higher in TGM than TGFm (P < 0.05). Expression of the VFA transport-related genes DRA, AE2, MCT-1, NHET, and NHE2 in
the rumen epithelium of TGFm was significantly higher than that in TGM. Analysis of the composition and structure of
the rumen microbiota revealed significant sex differences. At the phylum level, Firmicutes and Bacteroidetes were the
dominant phyla in Tibetan goats. In addition, Fibrobacteres and Spirochaetes had significantly greater relative abun-
dances in TGFm than in TGM (P < 0.05). At the genus level, the relative abundance of Fibrobacter, Ruminococcus_1 and
Pyramidobacter was significantly higher in TGFm than in TGM (P < 0.05). The functional prediction results showed that
replication, recombination and repair, RNA processing and modification were mainly enriched in TGFm (P < 0.05).
Conclusions: Correlation analysis revealed significant associations of some rumen microbiota with the fermentation
product VFAs and VFA transport-related genes. We concluded that yearling TGM and TGFm have distinct fermentation
and metabolism abilities when adapting to the plateau environment, which provides a certain sex reference basis for
Tibetan goat adaptation to the plateau environment.
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Introduction

Tibetan goats are an important genetic resource of live-
stock on the Qinghai-Tibet Plateau, are famous for pro-
ducing high-quality cashmere and are the dominant
animal breed in the development of seasonal animal
husbandry in the Qinghai-Tibet Plateau [1]. Living in an
alpine region with an altitude of 2500-5000 m, they can

*Correspondence: liuxiu@gsau.edu.cn

College of Animal Science and Technology/Gansu Key Laboratory
of Herbivorous Animal Biotechnology, Gansu Agricultural University,
Lanzhou 730070, China

B BMC

adapt to special environmental pressures, such as low
oxygen, low temperature, low pressure and strong ultravi-
olet radiation on the plateau [2]. Through long-term nat-
ural selection, Tibetan goats have acquired stable genetic
characteristics in physiology, biochemistry and morphol-
ogy, indicating the unique adaptability of plateau species
during long-term evolution [3, 4]. Gut microbes play an
important role in the adaptive process of plateau animals.
In a previous study, we found that the rumen microbiota
of Tibetan sheep underwent significant changes when
they adapted to the cold season, and the host genome
was significantly correlated with the rumen microbiota
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and metabolites [5]. Metagenomic sequencing of plateau
ruminant yak and Tibetan sheep has shown that rumen
microbiota-related genes are significantly enriched in
the VFA production pathway, and the energy pathway
enriched by VFAs is essential for the adaptive evolution
of plateau animals [6]. Liu et al. reported a significant
correlation between rumen fermentation parameters and
the microbiota composition of yaks, and the composi-
tion and function of microbiota can be comprehensively
understood through correlation analysis of metabolites
[7]. The interaction of rumen microbiota and metabo-
lites has an important impact on the health of the host.
Under cold stress conditions, sheep show an improved
self-protective mechanism by regulating the relative
abundance of rumen microbiota and the concentration of
related metabolites [8]. Similarly, heat stress changes the
composition of the microbial community, which further
significantly affects host energy metabolism of the com-
position of the rumen microbiota of goats under different
temperature and humidity conditions [9].

The composition of animal gut microbiota is affected
by a variety of factors, including diet, breed, age, anti-
biotics, stress, psychology, maternal health, delivery
mode, environment and exercise, which all affect the
gut microbiota diversity [10]. Chaloner et al. found that
the microbiota caused by sex differences exhibits large
differences in hormone secretion, energy metabolism,
immune response and intestinal parameters [11]. Sex dif-
ferences play a crucial role in shaping the gut microbiota.
Sinha et al. pointed out that the composition of the gut
microbiota is significantly different between men and
women, and women have a higher microbiota diversity
than men [12]. The same result was obtained in a mouse
study; the diversity and richness of the gut microbiota
in females was higher than that in males [13]. Sex dif-
ferences in gut microbiota play a key role in the growth
and metabolism of the host. Markle et al. found that
fecal transplantation from males to females significantly
altered the subjects’ microbiota and metabolome, and
this transplantation increased testosterone levels in mice,
alleviated islet inflammation, and protected T1D (type 1
diabetes) development in nonobese diabetic mice [14].
The microbiota can affect innate and adaptive immunity,
which indirectly reflects the level of disease resistance
caused by sex differences [15]. Therefore, we conducted
a comparative analysis of the rumen fermentation func-
tion, host-related gene expression and microbiota struc-
ture in Tibetan goats of different sexes. Our goal was to
understand the changes in the rumen environment and
host gene expression in Tibetan goats of different sexes
to propose new ideas regarding the interactions among
rumen microbiota-VFAs-host genes. Simultaneously, this
study also provides a basis for the study of growth and
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development and feeding patterns in Tibetan goats of dif-
ferent sexes and a reference for the protection and utili-
zation of Tibetan goat germplasm resources.

