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Coping with extremes: the rumen =
transcriptome and microbiome co-requlate
plateau adaptability of Xizang goat
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Abstract

The interactions between the rumen microbiota and the host are crucial for the digestive and absorptive processes
of ruminants, and they are heavily influenced by the climatic conditions of their habitat. Owing to the harsh
conditions of the high-altitude habitat, little is known about how ruminants regulate the host transcriptome and
the composition of their rumen microbiota. Using the model species of goats, we examined the variations in

the rumen microbiota, transcriptome regulation, and climate of the environment between high altitude (Lhasa,
Xizang; 3650 m) and low altitude (Chengdu, Sichuan, China; 500 m) goats. The results of 16 S rRNA sequencing
revealed variations in the abundance, diversity, and composition of rumen microbiota. Papillibacter, Quinella, and
Saccharofermentans were chosen as potential microbes for the adaptation of Xizang goats to the harsh climate

of the plateau by the Spearman correlation study of climate and microbiota. Based on rumen transcriptome
sequencing analysis, 244 genes were found to be differentially expressed between Xizang goats and low-altitude
goats, with 127 genes showing up-regulation and 117 genes showing down-regulation. SLC26A9, GPX3, ARRD(H4,
and COXT were identified as potential candidates for plateau adaptation in Xizang goats. Moreover, the metabolism
of fatty acids, arachidonic acids, pathway involving cytokines and their receptors could be essential for adaptation
to plateau hypoxia and cold endurance. The expression of GPX3, a gene linked to plateau acclimatization in Xizang
goats, was linked to the abundance of Anaerovibrio, and the expression of SLC26A9 was linked to the quantity of
Selenomonas, according to ruminal microbiota and host Spearman correlation analysis. Our findings imply that in
order to adapt harsh plateau conditions, Xizang goats have evolved to maximize digestion and absorption as well
as to have a rumen microbiota suitable for the composition of their diet.
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Introduction

One of the first animals that humans domesticated was
the goat [1]. In contrast to goats found in low altitudes,
Xizang goats are exposed to harsh conditions, including
high altitude, low oxygen, and intense UV radiation. To
cope with these conditions, Xizang goats have evolved
unique morphologies, physiological and biochemical
characteristics, and genetic adaptations to withstand pla-
teau stress [2—4].

The rumen, reticulum, abomasum, and omasum are the
four chambers of a ruminant’s stomach [5]. The rumen,
the largest chamber in ruminants, offers anaerobic condi-
tions for microbial fermentation. This process is crucial
for the breakdown of proteins, carbohydrates, starch and
fats through anaerobic fermentation, and it also supplies
the host with nutrients in the form of microbial proteins
and volatile fatty acids (VFAs) [6]. With bacteria com-
prising 70% of all microorganisms, the rumen is rich in a
variety of microorganisms, including fungi, bacteria, pro-
tozoa, and archaea. The rumen’s microbiota structure is
closely related to immunological defenses, nutrition con-
trol, host growth and development, and modifications to
the environment [7, 8]. According to certain studies, the
predominant microorganisms in the high and low alti-
tude regions differed significantly, and the proportion of
bacteria that break down fiber was significantly higher in
the high altitude than in the low altitude, while the pro-
portion of bacteria that break down starch did not differ
significantly [9]. These findings suggest that yak rumen
microorganisms are somewhat adaptable to different
altitudes. Another study investigated the forage fermen-
tation and rumen microbial diversity in yaks raised to
three, four, and five thousand meters above sea level. It
was discovered that, as forage fermentation efficiency
increased, rumen microbial diversity declined with alti-
tude. This suggests that yak rumen microorganisms have
adapted to alpine environments in tandem with their
hosts [10]. The fundamental idea of evolutionary biol-
ogy is genetic adaptability, which is widely accepted. The
expression of genes involved in energy metabolism, inti-
mately linked to the metabolic processes of rumen bac-
teria, is influenced by adaptive evolution in ruminants
at high altitudes [11]. Highland Xizang sheep use rumen
fermentation and gene interactions with epithelial cells
to control immune system function and food intake [12].
Nevertheless, a study found that both endogenous and
exogenous factors, including host immunity, metabolism,
and dietary structure, had an impact on microbial diver-
sity. However, these factors only explained 10-20% of the
variation in microbial diversity [13, 14]. To better under-
stand plateau adaptation in ruminants, a highly sought-
after and crucial tool involves combining transcriptomic,
epigenomic, metabolomic, and microbial polyomics.
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Several studies have demonstrated how crucial it
is to fully sequence the gastrointestinal microbiome
and macro genome to correlate the results with the
host genome, transcriptome, and metabolic profiles to
uncover the pertinent patterns and mechanisms of the
physiological properties of the host [15]. Functional
connections between rumen bacteria and the host were
found during the transcriptome and microbiome analy-
sis of the rumen epithelium development in lambs [16].
These findings imply that microbes and the host work
together to support the development of the rumen’s epi-
thelium. To investigate the dynamics of rumen’s func-
tion, microbial colonization, and functional relationships
between them during the first eight weeks of life, tran-
scriptome and macroeconomic data from the goat rumen
were synthesized [17]. The mechanisms by which the
Xizang sheep’s rumen transcriptome, microbiome, and
metabolome work in concert to regulate adaption dur-
ing the cold season were discovered using a multi-omics
approach [18]. Some reports have revealed the microbial
composition and gene function of the gastrointestinal
tract of ruminants on the Xizang Plateau, as well as the
interaction of rumen microbes and their metabolites with
the host [10, 11, 17]. But there are currently few reports
on the study of choosing low-altitude goats and high-alti-
tude Xizang goats for comparative analysis to explore the
plateau acclimatization of the Xizang goat.

The purpose of this study was to learn more about the
interactions that occur between the host transcriptome
and rumen microorganisms throughout the acclimati-
zation process on the plateau in Xizang goats. Thus, in
this study, key genes regulating plateau acclimatization,
interactions between rumen microbiota and the host
transcriptome, and the major microbiota associated with
plateau acclimatization in Xizang goats were explored
using 16 S rRNA sequencing and rumen transcriptome
(mRNA sequencing). High-altitude Xizang goats were
used as test subjects, while low-altitude goats were cho-
sen as the control group.

Materials and methods

Experimental design, sample, and climate data collection
High-altitude Xizang goats from Lhasa, Xizang Autono-
mous Region were selected as the experimental study
subjects and low-altitude goats from Chengdu, Sichuan
Province were used as the control group. Six rams each
with similar body weight, good health condition, and
similar day old were randomly selected respectively. The
rumen fluid was collected from the goats with a gastric
tube rumen sampler, filtered through gauze, and trans-
ferred to a 2 mL frozen storage tubes. The collected
rumen fluid was quickly frozen in a liquid nitrogen tank
brought back to the laboratory and stored at— 80 ‘C for
later 16 S rRNA analysis. After slaughter, 1 cm? of rumen
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tissue was collected and rinsed quickly with PBS, and the
epithelial tissue was isolated and quickly stored in liquid
nitrogen for subsequent extraction of total RNA. Cli-
matic data were obtained from the website https://www.
weather-atlas.com/zh.

RNA extraction, transcriptome analysis, reverse
transcription-quantitative PCR validation

Total RNA from rumen epithelial tissues of high-altitude
Xizang goats and low-altitude goats was extracted by
the Trizol method. After successful extraction, the RNA
was added to 50uL of DEPC treated water to dissolve the
RNA. Subsequently, total RNA was identified and quan-
tified using NanoDrop and Agilent 2100 Bioanalyzer
(Thermo Fisher Scientific, MA, USA). The mRNA was
purified using Oligo(dT) magnetic beads.The purified
mRNA was lysed into small fragments with fragmenta-
tion buffer at an appropriate temperature. The first strand
of cDNA was then generated by reverse transcription
using random hexamer primers and then second strand
of cDNA was then synthesized. The end repair was then
performed by incubation with the addition of a tail mix
and RNA index adapter. cDNA fragments obtained by
PCR amplification were used to purify the product with
Ampure XP beads and then solubilized in ethidium bro-
mide (EB) solution. The product was verified for quality
control on an Agilent Technologies 2100 Bioanalyzer.
The double-stranded PCR product obtained in the previ-
ous step was heat denatured and circulated through the
clipboard oligonucleotide sequence to obtain the final
library. Single-stranded circular DNA (ssCir DNA) was
formatted into the final library. The constructed libraries
were machine-sequenced using Illumina NovaseQ 6000
(San Diego). To verify the reproducibility of the gene
expression data, six differentially expressed genes (DEGs)
were randomly selected for reverse transcription-quan-
titative PCR (RT-qPCR) method from individual RNA

Table 1 Primers used for quantitative real-time PCR

Genes Sequence(5'—3’) Product size/bp

GAPDH F: CCTGCCAAGTATGATGAGAT 117
R: AGTGTCGCTGTTGAAGTC

SLC6A4 F.GTATATGGCTGAGATGAGGAA 92
R:CTATGGCTTCTGCGTATGT

ME1 F: GAGCAAGCCATACAGAAGA 174
R: AATCGCAGCAACTCCAAT

SUOX F:CCTTCTCTGGTGGTAACTC 124
RTATCTGCGTGGTGACTCT

GPX3 F:ATTCGGTCTGGTCATTCTG 200
R: GAGGACAGGAGTTCTTCAG

CPEB4 FTCTCCTACACCGTCTTCTT 107
R:.GGCGTTATTCCTCCATTCA

TKT F.ACGGAGAAGGCAGTAGAA 166
R:.CAGCACCAATCACAGTCA
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samples initially extracted by RNA-seq. For primer infor-
mation for these DEGs, see Table 1.

DNA extraction and 16 S rRNA sequencing

Using the hexadecyl trimethyl ammonium bromide
(CTAB) method, total genome DNA was isolated from
the rumen fluid of Xizang goats raised at high altitudes
and goats raised at low altitudes. On a 1% agarose gel, the
concentration and purity of DNA were observed. Using
sterile water, DNA was diluted to 1ng/L based on the
concentration. 15 L of Phusion® High-Fidelity PCR Mas-
ter Mix (New England Biolabs), 2 mM of forwards and
reverse primers, and roughly 10 ng of template DNA were
used in the PCR reactions. The process of thermal cycling
involved a one-minute initial denaturation at 98 °C, thirty
cycles of denaturation for ten seconds at 98 °C, thirty sec-
onds of annealing at 50 °C, and thirty seconds of elonga-
tion at 72 °C. Lastly, 72 °C for five minutes. Combine the
PCR products with an equal volume of 1 x loading buffer
that contains SYB green, then run the electrophoresis on
a 2% agarose gel to detect the results. Equidensity ratios
were used to combine the PCR products. Next, a Qiagen
Gel Extraction Kit (Qiagen, Germany) was used to purify
a mixture of PCR products. After creating sequenc-
ing libraries using the TruSeq® DNA PCR-Free Sample
Preparation Kit (Illumina, USA) in accordance with the
manufacturer’s instructions, index codes were inserted.
The Qubit@ 2.0 Fluorometer (Thermo Scientific) and
Agilent Bioanalyzer 2100 system were used to evaluate
the quality of the library. Ultimately, the library under-
went sequencing on an Illumina NovaSeq device, yielding
paired-end reads of 250 bp of length.

Data analysis

Climate data was statistically analyzed using indepen-
dent samples t-tests in IBM SPSS Statistics 21 software;
Both the relationship between rumen bacteria and DEG
related to rumen metabolite plateau adaptation and the
correlation between rumen bacteria and climate were
found using Spearman’s correlation analysis. P<0.05
were considered statistically significant, P<0.01 were
considered highly significant, and P<0.001 were consid-
ered extremely significant.

Results

Climate change in the subsistence environment of the
Xizang mountains

Xizang goats face harsher living conditions, includ-
ing high temperatures, low oxygen levels, and intense
UV radiation, compared to low-altitude goats. Fig-
ure 1(A)-(D) shows the major variation in climate
between the high-altitude area (Lhasa) and low-altitude
area (Chengdu). The average UV index was significantly
lower in the low-altitude area. In the low-altitude region,
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Fig. 1 Comparison of climate change in the living environment of Xizang goats and low-altitude goats. (A) Comparison of changes in average high
temperatures. (B) Comparison of changes in average low temperatures. (C) Comparison of changes in average humidity. (D) Comparison of changes in
average UV index. Lhasa represents high altitude, and Chengdu represents low altitude

average high and low temperatures as well as humidity
were noticeably higher. This implies that Xizang goats
might survive in dry, high-radiation, and extremely cold
environments.

Changes in a and g diversity of Rumen Microbiota in
Xizang goats

The Rarefaction Curve is a commonly used curve that
describes the diversity of samples within a group. It
directly reflects the appropriateness of the amount of
sequencing data and indirectly reflects the diversity of
species in the samples. In both the Xizang and low alti-
tude goat groups, the Rarefaction Curve tended to flat-
ten (Additional file 1), indicating that the quantity of
sequencing data was asymptotically appropriate. The
microbiota’s richness and diversity were primarily mea-
sured using the Chaol index, Shannon index, PD_whole_
tree, and ACE index. The a and f diversities of the goats’
rumen microbiota varied depending on their height.
Figure 2(A-D) display the results of the study, which

describes that the rumen microbiota of Xizang goats had
considerably greater levels of the Chaol index, Shan-
non index, PD_whole_tree, and ACE index (P<0.01)
than those of low-altitude goats. As shown in Fig. 2E,
the PCoA analysis revealed a significant difference in
S diversity between the low-altitude goats’ and Xizang
goats’ rumen microbiota. The results indicated that the
abundance and diversity of rumen microbiota of Xizang
goats were significantly higher than those of low-altitude
goats, suggesting that a higher abundance and diversity
of microbiota may be favorable for survival in the host
plateau environment.

Changes in Rumen Microbiota composition in Xizang goats
At the microbial phylum classification level, the rela-
tive abundance of TOP10 rumen microbiota of Xizang
goats and low-altitude goats was demonstrated by Tax-
onomy analysis as shown in Fig. 3A. Among these, Bac-
teroidota accounted for about 49.0% of the Xizang goats
and was the dominant phylum, followed by Firmicutes,
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Gracilibacteria, and unidentified_Bacteria, —which
accounted for about 42.1%, 1.8%, and 3.3%, respectively.
In low-altitude goats, the relative abundance share of
Bacteroidota increased by about 3.5%, while Euryar-
chaeota increased by approximately 21.7%. In contrast,
the relative abundance share of Firmicutes decreased by
about 20.3% compared to Xizang goats. At the micro-
bial genus classification level, as depicted in Fig. 3B, the
common genera in Xizang goats included Prevotella
(15.0%), Succiniclasticum (2.6%), Quinella (3.7%), and
Selenomonas (5.2%). In contrast, the common genera in
low-altitude goats were Prevotella (25.4%) and Methano-
brevibacter (22.2%).