Results

Determination results of VFAs, NH;-N and CL

There were certain differences in VFAs in the rumen
fluid of Tibetan goats of different sexes (Table 1). The
total VFAs content of TGM was much higher than that of
TGFm (P<0.01). Acetic acid and propionic acid were sig-
nificantly different between sexes, as manifested by sig-
nificantly higher levels in TGM than in TGFm (P<0.05).
The concentrations of isobutyric acid, butyric acid, and
isovaleric acid were higher in TGM than in TGFm, but
this difference was not significant (P>0.05). There were
no significant differences in NH;-N content and cellulase
(CL) activity between TGFm and TGM (P> 0.05).

Determination of VFA absorption-related gene expression
There were differences in the expression of genes related
to VFA transport in the rumen epithelium between the
TGFm and TGM groups (Fig. 1). The relative expression
levels of AE2, DRA, NHE1, NHE2 and MCT-1 were sig-
nificantly higher in TGFm than in TGM (P£<0.05). There
was no significant difference in the expression of MCT-
4 (P>0.05). Moreover, the expression of MCT-1, AE2,
DRA, MCT-4, NHEI and NHE2 in TGFm was 2.8 times,
1.4 times, 3.2 times, 1.3 times, 2.3 times and 0.2 times
that in TGM, respectively.

Diversity of rumen microbiota

A total of 612,007 pairs of reads were obtained in this
study, 610,284 clean reads were generated after tiling
and filtering of double-ended reads, and at least 62,730
clean reads were generated for each sample, with an

Table 1 Rumen fermentation parameters of Tibetan goat of
different sex

Item TGM TGFm P

Concentration(mmol/L)
Acetic acid 3805£1.30 2297+£023 <0.01
Propionic acid 10.39+£1.03 6.854+1.97 0.02
Isobutyric acid 1.05+£0.13 0.92+0.12 0.19
Butyric acid 5264087 450+1.08 0.32
Isovaleric acid 1.07£0.07 0.9440.11 0.82
Valeric acid 1.29+0.50 122+0.19 0.09
A/P 4.17£1.90 3564097 0.81
Total VFAs 52.03+5.08 36.96+225 <0.01
NH;-N(mg/100 ml) 39.97+6.40 40.96£2.31 0.78
CL(ug/min/ml) 157.19 154.56 0.14

A/P indicates acetic acid/propionic acid
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Fig. 1 Expression of VFAs transport-related gene. * For P<0.05 and **
for P<0.01

average of 76,286 clean reads produced. Usearch soft-
ware was used to cluster tags at a similarity level of 97%
to obtain the number of OTUs of each sample. A total of
969 OTUs were obtained, including 945 OTUs in TGM
and 945 OTUs in TGFm and 12 unique OTUs for each
group (Fig. 2A). The dilution curve described the species
diversity and species richness of each sample, and the
flattening of the curve at 30,000 reads indicated that the
sequencing coverage was saturated (Fig. 2B). Alpha diver-
sity analysis (Table 2) showed lower values for TGFm
than in TGM regarding ACE and Chaol indices, but this
difference was not significant (P> 0.05), while the Shan-
non and Simpson indices were higher for TGFm than for
TGM, although this difference was also not significant
(P>0.05).