LEfSe (LDA Effect Size) is an analytical tool for discov-
ering and interpreting high-dimensional biomarkers that
can be used to make comparisons between two or more
subgroups. This study employed LEfSe to assess whether
specific bacterial taxa were differentially enriched in
Xizang goats compared to low-altitude goats. Using a

log LDA score cutoff of 4, the study identified 23 differ-
entiating genera as key differentiators (Fig. 3C). Twenty-
two genera, including Firmicutes, Christensenellaceae,
Succiniclasticum, Saccharofermentans, Oscillospiraceae,
Muribaculaceae, Papillibacter, and Lachnospiraceae_bac-
terium_CG2, among others were significantly enriched in
Xizang goats. In contrast, only Erysipelotrichaceae_bac-
terium_NK3D112 was significantly enriched in low-alti-
tude goats. Branch diagrams representing the taxonomic
hierarchy of rumen microbiota from phylum to species
level showed significant differences in phylogenetic dis-
tributions between the microbiota of Xizang goats and
low-altitude goats (Fig. 3D). The results indicated that
there were significant differences in rumen microbiota
composition between low-altitude goats and Xizang
goats.The significant enrichment of the microbiota may
be beneficial for the adaptation of Xizang goats to the
plateau environment.



Pan et al. BMC Genomics (2024) 25:258

Page 6 of 15

100 100 -
X 801 $0-
~ p__Bacteroidota
3 B Others
] I »_ Fimicutes Bl ¢ Prevotella
g I p_ Euryarchaeota [ ¢_ Methanobrevibacter
—g 60 - p__unidentified_Bacteria 60 g_ Selenomonas
5 p__Actinobacteriota ¢_Quinella
_g p__Gracilibacteria g_ Succiniclasticum
o [ p_Spirochaetota I ¢ Saccharofermentans
2 40 4 I p_Proteobacteria 40 I ¢ unidentified_Bacteria
g Il p_ Verrucomicrobiota B ¢ Ruminococcus
S .
o) Il p_ Synergistota [l ¢ unidentified_Gracilib:
5 Il Others I 2 Papillibacter
20 20 4
() — —— . T 0 __— T
HGRM LGRM HGRM LGRM
C W oo Il o D
s__Erysipelotrichaceae_bacterium_NK3D112 _ C| a d og ram
_ o__unidentified_Gracilibacteria B o f Muribacul
e - ) - HGRM a: f_Muribaculaceae
_ f__unidentified_Gracilibacteria = 1GRM BN b: f_Christensenellaceae
_ o__unidentified_Bacteria I c: f_Hungateiclostridiaceae
- Bl d:f_Oscillospiraceae
I _pilbacter B c:o_unidentiied_Clostidia
I ¢ unidentified_Bacteria BB 1. f_unidentified_Bacteria
I _ccstidaceas B - o—tiende goctr
- B h: c_unidentified_Bacteria

c__unidentified_Bacteria
p__unidentified_Bacteria
I__unidentified_Gracilibacteria

» @

__Lachnospiraceae_bacterium_CG2
Succiniclasticum

g__unidentified_Bacteria

g__Saccharofermentans

f__Oscillospiraceae

s__human_gut_metagenome

f__Muribaculaceae

f__Christensenellaceae

g__Quinella

o__unidentified_Clostridia

p__Firmicutes

s__SR1_bacterium_human_oral_taxon_HOT_345

s__TM7_phylum_sp_oral_clone_CWO040
6 4 2 0 2 4

LDA SCORE (log 10)

d

Fig. 3 Comparison of changes in rumen microbiota composition between Xizang and low-altitude goats. (A) Composition of microbiota phylum level
in Xizang and low-altitude goats. (B) Composition of microbiota genus level in Xizang and low-altitude goats. (C) Cladogram generated from the LEfSe
analysis indicating the phylogenetic distribution from phylum to genus levels of the microbiota of Xizang goats and low-altitude goats. (D) Histogram of
LDA scores to identify differentially abundant bacterial genera between Xizang goats and low-altitude goats

Correlation analysis between Rumen Microbiota and
climate

The current study used host-climate correlations and
heat maps using Spearman correlation analysis to high-
light the relationship between rumen microbiota and
climate as well as their interactions in the adaptation of
Xizang goats to the plateau environment. We choose to
connect the relative abundance data of the microbiota
with the climate data from April to September, given that
our sample was taken in mid-June. As shown in Fig. 4,
we observed significant positive correlations (p<0.001)
between the average UV index of the climate and Papilli-
bacter, Quinella, and unidentified Gracilibacteria. Addi-
tionally, the average humidity showed significant positive
correlations (p<0.05) with Oribacterium, Quinella, and

Butyrivibrio. Furthermore, the average low temperature
exhibited a significant negative correlation (p<0.01)
with Saccharofermentans and Papillibacter, among oth-
ers, while the average high temperature displayed a sig-
nificant negative correlation (p<0.05) with unidentified
Bacteria, Saccharofermentans, and Quinella, among oth-
ers. Interestingly, we discovered that numerous bacterial
families—Papillibacte, Quinella, and Saccharofermen-
tans, for example—that exhibited substantial correlations
with climatic parameters also had significant variations
in relative abundance between Xizang goats and low-
altitude goats. As a result, Xizang goats had considerably
higher concentrations of Papillibacter, Quinella, and Sac-
charofermentans, which may help Xizang goats adapt to
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the extreme cold, low temperature, and strong radiation
seen on the plateau.

Analysis of DEGs

In Fig. 5A, boxplots and dendrograms illustrate the
overall expression level of the sample genes as well as
the trend of gene abundance with the change in expres-
sion. Transcriptome sequencing of the rumen epithelial
tissues of Xizang goats and low-altitude was conducted
for this study. The results showed that 244 genes were
differentially expressed in the rumen epithelial tissues
of the two groups, with 127 genes up-regulated and 117
genes down-regulated (Fig. 5C). Further cluster analysis
(Fig. 5B) revealed that genes with high and low expres-
sion levels were clustered together in the rumen tissue
samples of Xizang goats and low- altitude goats, respec-
tively. We screened 31 DEGs using the KEGG pathways
(HIF-1 signalling system, metabolic pathways, glutathi-
one metabolism, etc.) and plateau adaptation literature
as a basis. Table 2 lists 31 DEGs in the rumen tissues of
Xizang goats versus low-altitude goats, which may be
involved in regulating plateauing (17 up-regulated and 14
down-regulated in the expression).

Functional enrichment analysis of DEGs

Differently expressed genes were annotated in Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGQG) databases. In the GO database, the
annotated genes were categorized into three groups: bio-
logical process (BP), cellular component (CC), and molec-
ular function (MF). As shown in Fig. 6A, GO functional
categorization revealed that most of the DEGs associ-
ated with BP were mainly enriched in metabolic pro-
cess (GO:0008152), cellular process (GO:0009987), and
biological regulation (GO:0065007), regulation of bio-
logical process (GO:0050789) and response to stimulus
(G0O:0050896). The DEGs associated with CC were mainly
enriched in cellular anatomical entity (GO:0110165),
protein-containing complex (GO:0032991), multicellular

organismal process(GO:0032501)and positive regula-
tion of biological process (GO:0048518). Fewer DEGs
were annotated in MF category, primarily associated with
binding (GO:0005488), catalytic activity (GO:0003824),
molecular function regulator activity (GO:0098772), and
molecular transducer activity (GO:0060089). The sta-
tistics of GO enrichment results showed that BP were
enriched with the highest number of differential genes,
followed by MF and CC.

DEGs were analyzed for KEGG pathway enrichment
to determine if significant differences occurred in a
given pathway. As shown in Fig. 6(B-C), the most signifi-
cantly enriched pathways included Metabolic pathways,
such as Drug metabolism - cytochrome P450 (4.46%),
Carbon metabolism (3.57%), Arachidonic acid metabo-
lism (2.68%), Retinol metabolism (2.68%) and Fatty acid
metabolism (1.79%), among others. The next pathways
that were significantly enriched included Cytokine-cyto-
kine receptor interaction (9.82%) and IL-17 signaling
pathway (5.36%).

RT-gPCR validation analysis

To validate the reproducibility and repeatability of gene
expression levels in RNA-seq, six DEGs (TK7T, SLC6A4,
CPEB4, GPX3, SUOX, MEI) were randomly chosen and
validated via qRT-PCR. The results as depicted in Fig. 7
were consistent with the RNA-seq results.

Interactions between Rumen plateau adaptation-related
host genes and rumen microbes

To investigate the relationship between host genes and
microorganisms in the rumen and their potential role in
the mechanism of plateau adaptation in Xizang goats, we
analyzed the correlation between host genes and micro-
organisms. We selected 31 relevant genes from 244 DEGs
that might be involved in plateau adaptation for Spear-
man’s correlation analysis with the top 15 microbiota at
the genus level. Interestingly, most of the taxa signifi-
cantly associated with genes also exhibited significant
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Table 2 DEGs in the rumen tissue of Xizang and low-altitude goats that may be associate with plateau adaptation

Gene symbol log,FC Gene symbol log,FC Gene symbol log,FC
FMO4 1.666160657152 KLKTT 5.028603511316 IRAK2 1.658030138
DPEP3 -2.9558349230 PFKFB3 153365921717 PRKCE -1.247235543
LFNG -1.4795011690 coQr -1.2155281382 PSMC3IP 1.272835922
SLC6A4 -3.1699806090 NOS2 432482251878 GPX3 2.701480361
ABCAI12 52085317189 TKT -1.11446292603 AMACR -1.765407414
MYH2 49346071275 EPHB6 3.17362673701 SLC26A9 52310992941
PTGES 28926980708 SLC27A2 -2.75378282529 ST00A8 3.158960510
CHST2 -1.3726226148 FPGS -1.80690217049 STEAP4 24229746835
KLK12 5.7875456760 IDNK -1.04126356779 NEDD9 -1.429587947
DNAJC9 -1.1417343037 ABCAT0 2418474166101 CoX1 -2493679237
PCSK7 1.2761049956
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differences in abundance between Xizang goats and low-
altitude goats. We visualized all the correlations between
taxon abundance and host gene expression in Fig. 8. We
also identified some genes that showed positive correla-
tion (P<0.001) with rumen microbiota, including three
genes-GPX3, ABCA10, and KLK1I-showed positive cor-
relations with Saccharofermentans, PCSK7 and Butyri-
vibrio, and COXI and Prevotella. Several significant
negatively correlated genes and microbiota were also
identified, such as COQ7 and Quinella and TKT with
unidentified_Gracilibacteria as shown in Fig. 8.

Discussion

Known as the Roof of the World, the Xizang Plateau is
the highest plateau on Earth [19]. The climate of Xizang
Plateau, considered sensitive and vulnerable to global cli-
mate change, varies significantly across regions.It is char-
acterized by low temperatures, lengthy winters, plenty of
sunshine, and a broad variety of daytime and nighttime
hours [20]. The Xizang Plateau is the world’s alpine and
high-altitude region with the greatest biodiversity, as well
as a significant center of origin and differentiation of the
world’s mountain biological species [21, 22]. One of the
distinctive species of the Xizang Plateau, the Xizang goat,
has persistently thrived and reproduced in its population
despite the challenging environment of the plateau. This
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may be directly linked to the interactions between host
genomes and the features of tissues and organs, as well
as the diversity and composition of rumen microbes [18,
23]. One of the key elements influencing an animal’s abil-
ity to grow, develop, and adapt to its surroundings is the
climate [24]. In the current study, it was observed that the
average UV index was much lower at low altitudes than at
high altitudes, while the average high and low tempera-
tures as well as humidity were significantly greater at low
altitudes than at high altitudes.This suggests that Xizang
goats live in exceptionally hostile settings. The current
study extensively used analytical techniques like rumen
transcriptomics and microbiology to explore the inter-
actions between rumen hosts and microbiota as well as
the relationship between climate and rumen microbiota
in Xizang goats in order to further explore the regulatory
mechanisms of environmental adaptation in these goats
at high altitudes.