Composition of the rumen microbiota
At the taxonomic level, a total of 15 phyla, 14 classes,
31 orders, 55 families, 129 genera, and 156 species were
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Table 2 Alpha diversity
Index_type TGFm TGM p
Shannon 747 744 0.87
Simpson 0.99 0.98 0.33
ACE 84831 851.82 0.88
Chao1 868.23 891.64 0.38

detected in this study. At the phylum level, Bacteroidetes
and Firmicutes were the dominant phyla, and the relative
abundance of Bacteroidetes in both TGM and TGFm was
greater than 45%, while the relative abundance of Firmi-
cutes was greater than 32% (Fig. 3A). The relative abun-
dance of Bacteroidetes and Firmicutes was highest in
both TGM and TGFm, accounting for more than 70% of
the total abundance. In addition, Fibrobacteres and Spi-
rochaetes had significantly greater relative abundance in
TGFm than TGM (P<0.05). The relative abundances of
Fibrobacteres and Spirochaetes in TGM accounted for
2.09% and 6.89%, respectively, accounting for 5.71% and
9.76% in TGFm. At the genus level (Fig. 3B), there were
56 genera with relative abundances greater than 0.1%,
and Prevotella_1 was the dominant genus in the rumen
of both the TGFm and TGM group. A total of 13 differ-
ent species were identified among 129 genera (P<0.05).
The relative abundance of Fibrobacter, Ruminococcus_1,
Erysipelotrichaceae_UCG-004, Oscillospira and Pyrami-
dobacter was significantly higher in TGFm than in TGM
(P<0.05). In addition, the relative abundance of Lachno-
spira and Ruminococcaceae_ NK4A214_group was sig-
nificantly higher in TGM than in TGFm (P<0.05). LEfSe
analysis of samples between groups (Fig. 4) revealed that
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Fig.2 A OTU-Venn diagram analysis of TGFm and TGM. B Dilution curve analysis
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there were 7 differential biomarkers (LDA score >4) for
the TGFm and TGM.

Prediction of rumen microbiota function

A total of 46 KEGG gene families and 25 COG gene
families were identified in the 16S rRNA gene sequenc-
ing data using PICRUSt software to predict gene func-
tion. Among the 25 COG gene families, 2 COG gene

families showed significant differences between TGFm
and TGM, and the function of replication, recombi-
nation and repair, RNA processing and modification
(Table 3) showed that TGFm was significantly higher
than TGM (P<0.05). Of the 46 KEGG gene families,
the vast majority were pathways related to metabo-
lism, of which the largest proportion was the function
related to carbohydrate metabolism, followed by amino
acid metabolism and energy metabolism. KEGG gene
family predictions showed that functions related to
amino acid metabolism were increased in TGFm, but
this difference was not significant between TGFm and
TGM (P> 0.05).

Determination of rumen microbiota community density
Figure 5 shows that there were significant differences in
the density of the rumen microbiota of different sexes
in Tibetan goats. Butyrivibrio fibrisolvens had the high-
est relative density in Tibetan goats of different sexes,
which was significantly higher than that in other micro-
biota (P<0.05). In the flora of different sexes, the rela-
tive densities of Ruminococcus albus and methanogenic
bacteria were higher in the TGFm group than in the
TGM group, and the difference was significant between
the TGFm and TGM groups (P < 0.05). The relative den-
sity of Fibrobacter succinogenes was higher in TGFm
than in TGM, but there was no significant difference
(P>0.05). The relative densities of Butyrivibrio fibrolyt-
ica, Ruminobacter amylophilus and Ruminococcus fla-
vanum were higher in TGM than TGFm, although this
difference was not significant (P> 0.05).
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Table 3 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
Class 1 Class 2 TGFm TGM P
Functional prediction of KEGG gene family
Metabolism Carbohydrate metabolism 9.40 9.40 0.97
Metabolism Amino acid metabolism 6.75 6.72 045
Metabolism Energy metabolism 4.09 423 0.15
Functional prediction of COG gene family
Information storage and processing Replication, recombination and repair 5.75 5.64 0.03
Information storage and processing RNA processing and modification 0.0040 0.0016 0.02
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Fig. 5 Determination of rumen microbiota density of Tibetan goats
of different sexes. Bf indicates Butyrivibrio fibrisolvens, Fs indicates
Fibrobacter succinogenes, Ram indicates Ruminobacter amylophilus,
Ra indicates Ruminococcus albus, Rf indicates Ruminococcus
flavanum, MB indicates Methanogenic bacteria. For different sexes,
the same bacterial species marked with * indicates a significant
difference between sexes (P<0.05). In the same sex, different
bacterial species marked with the same lowercase letters indicate a
nonsignificant difference (P> 0.05)