The rumen is the largest digestive organ found in rumi-
nants and serves as a vital home for bacteria and other
microbes [7]. The Chaol and Shannon indices, which
gauge the microbiota’s richness and variety, respectively,
are the two main components of the comprehensive index
used to assess the evenness and richness of microbiota,
known as ruminal microbiota diversity. The richness and
diversity of the microbiota in the sample increases with
increasing Shannon and Chaol indices. The present
investigation reveals that the rumen microbiota of Xizang
goats had significantly greater values of the Chaol index,
Shannon index, PD_whole_tree, and ACE index in com-
parison to goats from low altitudes. The current study
results are consistent with the adaptation of yak rumen
microorganisms at high and low altitudes.It has been
demonstrated that the indices of observed species,such
as Chaol, ACE, and Shannon, were significantly higher
in yak rumen microbiota at high altitude than at low alti-
tudes [25]. The PCoA analysis revealed a significant dif-
ference in B-diversity between low-altitude goats’ rumen
microbiota and that of Xizang goats. In studies of rumen
bacterial communities, the rumen microbial diversity of
yaks was found to increase with altitude at three different
levels: 2800 m (low altitude), 3700 m (middle altitude),
and 4700 m (high altitude) on the Xizang Plateau [26].
In contrast, the current study found that the diversity
of rumen microbiota of Xizang goats was significantly
higher than that of goats at low altitudes. A strong metab-
olism and stability have been found to be closely corre-
lated with large microbial diversity [27]. Consequently,
we postulated that the rumen community of Xizang goats
residing at high altitudes would possess enhanced meta-
bolic stability and capability, enabling them to meet the
energy requirements of their frigid and alpine environ-
ments. A comparative analysis of the relative abundance
of rumen microbiota composition in dairy cows, cattle,
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and yaks revealed significant variations [28], whereas the
current study showed differences between Xizang goats
and low-altitude goats in terms of the relative abundance
of rumen microbiota composition. The microbial com-
munities were primarily dominated by Bacteroidote and
Firmicutes, according to Kumar et al’s investigation of the
whole genome of the cecum microbiome of native Ethio-
pian chickens from two geographically distinct regions:
the Amhara zone (Menz Gera Midir, 3300 m) and the
Afar zone (Dulecha, 730 m above mean sea level) [29].
At the phylum level, this study discovered that Bacteroid-
ote and Firmicutes were the predominant microbiota in
the rumen of Xizang and low-altitude goats, respectively,
whereas Euryarchaeota, Firmicutes, and Bacteroidote
were the predominant microbiota in the rumen of low
altitude goats.The relative abundance of ruminal Fir-
micutes in Xizang goats increased by 20.3% as compared
to goats from low altitudes. Firmicutes to Bacteroidote
ratios have been employed as a crucial metric to assess
how microorganisms affect the host’s energy needs. Fir-
micutes play a major role in the breakdown of fibrous
materials, while Bacteroidotes primarily break down
non-fibrous materials [30, 31]. This process is critical to
the nutritional metabolism of ruminants. Considering
this, the current study postulated that the larger relative
abundance of Firmicutes in the rumen of high-altitude
Xizang goats is involved in the breakdown of cellulosic
materials, providing the host with more energy to meet
the demands of adapting to the plateau habitat. Pre-
votella is the predominant genus in the rumen of Xizang
goats, with Quinella, Selenomonas, and Succiniclasticum
being other genera.Prevotella is a bacterium that breaks
down proteins in the rumen and gastrointestinal tract
of ruminants. It primarily breaks down the hemifibrous
parts of the ration, and the genus produces a wide range
of intricate enzymes that assist in the breakdown of pec-
tin and non-fiber polysaccharides [32]. Research on the
microbial community structure and population dynam-
ics of the rumen epithelium during the development of
young ruminants suggests that, Succiniclacticun may
play a role in facilitating the maturation of the rumen epi-
thelium [33].As a characteristic rumen bacterium, Qui-
nella reduces CH4 emissions as its relative abundance
rises [34]. Succiniclasticum and Quinella were found to
be significantly more abundant in the rumen of Xizang
goats than in goats belonging to low altitudes. This sug-
gests that they support the development of the rumen in
Xizang goats and reduce the production of the harmful
gas CH4, further enhancing the goats’ ability to adapt to
the plateau. The current study considered host-climate
connections and analyzed them using the Spearman
correlation method to further elucidate the relation-
ship between rumen microbiota, as well as climate and
their interactions in the adaptation of Xizang goats to
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the plateau environment. In the current study,it was dis-
covered that there were significant negative correlations
between average low temperature and Saccharofermen-
tans and Papillibacter et al., the average high temperature
was significantly negatively correlated with Saccharo-
fermentans and Quinella. There were highly significant
positive correlations between the average UV index of
climate and Papillibacter and Quinella; significant posi-
tive correlations between average humidity and Oribacte-
rium, but significant negative correlations with Quinella.
Itwas interesting to note that we discovered significant
differences in the relative abundance of some bacterial
families (including Papillibacter, Quinella, and Saccha-
rofermentans) between low-altitude goats and Xizang
goats, which are significantly correlated with climate
conditions.Consequently, the current study conjectured
that Papillibacter, Quinella, and Saccharofermentans
were markedly enriched in the rumen of Xizang goats,
potentially advantageous for the goats’ adaptation to the
severe climate of high altitude, low temperature, and high
radiation.

Furthermore, genes like THEK, VTG 1, SGK, and CDK
2 were found to be highly involved in host adaptation to
different climatic conditions in one study that analysed
the liver transcriptome of Korean commercial chickens
in two different environments using RNA-seq to inves-
tigate their role during adaptation to different climatic
conditions [35]. Therefore, interactions between the host
transcriptome and climate are crucial for environmental
adaptability. In a comparative analysis of the transcrip-
tomics and proteomics of heart tissues from Tibetan
and Yorkshire pigs raised on plateaus and lowlands,
Zhang et al. identified genes enriched in the VEGF sig-
nalling pathway (ERK 2, A2 M, FGF 1, CTGF, and DPP
4), the HIF-1 signalling pathway (NPPA, ERK 2, ENO 3,
and EGLN 3), and hypoxia-associated processes (ESTAB,
EGLN 3, TGFB 2, DPP 4, and ACE) as significant can-
didates for highland adaptation in Tibetan pigs raised
on plateaus and lowlands [36]. Gou et al. conducted a
comparison of dog breeds at different altitudes and dis-
covered major signals of population differentiation at
hypoxia-associated gene loci, such as S-hemoglobin
clusters and endothelium Per-Arnt-Sim (PAS) structural
domain protein 1 (EPAS 1) [37]. Rumen epithelial tissues
of high-altitude Xizang goats and low-altitude goats were
subjected to transcriptome sequencing analysis in this
study. The results showed that 244 genes were differen-
tially expressed in the rumen epithelial tissues of the two
groups of goats, with 127 genes showing up-regulation
and 117 genes showing down-regulation. Long-term
high altitude life, confronted with low oxygen, low pres-
sure, low temperature, and intense UV light, can cause
oxidative stress in animals to varying degrees, leading
to increased nitrogen and reactive oxygen production
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[38, 39]. Xizang goats need to have physiological and
genetic responses to oxidative stress since they endure
an extensive period of time in low-oxygen conditions. In
line with the lower GPX activity in Tibetans living on the
plateau, it was found that GPX 1 was expressed at signifi-
cantly lower levels in Tibetan sheep when compared to
lake sheep [40]. This suggests that lake sheep, which are
more susceptible to oxidative stress than Tibetan sheep,
have higher antioxidant ability [41]. In addition to being
critical for preserving the redox system’s homeostasis,
glutathione peroxidase 3 (GPX3) is also involved in anti-
oxidative stress, inflammatory signaling, and metabolic
disorders [42]. The only extracellular GPX in the oxido-
reductase family that catalyzes the reduced glutathione-
mediated detoxification of hydroperoxides and soluble
lipid hydroperoxides is glutathione peroxidase 3 (GPX3),
a selenoprotein [43]. Since Xizang goats expressed more
GPX3 than did goats at lower altitudes, we reasoned that
GPX3 might be crucial to highland Xizang goats’ abil-
ity to withstand UV radiation. PFKFB3, also known as
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
3, is an essential enzyme that facilitates the breakdown
of glucose [44]. The gastrointestinal tract expresses
SLC26A9, one of the 11 members in the SLC26A family
of anion transport proteins, at a high level [45]. Previous
research has demonstrated that SLC26A9 mediates bicar-
bonate secretion, is expressed in mouse gastric surface
epithelial cells, and plays a protective role in shielding the
gastric mucosa [46, 47]. The ion transport pathway is pri-
marily mediated by the SLC26A9 gene, whose expression
level is positively associated with the width and length of
the papilla [48]. The hypothesis was that SLC26A9 pro-
tected the rumen of Xizang goats from the stimulation
of the harsh plateau environment and further enhanced
their adaptation to the environment. The results dem-
onstrated that the expression level of SLC26A9 in the
rumen of Xizang goats was higher than that of low-alti-
tude goats. ARRDC4 is a crucial regulator of glucagon
signaling and glucose homeostasis, as evidenced by the
reduced glucose levels and decreased glucagon response
observed in ARRDC4 knockout mice [49]. The results of
the current study showed that the expression of ARRDC4
was higher in the rumen of Xizang goats than in goats
raised at low altitudes. This suggests that ARRDC4 regu-
lates glucose homeostasis in the rumen of Xizang goats
during digestion and absorption. The findings of the
GO enrichment analysis revealed that the cellular com-
ponents were enriched in both biological processes and
molecular functions among the DEGs. Numerous cat-
egories including cell shape, binding, and bioregulation,
indicate that Xizang and low-altitude goats differ in these
areas. Utilizing KEGG pathway analysis to better under-
stand the biological roles of these genes by examining the
metabolic pathways, we can obtain information on some
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of the signaling pathways implicated in DEGs [50]. Tran-
scriptome analysis uncovered the molecular regulatory
mechanisms of plateau oxygen tolerance in Xizang goats.
It was discovered that the key pathways for Xizang sheep
to adapt to plateau, hypoxia, and UV light resistance may
include the relaxation signaling pathway, protein diges-
tion and absorption, platelet activation, thyroid hormone
synthesis, actin cytoskeleton regulation, arachidonic
acid metabolism, glutathione metabolism, and nucleo-
tide excision repair [51]. The current study discovered
that the metabolism of fatty acids, arachidonic acid, and
the interaction between cytokines and cytokine recep-
tors may be important routes in the Xizang goats’ adap-
tation to the environment of the plateau. At the cellular
and organ levels, fatty acid metabolism—which involves
the production, absorption, oxidation, and derivatization
of adipose fatty acids from the head—is crucial [52]. One
of the most prevalent and abundant w-6 polyunsaturated
fatty acids is arachidonic acid, which is found in esteri-
fied form in the membrane phospholipids of all mam-
malian cells. Several phospholipases release arachidonic
acid from phospholipids in response to different stimuli
that either activate or inhibit them [53]. Arachidonic acid
metabolism is a finely tuned system for vascular health
and disease due to the abundance of Arachidonic acid
converting enzymes, downstream synthases and isoen-
zymes, transmembrane receptors, and the specificity of
their tissue expression [54]. The adaptation of Xizang
goats to hypoxia, altitude, and UV resistance may be
attributed to these routes.

We found multiple associations between differently
expressed rumen epithelial genes and rumen bacteria in
Xizang and low-altitude goats by integrating the rumen
microbiome and host gene expression patterns. Evi-
dence from the relationship between host gene expres-
sion and the composition of the gut microbiome in
non-mammalian vertebrate species, suggests that gene
expression may act as a mediator in these relationships
between microbial communities and host function [55].
In this study, the only extracellular GPX in the oxidore-
ductase family that catalyzes the detoxification of hydro-
peroxides and soluble lipid hydroperoxides via reductive
glutathione, Anaerovibrio, was found to have a positive
and significant correlation with GPX3 [43]. Conversely,
a reduction in Anaerovibrio may result in a reduction in
lipolysis [56], suggesting that GPX3 genes and Anaerovi-
brio may cooperate to support the development of rumen
epithelium to improve the high plateau acclimatiza-
tion of Xizang goats. Research on the impact of dietary
nitrate addition on rumen fermentation and microbial
communities in goats suggests that Selenomonas and
SLC26A9. Selenomonas may play a crucial role in the
reduction of nitrate and nitrite in the rumen [57]. The
stomach mucosa is shielded, and bicarbonate secretion
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is mediated by SLC26A9, which is expressed in mouse
gastric surface epithelial cells [47, 49]. Thus, a shared
function of the Selenomonas and SLC26A9 genes in safe-
guarding the rumen of Xizang goats is theorized. Butyri-
vibrio, expressed in the majority of tissues, including
blood vessels, the stomach, and platelets, and involved
in platelet aggregation, vasodilation and contraction, as
well as the regulation of gastric mucosal blood flow to
maintain the stability of physiological functions of cells,
tissues, and organs [58, 59], was found to have a sig-
nificant positive correlation with the highly expressed
COX1 gene [60]. Additionally, the rumen Butyrivibrio is
an important degrader and user of lignocellulosic plant
materials. These results suggest that the ability of Xizang
goats to adapt to the plateau may be enhanced by genes
associated with plateaus and the accompanying rumen
microorganisms.

Conclusions

In summary, our study reveals notable modifications
in the control of the rumen transcriptome and rumen
microbiota in plateau-acclimated Xizang goats at high
altitudes. We found that both genes that enhance plateau
resistance and those associated with antioxidant activity
were upregulated. Furthermore,alterations in the Papil-
libacter, Quinella, and Saccharofermentans microbiomes
were noted, potentially aiding Xizang goats in adapting
to the harsh climate conditions on the plateau. In con-
clusion, our research provides insights into potential
interactions between host genes and rumen microbiota
in Xizang goat’ rumen, offering potentia biomarkers for
research on plateau adaptability.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512864-024-10175-8 .

[ Supplementary Material 1 J

Acknowledgements
We thank the researchers in our lab for their dedication and hard work. We
would also like to thank all those who helped us with this paper.

Author contributions

C.P was responsible for writing and revising the first draft and was involved
in sample collection and processing. H.L. and S.B.M were responsible for
Conceptualization and design of experiments. CR, J.L, and Z.Z. were
responsible for project data processing and thesis revision. T.S., GW., and W.Z.
were responsible for project management and fund preparation. All authors
have read and agreed to the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China
(31860623).

Data availability
All data in this study are available upon request by contact with the
corresponding author. Sequencing data for Xizang and low altitude goats


https://doi.org/10.1186/s12864-024-10175-8
https://doi.org/10.1186/s12864-024-10175-8

Pan et al. BMC Genomics (2024) 25:258

have been submitted to the NCBI Sequencing Read Archive (SRA) under
Biological Programs PRINA1036847 and PRINA1041396.

Declarations

Ethical approval

The protocols for collecting samples were approved by the Southwest
University of Science and Technology’s Livestock and Poultry Breeding
Professional Committee, and all studies involving animals were carried out
in compliance with the Southwest University of Science and Technology.
All methods have been reported in accordance with the applicable ARRIVE
guidelines for the reporting of animal experiments.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 15 November 2023 / Accepted: 29 February 2024
Published online: 07 March 2024

References

1. Naderi S, Rezaei H, Pompanon F, Blum M, Negrini R, Naghash H, Balkiz O,
Mashkour M, Gaggiotti O, Aimone-Marsan P, et al. The goat domestication
process inferred from large-scale mitochondrial DNA analysis of wild and
domestic individuals. Proc Natl Acad Sci USA. 2008;105:undefined.

2. Song S, Yao N, Yang M, Liu X, Dong K, Zhao Q, Pu Y, He X-h, Guan W, Yang N,
et al. Exome sequencing reveals genetic differentiation due to high-altitude
adaptation in the tibetan cashmere goat (Capra hircus). BMC Genomics.
2016;17:undefined.

3. Song Tz LiuY, Cuomu R, TanY, Wang CA, De J. Cao X-h, Zeng XL: polymor-
phisms analysis of BMP15, GDF9 and BMPR1B in Tibetan Cashmere Goat
(Capra hircus). Genes. 2023;14:undefined.

4. SongT-zTanY, Cuomu R, LiuY,Ba G, Suo L, Wu Y. Cao X-h, Zeng XL: polymor-
phisms and mRNA expression levels of IGF-1, FGF5, and KAP 1.4 in tibetan
cashmere goats. Genes 2023, 14:undefined.

5. Parish J, Rivera J, Boland H. Understanding the ruminant animal digestive
system. undefined 2009, undefined:undefined.

6. HuangJ, LiY, Luo Y. Bacterial community in the rumen of tibetan sheep and

Gansu alpine fine-wool sheep grazing on the Qinghai-Tibetan Plateau, China.

J Gen Appl Microbiol. 2017;63:2undefined.