Interactions between rumen microbiota, VFAs

and the expression of genes related to transport

As shown in Fig. 6, the correlation heatmap (correla-
tion threshold>0.5) was constructed between rumen
microbiota (top 20 genus level microorganisms with
relative abundance) and VFAs and rumen epithe-
lium mRNA expression (2724¢T) of Tibetan goats. As
shown in Fig. 6, we further found that VFAs were sig-
nificantly correlated with 6 genus-level microbiota, of
which 3 were positively correlated and 3 were nega-
tively correlated (P<0.05). Furthermore, Ruminococ-
caceae_NK4A214 group and Prevotellaceae_UCG-003
showed significant positive correlations with acetic acid
(P<0.05). Moreover, Treponema_2, Fibrobacter and
Ruminococcus_1 showed significant correlations with
acetic acid (P<0.05). Uncultured_bacterium_f Lach-
nospiraceae, Butyrivibrio_2 and Prevotellaceae_UCG-
001 were negatively correlated with ammonia nitrogen
(P<0.05). In addition, the genes related to VFA trans-
port were correlated with eight genus of microbiota.
Ruminococcus_1 was significantly positively correlated

with NHE2 and MCT-1 (P<0.05) and negatively cor-
related with acetic acid (P<0.05). Fibrobacter showed
a significant positive correlation with NHE1 (P<0.05)
and a significant negative correlation with acetic acid
(P<0.05). Fibrobacter and Ruminococcus_1 showed
a significant negative correlation with valeric acid
(P<0.05). Prevotellaceae_UCG-003 was significantly
negatively correlated with MCT-1 (P<0.05) and posi-
tively correlated with acetic acid (P <0.05).

Discussion

The Tibetan goat is a special ruminant animal in the
Qinghai-Tibet Plateau that provides energy for the body
through rumen fermentation of natural herbage. The
main components of herbage are cellulose and hemi-
cellulose, while cellulase (CL), as an important enzyme
for degrading and digesting fiber substances, can be
secreted by fibrolytic bacteria to improve fiber material
degradation and digestion [16]. It has been reported
that more than 75% of VFAs produced by fermenta-
tion are absorbed by the rumen epithelium as the main
energy source of ruminants [17]. In this study, we found
that the total VFAs in TGM were higher than those
in TGFm and that the VFAs produced in the rumen
must be transported into the blood circulation through
related proteins in the rumen epithelium to provide
energy for the body. The monocarboxylate transporter
MCT-1 plays a crucial role in the transport and absorp-
tion of VFAs in the rumen epithelial membrane [18].
MCT-1 and MCT-4, as two subtypes with different
affinities for VFAs, both play a role in VFA transport in
the gastrointestinal tract of ruminants [18]. In addition,
Connor et al. observed synergistic effect between the
VFA™/H" exchange carrier DRA and MCT-1 [18]. This
discovery indicated that VFAs were cotransported by
multiple transporters in the rumen epithelium. It also
found that the expression of the VFA transport genes
MCT-1 and DRA increased significantly in the TGFm.
We speculated that TGFm transported more VFAs to
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provide energy and maintain nutritional needs dur-
ing the process of adapting to the high-altitude envi-
ronment, resulting in a relatively low concentration of
VFAs in the rumen.

Tibetan goats can live in the plateau environment and
maintain the reproduction of the population, which is
related to the host genome and microbiota called the
"second genome" [6]. Studies have reported that dietary
fiber is the main energy source for intestinal bacterial
fermentation, which can affect estrogen levels and may
also shape the gut microbiota [19]. Similarly, intake of
fiber also promotes higher levels of dietary microbiota
diversity [20]. This present study sequenced the rumen
microbiota in Tibetan goats of different sexes and found
that the abundance of microbiota was significantly dif-
ferent between TGFm and TGM. It is generally believed
that microbiota with high diversity and richness are
beneficial to host health, and high microbiota richness
is beneficial to microbiota stability [21]. For ruminants,
Firmicutes and Bacteroidetes play an important role in
degrading fiber and digesting complex carbohydrates
[22, 23]. Here, we found that Bacteroidetes and Firmi-
cutes were the main dominant phyla, which is consistent
with the results of Wang et al. [24]. Bacteroidetes degrade
high-molecular-weight organic matter and improve the
innate immune response by enhancing intestinal mucosal
barrier function [25, 26]. Firmicutes carry many genes
encoding enzymes related to energy metabolism and
produce many digestive enzymes to decompose various