7. Miron J, Ben-Ghedalia D, Morrison M. Invited review: adhesion mechanisms
of rumen cellulolytic bacteria. J Dairy Sci. 2001,84:6.

8. Mizrahil, Wallace R, Morais S. The rumen microbiome: balancing food secu-
rity and environmental impacts. Nat Rev Microbiol. 2021;19:undefined.

9. Wu D, Vinitchaikul P, Deng M, Zhang G, Sun L, Wang H, Gou X, Mao H, Yang
S. Exploration of the effects of altitude change on bacteria and fungi in the
rumen of yak (Bos grunniens). Arch Microbiol. 2020;203:undefined.

10.  Fan Q Wanapat M, Yan T, Hou F. Altitude influences microbial diver-
sity and herbage fermentation in the rumen of yaks. BMC Microbiol.
2020;20:undefined.

11. Zhang Z, Xu D,Wang L, Hao J, Wang J, Zhou X, Wang W, Qiu Q, Huang X,
Zhou J, et al. Convergent evolution of Rumen Microbiomes in High-Altitude
mammals. Curr Biology: CB. 2016;26(14):1873-9.

12. Liu X, Sha, Dingkao R, Zhang W, Lv W, Wei H, ShiH, Hu J, Wang J, Li S, et al.
Interactions between Rumen microbes, VFAs, and host genes regulate nutri-
ent absorption and epithelial barrier function during cold season nutritional
stress in Tibetan Sheep. Front Microbiol. 2020;11:593062.

13, Kurilshikov A, Wijmenga C, Fu J, Zhernakova A. Host Genetics and Gut Micro-
biome: challenges and perspectives. Trends Immunol. 2017;38:9.

14.  Zhernakova A, Kurilshikov A, Bonder M, Tigchelaar E, Schirmer M, Vatanen T,
Mujagic Z, Vila AV, Falony G, Vieira-Silva S, et al. Population-based metage-
nomics analysis reveals markers for gut microbiome composition and
diversity. Science. 2016;352:undefined.

15. Wang Q Wang K, Wu W, Giannoulatou E, Ho JWK; Li L. Host and microbiome
multi-omics integration: applications and methodologies. Biophys Rev.
2019;11(1):55-65.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 14 of 15

Lin L, Xie F, Sun D, Liu J, Zhu W, Mao S. Ruminal microbiome-host crosstalk
stimulates the development of the ruminal epithelium in a lamb model.
Microbiome. 2019;7(1):83.

Pan X, Li Z,Li B, Zhao C,Wang Y, Chen Y, Jiang Y. Dynamics of Rumen gene
expression, microbiome colonization, and their interplay in goats. BMC
Genomics. 2021:22(1):288.

Liu X, Sha'Y, Lv W, Cao G, Guo X, Pu X, Wang J, Li S, Hu J, Luo Y. Multi-omics
reveals that the Rumen Transcriptome, Microbiome, and its Metabolome
Co-regulate Cold season adaptability of Tibetan Sheep. Front Microbiol.
2022;13:859601.

Wu WG, Guoxiong, Liu, Liu Y, Yimin, Wang, Wang T, Tongmei, Wan et al. The
Influence of Mechanical and Thermal Forcing by the Tibetan Plateau on Asian
Climate. undefined 2007, 8:undefined.

Fu G, Shen Z, Sun W, Zhong Z, Zhang X-z, Zhou Y. A Meta-analysis of the
effects of experimental warming on Plant Physiology and Growth on the
Tibetan Plateau. J Plant Growth Regul. 2015;34:undefined.

Han F, Fu G, Yu C-g, Wang S. Modeling Nutrition Quality and Storage of
Forage using Climate Data and normalized-difference Vegetation Index in
Alpine grasslands. Remote Sens. 2022;14:undefined.

Fu G,Wang J, Li S. Response of forage nutritional quality to climate change
and human activities in alpine grasslands. Science of the Total Environment
2022, undefined:undefined.

Wei C,Wang H, Liu G, Zhao F, Kijas JW, Ma Y, Lu J, Zhang L, Cao J, Wu M, et al.
Genome-wide analysis reveals adaptation to high altitudes in tibetan sheep.
Sci Rep. 2016;6:26770.

Zuckerberg B, Strong C, LaMontagne JM, St George S, Betancourt JL, Koenig
WD. Climate Dipoles as Continental Drivers of Plant and Animal populations.
Trends Ecol Evol. 2020;35(5):440-53.

Wu D, Vinitchaikul P, Deng M, Zhang G, Sun L, Wang H, Gou X, Mao H, Yang
S. Exploration of the effects of altitude change on bacteria and fungi in the
rumen of yak (Bos grunniens). Arch Microbiol. 2021,203(2):835-46.

Fan Q Wanapat M, Yan T, Hou F. Altitude influences microbial diversity and
herbage fermentation in the rumen of yaks. BMC Microbiol. 2020;20(1):370.
Li H, Zhou R, Zhu J, Huang X, Qu J. Environmental filtering increases with
elevation for the assembly of gut microbiota in wild pikas. Microb Biotechnol.
2019;12(5):976-92.

Xin J,Chai Z, Zhang C, Zhang Q, Zhu Y, Cao H, Zhong J, Ji Q. Comparing the
Microbial Community in four stomach of dairy cattle, Yellow Cattle and three
yak herds in Qinghai-Tibetan Plateau. Front Microbiol. 2019;10:1547.

Kumar H, Park W, Lim D, Srikanth K, Kim J-M, Jia X-Z, Han J-L, Hanotte O, Park
J-E, Oyola SO. Whole metagenome sequencing of cecum microbiomes in
Ethiopian indigenous chickens from two different altitudes reveals antibiotic
resistance genes. Genomics. 2020;112(2):1988-99.

Evans NJ, Brown JM, Murray RD, Getty B, Birtles RJ, Hart CA, Carter SD.
Characterization of novel bovine gastrointestinal tract Treponema isolates
and comparison with bovine digital dermatitis treponemes. Appl Environ
Microbiol. 2011;77(1):138-47.

Reigstad CS, Kashyap PC. Beyond phylotyping: understanding the impact of
gut microbiota on host biology. Neurogastroenterol Motil. 2013;25(5):358-72.
Purushe J, Fouts DE, Morrison M, White BA, Mackie RI, Coutinho PM, Henrissat
B, Nelson KE. Comparative genome analysis of Prevotella ruminicola and
Prevotella bryantii: insights into their environmental niche. Microb Ecol.
2010;60(4):721-9.

Yang B, Chen H, Liu Y, Luo Y, He B, Wang S, Wang J. Alfalfa intervention alters
the colonization of rumen epithelial bacteria to promote rumen develop-
ment and lamb health during early life. Animal Feed Science and Technology
2023, undefined:undefined.

Kumar S, Altermann E, Leahy S, Jauregui R, Jonker A, Henderson G, Kit-
telmann S, Attwood G, Kamke J, Waters S, et al. Genomic insights into the
physiology of Quinella, an iconic uncultured rumen bacterium. Nat Commun.
2022;13:undefined.

Kumar H, Iskender AU, Srikanth K, Kim H, Zhunushov AT, Choogq H, Jang GW,
Lim Y, Song KD, Park JE. Transcriptome of chicken liver tissues reveals the
candidate genes and pathways responsible for adaptation into two different
climatic conditions. Animals. 2019;9(12):1076.