substances, thereby helping the host digest and absorb
nutrients [27]. In the rumen ecosystem, Spirochaetes
play a role in the degradation of cellulose, pectin and
phytic acid, the utilization of fermentable carbohydrates
and the production of volatile fatty acids [28]. In the pre-
sent study, we found that the relative abundance of spi-
rochaetes in TGFm was significantly higher than that in
TGM, which is inconsistent with the results of Hu et al.
[29]. At the genus level, the relative abundance of Lach-
nospira was significantly higher in TGM than in TGFm
(P<0.05). Jalanka et al. founded Lachnospira was asso-
ciated with the degradation of pectin [30]. Pectin had a
strong regulatory effect on the stability of the rumen
environment of ruminants, and the rumen flora Lachno-
spira can promote the degradation of pectin, further pro-
duce galacturonic acid, inhibit the fermentation of acid
lactic acid bacteria, and increase the pH of rumen juice
[30, 31]. This result further indicated that Lachnospira in
the rumen of TGM could better regulate the rumen envi-
ronment and prevent acidosis in this study. The genus
Prevotella_1, a dominant genus of rumen microorgan-
isms, was not significantly different between the TGFm
and TGM groups (P>0.05). Prevotella_1 plays an impor-
tant role in the degradation and utilization of plant non-
cellulosic polysaccharides, protein, starch and xylans [32].
In addition, we showed that many cellulolytic bacteria,
such as Ruminococcus_1, Fibrobacter and Pyramidobac-
ter were identified. Cellulolytic bacteria are an important
bacterial type that play a key role in degrading cellulose
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materials to produce VFAs in the rumen [33]. Therefore,
in this study, the abundances of cellulolytic bacteria such
as Ruminococcus_1, Fibrobacter and Pyramidobacter
were significantly higher in TGFm than in TGM, indi-
cating that TGFm had a strong fermentation capacity
under the harsh plateau environment. TGFm can decom-
pose and ferment more cellulose to produce energy sub-
stances VFAs, and these VFAs are further transported by
rumen epithelial transporters into the blood for energy,
while in the earlier part of this study, the significantly
higher expression of VFA transport genes in TGFm fur-
ther indicated a high metabolic capacity. In addition, the
measurement results of the density of the rumen micro-
biota further tested the microbiota diversity. Studies have
found that Ruminococcus albus contains cellulosomes
that can adhere to and digest cellulose, and its genome
encodes cellulase and hemicellulase [34]. Fibrobacter suc-
cinogenes is an anaerobic bacterium naturally colonizing
the rumen and cecum of herbivores, where it decon-
structs cellulose into cellobiose and glucose, which serve
as carbon sources for growth [35]. In this study, Rumino-
coccus albus increased significantly in the TGFm group
compared with the TGM group (P<0.05). Fibrobacter
succinogenes also showed an increase in abundance in
TGFm, but this difference was not significant (P>0.05),
which further indicated that TGFm had a strong ability to
degrade fibrous substances.

Previous studies have reported that the production
of propionic acid requires the consumption of rumen
hydrogen, which is the main substrate for the growth of
methanogens and methanogenesis [36]. The methane
produced in the rumen fermentation process is a kind of
energy loss to the ruminant host and contributes to the
emission of greenhouse gases to the environment [36].
Therefore, we speculated that the significant increase in
methanogens in TGFm caused an energy loss, which in
turn led to fewer VFAs in the rumen of TGFm. The pre-
diction of microbiota gene function revealed differences
in microbiota gene functions in Tibetan goats of differ-
ent sexes. In the COG gene family, replication, recom-
bination and repair, RNA processing and modification
were significantly increased in TGFm. A related study
reported that DNA damage caused by inflammation trig-
gered the activation of DNA repair pathways, and the
DNA repair mechanism further protected against DNA
damage caused by infection and inflammatory diseases
and participated in innate and adaptive immunity [37].
Therefore, the results of this study showed that during
the process of adapting to a high-altitude environment,
TGFm can develop adaptive immunity to maintain nor-
mal healthy activities.
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The correlation analysis of rumen microbiota and
metabolite VFAs and VFA transport genes showed a
certain correlation among them. Previous reports have
indicated that Ruminococcaceae_ NK4A214_group has a
significant and positive correlation with glycolysis [38].
Acetic acid significantly increased the muscle expres-
sion of key enzymes involved in fatty acid oxidation
and glycolytic-to-oxidative fiber-type transformation
in exercise-train mice [39]. Acetyl-CoA generated from
acetic acid can be preferentially used in the synthesis of
citric acid and then participate in citric acid biosynthe-
sis [40]. In this study, correlation analysis showed that
Ruminococcaceae NK4A214 group was significantly
positively correlated with acetic acid (P<0.05). There-
fore, we speculated that Ruminococcaceae NK4A214
group may have a certain influence on the production
of acetic acid by affecting the glycolysis pathway, fur-
ther leading to the significant difference in acetic acid
between TGFm and TGM. Acetic acid was significantly
negatively correlated with Ruminococcus_1 (P<0.05),
and MCT-1 was also significantly negatively correlated
with Ruminococcus_1 (P<0.05). Among these VFA
transport genes, MCT-1 transports acetic acid and
propionic acid into the blood [18]. This result further
explains that when TGFm maintains energy require-
ments, the VFA transporter can transport relatively
more VFAs and then be absorbed and utilized by the
rumen epithelium. Thus, the total concentration of
rumen VFAs was significantly lower than that of TGM,
which further indicated that TGFm had stronger
energy metabolism under the traditional grazing con-
dition in the plateau. In addition, the anion exchange
protein AE2, located in the basal apical membrane of
rumen epithelial cells, plays an important role in reg-
ulating homeostasis [41]. In this study, the expression
of AE2 and NHE2 in TGFm was significantly higher
than that in TGM, which might be related to produc-
tion of more VFAs by the rumen microbiota in TGFm
to prevent rumen acidosis and regulate the homeosta-
sis of the rumen. Based on the above results, we found
a certain correlation between microbiota-VFAs-host
genes (Fig. 7). Under natural grazing conditions in pla-
teaus, the rumen microbiota in Tibetan goats of differ-
ent sexes showed certain differences, which resulted
in different fermentation functions among them. The
microbiota produces energy substances, VFAs, by fer-
menting herbage, which are further transported by
rumen epithelial transporters into the blood to supply
energy. This interaction mechanism plays an important
role in maintaining the nutrient balance between tissue
cells and the rumen environment and regulating rumen
environment homeostasis.
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Conclusion

This study revealed the differences in the rumen micro-
biota and rumen fermentation function in Tibetan goats
between different sexes. Under the same nutrient level
of herbage, total VFAs, propionic acid and acetic acid in
TGM were significantly higher than those of TGFm, and
the higher expression of VFA transporter genes in TGFm
indicated that TGFm had a good efficiency of transport-
ing energy materials. The relative abundance of cellulolytic
bacteria in TGFm, such as Firmicutes, Fibrobacteres and
Spirochaetes, was significantly higher than that in TGM,
which promoted the degradation and fermentation of
herbage. Microbiota function prediction revealed that
replication, recombination and repair, RNA processing

and modification functions were significantly enriched in
TGFm, which caused TGFm to participate in innate and
adaptive immunity and maintain normal healthy activi-
ties. Correlation analysis revealed a significant positive
correlation between acetic acid and Ruminococcaceae
NK4A214 group. We further inferred that the Ruminococ-
caceae_NK4A214_group might have a certain influence on
the production of acetic acid through glycolysis. Based on
the above results, the cellulolytic bacteria were significantly
more abundant in TGFm than in TGM, causing TGFm to
decompose and ferment more cellulose to produce energy
substances, such as VFAs. Moreover, VFA transporters
could transport can transport relatively more VFAs and
then be absorbed and utilized by the rumen epithelium, so
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the total concentration of rumen VFAs was significantly
lower than that in TGM. Thus, yearling female goats have
a strong fermentation and metabolism ability in adapting
to the special plateau environment compared with male
goats, providing an additional basis for the study of adult
Tibetan goats.

Materials and methods

Experimental animals

Eight healthy Tibetan goats (1 year+1 month old) were
obtained from a farm in Maqu County (Gansu Province,
China) in July 2019, which used local traditional natu-
ral grazing management and was located at an altitude of
3700 m. Yearling female goats and Yearling male goats each
accounted for half of the population (n=4).