Zhang B, Chamba Y, Shang P, Wang Z, Ma J, Wang L, Zhang H. Compara-

tive transcriptomic and proteomic analyses provide insights into the key
genes involved in high-altitude adaptation in the tibetan pig. Sci Rep.
2017;7(1):3654.

Gou X, Wang Z, Li N, Qiu F, Xu Z,Yan D, Yang S, Jia J, Kong X, Wei Z. Whole-
genome sequencing of six dog breeds from continuous altitudes reveals
adaptation to high-altitude hypoxia. Genome Res. 2014,24(8):1308-15.



Pan et al. BMC Genomics

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2024) 25:258

Dosek A, Ohno H, Acs Z, Taylor AW, Radak Z. High altitude and oxidative
stress. Respir Physiol Neurobiol. 2007;158(2-3):128-31.

Gaur P, Prasad S, Kumar B, Sharma SK, Vats P. High-altitude hypoxia induced
reactive oxygen species generation, signaling, and mitigation approaches. Int
J Biometeorol. 2021,65:601-15.

LuZ Yuan C LiJ, GuoT, Yue Y, Niu C, Liu J, Yang B. Comprehensive analysis of
long non-coding RNA and mRNA transcriptomes related to hypoxia adapta-
tion in tibetan sheep. Front Veterinary Sci. 2022;8:301278.

IMAI'H, KASHIWAZAKI H, SUZUKIT, KAEUTO M, HIMENO S, WATANABE C,
Maji K, KIM S-W. RIVERA JOA, TAKEMOTO T-i: selenium levels and glutathione
peroxidase activities in blood in an Andean high-altitude population. J Nutri
SciVitaminol. 1995:41(3):349-61.

Gong Y, Yang J, Cai J, Liu Q, Zhang Z. Selenoprotein Gpx3 knockdown induces
myocardial damage through ca(2+) leaks in chickens. Metallomics: Integr
Biometal Sci. 2020;12(11):1713-28.

Chang C, Worley BL, Phaéton R, Hempel N. Extracellular glutathione peroxi-
dase GPx3 and its role in Cancer. Cancers 2020, 12(8).

Zhao L, Zong W, Zhang H, Liu R. Kidney toxicity and response of Selenium
containing protein-glutathione peroxidase (Gpx3) to CdTe QDs on different
levels. Toxicol Sci. 2019;168(1):201-8.

Galindo CM, Oliveira Ganzella FA, Klassen G, Souza Ramos EA, Acco

A. Nuances of PFKFB3 signaling in breast Cancer. Clin Breast Cancer.
2022,22(4):2604-14.

Demitrack ES, Soleimani M, Montrose MH. Damage to the gastric epithelium
activates cellular bicarbonate secretion via SLC26A9 CI(-)/HCO3)(-). Am J
Physiol Gastrointest Liver Physiol. 2010,299(1):G255-264.

Xu J, Henriksnds J, Barone S, Witte D, Shull GE, Forte JG, Holm L, Soleimani

M. SLC26A9 is expressed in gastric surface epithelial cells, mediates Cl-/
HCO3- exchange, and is inhibited by NH4+. Am J Physiol Cell Physiol.
2005,289(2):C493-505.

Camp JG, Frank CL, Lickwar CR, Guturu H, Rube T, Wenger AM, Chen J,
Bejerano G, Crawford GE, Rawls JF. Microbiota modulate transcription in the
intestinal epithelium without remodeling the accessible chromatin land-
scape. Genome Res. 2014;24(9):1504-16.

Dagdeviren S, Hoang MF, Sarikhani M, Meier V, Benoit JC, Okawa MC,

Melnik VY, Ricci-Blair EM, Foot N, Friedline RH, et al. An insulin-regulated
arrestin domain protein controls hepatic glucagon action. J Biol Chem.
2023:299%:undefined.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Gari-
mella K, Altshuler D, Gabriel S, Daly M, et al. The genome analysis Toolkit: a

51.

52.

53.

54.

56.

57.

58.

59.

60.

Page 15 of 15

MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 2010;20:9undefined.

AnL, LiY,Yaq L, Wang Y, Dai Q Du S, RuY, Qi Z, Wang J. Transcriptome analysis
reveals molecular regulation mechanism of Tibet sheep tolerance to high
altitude oxygen environment. Animal Biotechnol 2023, undefined:undefined.
Geng J, LiuY, Dai H, Wang C. Fatty acid metabolism and idiopathic pulmonary
fibrosis. Front Physiol. 2022;12:undefined.

Wang T, Fu X, Chen Q, Patra J, Wang D, Wang Z, Gai Z. Arachidonic acid
metabolism and kidney inflammation. Int J Mol Sci. 2019;20:undefined.
Badimon L, Vilahur G, Rocca B, Patrono C. The Key Contribution Of Platelet
And Vascular Arachidonic Acid Metabolism To The Pathophysiology Of
Atherothrombosis. Cardiovascular Research 2021, undefined:undefined.

Fuess LE, Haan Sd, Ling F, Weber JN, Steinel N, Bolnick D. Immune Gene
Expression Covaries with Gut Microbiome Composition in Stickleback. bioRxiv
2020, 12:.undefined.

Mannelli F, Cappucci A, Pini F, Pastorelli R, Decorosi F, Giovannetti L, Mele

M, Minieri S, Conte G, Pauselli M, et al. Effect of different types of olive oil
pomace dietary supplementation on the rumen microbial community profile
in Comisana ewes. Sci Rep. 2018,8(1):8455.

Asanuma N, Yokoyama S, Hino T. Effects of nitrate addition to a diet on
fermentation and microbial populations in the rumen of goats, with special
reference to Selenomonas ruminantium having the ability to reduce nitrate
and nitrite. Anim Sci J = Nihon Chikusan Gakkaiho. 2015;86:4undefined.
Ugan RA. Protective effects of phloretin and phloridzin on indomethacin-
induced gastric ulcers in mice: characterization of potential molecular
mechanisms. undefined 2021, undefined:undefined.

Cimbalo A, Alonso-Garrido M, Font G, Frangiamone M, Manyes L. Transcrip-
tional changes after enniatins a, A1, B and B1 ingestion in rat stomach, liver,
kidney and lower intestine. Foods. 2021;10:undefined.

Palevich N, Kelly W, Leahy S, Denman S, Altermann E, Rakonjac J, Attwood

G. Comparative Genomics of Rumen Butyrivibrio spp. Uncovers a Con-
tinuum of Polysaccharide-Degrading capabilities. Appl Environ Microbiol.
2019;86:undefined.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Coping with extremes: the rumen transcriptome and microbiome co-regulate plateau adaptability of Xizang goat
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental design, sample, and climate data collection
	﻿RNA extraction, transcriptome analysis, reverse transcription-quantitative PCR validation
	﻿DNA extraction and 16 S rRNA sequencing
	﻿Data analysis

	﻿Results
	﻿Climate change in the subsistence environment of the Xizang mountains
	﻿Changes in ﻿α﻿ and ﻿β﻿ diversity of Rumen Microbiota in Xizang goats
	﻿Changes in Rumen Microbiota composition in Xizang goats
	﻿Correlation analysis between Rumen Microbiota and climate
	﻿Analysis of DEGs
	﻿Functional enrichment analysis of DEGs
	﻿RT-qPCR validation analysis
	﻿Interactions between Rumen plateau adaptation-related host genes and rumen microbes

	﻿Discussion
	﻿Conclusions
	﻿References