Collection of animal samples

Before grazing in the morning, the rumen fluid of Tibetan
goats was collected with a gastric tube rumen sampler, and
50 mL of rumen fluid was collected from each goat. The
samples were divided into cryopreservation tubes quickly
placed into liquid nitrogen tanks and transported to the
laboratory for storage at —80 ‘C. The samples were used
for the determination of 16S rRNA, volatile fatty acids
(VEAs) content and ammonia nitrogen (NH;-N) content.
The animal procedures were approved by relevant depart-
ments and in compliance with animal welfare principles.
Jugular vein bloodletting was performed (local traditional
method), the rumen was removed immediately after death,
and a small piece of rumen ventral sac tissue was removed.
The contents of the tissue were quickly washed away with
normal saline. Subsequently, the rumen epithelial tissue
was separated with blunt scissors, rinsed with phosphate-
buffered saline (PBS), and stored in liquid nitrogen in
cryopreservation tubes, which were transported to the lab-
oratory for storage at -80 ‘C for RNA extraction.

Collection of forage samples

In the grazing field of experimental animals, sample
squares (1 m x 1 m) were used to collect forage sam-
ples, and 5 squares (1 m x 1 m) were randomly placed
at a distance of more than 10 m. The ground part of
the forage samples was collected, and the samples were
cut out with scissors. The sample of each square was
dried in a laboratory oven at 60 ‘C for 24 h to a constant
weight, ground in a mill and passed through a 1 mm
sieve for further analysis. The Van Soest method was
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used to determine the concentration of acid detergent
fiber (ADF) and neutral detergent fiber (NDF) in 5 sam-
ples [42]. The AOAC method was used to determine
dry matter (DM), crude protein (CP), crude fatty ether
extract (EE), crude ash (Ash), calcium and phosphorus
[43]. The measurement results are shown in Table 4.

Determination of rumen fermentation parameters

VFAs were determined using a Shimadzu (GC-2010
PLUS) gas chromatograph with an internal standard
method, and the internal standard was 2-ethylbutyric
acid (2 EB). The determination was performed on an AT-
FFAP capillary column (50 m x 0.32 mm x 0.25 pm). The
column temperature was maintained at 60 °‘C for 1 min,
then increased to 115 °C at 5 ‘C/min without reservation,
and then increased to 180 C at 15 C/min. The detector
temperature was 260°C, and the injector temperature was
250 C. The content of NH,;-N in rumen fluid was deter-
mined by spectrophotometer colorimetry (spectropho-
tometer UV). A cellulase (CL) activity assay kit (Suzhou
Keming Biotechnology Company Limited, China) was
used to determine the activity of cellulase in rumen fluid.

DNA extraction, high-throughput sequencing and colony
density determination

The bacterial DNA was isolated from each rumen
sample using an MN NucleoSpin 96 Soil kit (Mach-
erey—Nagel, Germany). The bacterial V3-V4 region
of 16S rRNA genes in the total DNA was amplified
using specific primers (forward primer 338F: 5'-ACT
CCTACGGGAGgCAGCA-3' and reverse primer
806R: 5'-GGACTACHVGGGTWTCTAAT-3'). The
rumen microbiota was sequenced using a two-step
library construction method, and amplified products
were sequenced on Illumina MiSeq 2500 (Illumina,
San Diego, CA, USA) platform. Using rumen micro-
biota DNA as a template, methanogens, protein-
degrading bacteria and fiber-degrading bacteria were
selected for population density determination and
analysis (see Table 5 for sequence information). Bac-
teria were used as an internal reference, and bacterial
primers referred to the study reported by Muyze et al.
[44]. The sequencing data were deposited into the
Sequence Read Archive (SRA) of NCBI (Accession Nos.
SRR16930752—-SRR16930759).

Table 4 Summary nutrient determination results of plateau forage (%)

CcpP EE DM Ash

NDF ADF Ca P

10.64 4.07 5.39 6.95

54.95 32.15 0.84 1.14
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Table 5 Primer sequences of microbiota
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Gene Primer(5’-3') Length Annealing temperature ('C) Accession number

Bacterium F:CCTACGGGAGGCAGCAG 181 bp 60 *
RTTACCGCGGCTGCTGG

Rf FTATCTTAGTGGCGGACGGGT 157 bp 60 MT356193.1
RTCTAATCAGACGCGAGCCCA

Fs F.GATGAGCTTGCGTCCGATT 110 bp 60 EU606019.1
RATTCCCTACTGCTGCCTCC

Ra F:GGGCTTAACCCCTGAACTGC 114 bp 60 X85098.1
RTCGCCACTGATGTTCCTCCT

Ram F:-GGGGACAACACCTGGAAACG 124 bp 60 Y15992.1
R.CTTGGTAGGCCGTTACCCCA

Bf F:-CCTGACTAAGAAGCACCGGC 107 bp 60 U41167.1
R.GTAAAACCGCCTACGCTCCC

MB FTCTGTACGGGTTGTGAGAGCA 106 bp 60 KP752401.1

R.CGCGATTTCTCACATTGCGG

Determination of mRNA expression in rumen epithelial
tissue

Total RNA was extracted from rumen epithelial tis-
sues of Tibetan goats using the TRIzol reagent method
(TransGen). The concentration and purity of RNA
were determined using an ultramicro spectrophotom-
eter (Thermo Nano drop-2000). A reverse transcription
kit (HiScript® II Q RT SuperMix for qPCR; Nanjing,
China) was used to synthesize cDNA. Specific primers
were designed using Primer 5.0 software (Table 6). An
Applied Biosystems Q6 quantitative PCR instrument was
used to quantify the fluorescence of the rumen epithe-
lium-related genes and the internal reference gene. The

Table 6 Primer sequences of fatty acid-related genes

resulting data were analyzed using the 24T method
and B-actin as the internal reference gene for correc-
tion. Reaction conditions: 95 °C predenaturation for 30 s;
cyclic reaction at 95 °C for 10 s, 60 °C for 30 s, 40 cycles;
dissolution curve (95 °C for 15 s, 60 °C for 60 s, 95 °C for
155s).

Bioinformatics analysis

Quality assessment of the original sequencing data:
the original sequencing reads are denoised, paired-
end spliced (FLASH, version 1.2.11), quality filtered
(Trimmomatic, version0.33), and chimera removed
(UCHIME, version 8.1). The Usearch software (Version

Gene Primer (5’-3') Length Annealing temperature (°C) Accession number

B-actin F:AGCCTTCCTTCCTGGGCATGGA 113 bp 60 NM_001009784.3
R:.GGACAGCACCGTGTTGGCGTAGA

DRA FTGTGGCGGCTTCCAGAATTT 167 bp 60 NM_001280717.1
R:.CACAGGCTTGTTTGGGAGCA

MCT1 F:GGACTGTGTCATCTGGCAGC 134 bp 60 XM_004002335.4
RTGGGGTCCAACAAGGTCCAT

AE2 F:AAGATCCCTGAGAACGCCGA 152 bp 60 XM_027969012.1
R:AGCAGAAAGAGGAAGCGCAC

NHE2 FTTCTTTGTCGTGGGGATCGG 180 bp 60 XM_027967037.1
R:.CGTGATTGCCATGATGCCTG

MCT4 F:ACGGCTCAGCCTTAGTAAACTTC 144 bp 60 NC_0402252.1
R:AATGGAGTTGTGCGAGTTGGT

NHET F:GCTTCTTCGTGGTGTCCCTG 174 bp 60 XM_004005085.4

R:.CCATGATGCCTGACAGGTGG
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10.0) was used to cluster the high quality effective Tags
with the 2013 Greengenes (version 13.8) ribosome
database at 97% similarity level. Operational taxonomic
units (OTUs) was filtered with 0.005% of all sequences
sequenced as the threshold, and species annotation and
taxonomic analysis were performed on OTU based on
Silva (Bacteria 16S) database [45].

Alpha diversity analysis was performed on OTU
analysis results by Mothur (version V.1.30), and the
Rarefaction Curve and Shannon Index Dilution Curve
were plotted. Different species between groups were
obtained by LefSe analysis.

Finally, PICRUST software was used to compare the
species composition information obtained from 16S
sequencing data to analyze the functional differences
among different groups. KEGG (Kyoto Encyclopedia
of Genes and Genomes) difference analysis was per-
formed to observe the differences and variations in
metabolic pathways of functional genes in microbial
communities among different groups of samples. COG
(Clusters of Orthologous Groups of proteins) analy-
sis predicts the differences and changes of prokaryotic
functions between different groups.

Statistical data analysis

The independent sample T test in SPSS software (ver-
sion 24.0, SPSS Inc.) was used to analyze differences
in rumen fermentation parameters (VFAs), CL activ-
ity and Alpha diversity index (Ace index, Chaol index,
Shannon index and Simpson index) of Tibetan goat of
different sex. Linear discriminant analysis (LDA) effect
size (LEfSe) method was used to evaluate the differ-
ences of microbial communities, and the LDA score
threshold was 4. The analysis data were all expressed
as Mean=®SD, and the statistical significance level is
P<0.05. Spearman was used for correlation test.
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