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A B S T R A C T   

In recent years, yak milk has received widespread attention due to its high nutrition, green and pollution-free 
characteristics, but the source of yak milk flavor is still unclear. In this study, fresh yak manure collected 
from Lhasa, Nagqu, Qamdo, Yushu, and Qinghai Lake were sequenced by 16S rRNA gene high-throughput 
sequencing technology. The correlation between intestinal microbiota and yak milk quality combined with 
the local environmental factors was evaluated for the first time. The enterotype of yaks from Lhasa, Nagqu, and 
Qinghai Lake was classified as enterotype of norank_f_Oscillospirales_UCG-010 and Rikenellaceae_RC9_gut_group, 
and the enterotype of yaks from Qamdo and Yushu was classified as enterotype of Oscillospiraceae UCG-005. 
Procrustes analysis showed that there was a close relationship between yak milk composition and intestinal 
microbiota. Metabolic pathway analysis found that different genera and key enzymes of methane and short-chain 
fatty acid metabolic pathways differed in their responses to environmental factors. Based on the above analysis, a 
model about environmental factors, intestinal bacteria and the flavor of yak milk was developed. The results 
provided a reference for the study of flavor substances in yak milk and a new direction for the improvement of 
dairy products and their derivatives.   

1. Introduction 

The Qinghai-Tibet Plateau (QTP) is the highest in the world and is 
known as the "third pole of the earth". On the QTP, the air is relatively 
dry and thin, with strong solar radiation and low temperatures, and the 
complex and variable topography leads to climate patterns varying 
greatly from region to region (Huang et al., 2012). The yak, a highly 
representative ruminant, is well adapted to these extreme highland 
conditions (Krishnan et al., 2018; Liu et al., 2019), and is mainly 
distributed in China, Mongolia, Russia, and other plateaus with an 
altitude of 2500 m–6000 m (Li et al., 2018; Ma, Zhu, et al., 2020), among 
which China has about 95% of the total number of yaks in the world 
(Zhu et al., 2018). About 14 million yaks are currently grazing naturally 
on the QTP (Guo et al., 2006; Qiu et al., 2015). They maintain a 
semi-domesticated state, mate naturally, and have an environmentally 

important position on the QTP (Zhang et al., 2016). The food supply for 
yaks varies from region to region, including natural pastures, artificial 
pastures, and fodder. In addition, yaks play a pivotal role in agriculture 
and animal husbandry on the QTP, providing milk, meat, hides, and fuel 
for the herders (Wiener et al., 2003; Xu et al., 2017). Therefore, some 
researchers believe that the unique gastrointestinal microbiota of yaks is 
an important reason for their capability to survive and stay healthy 
under harsh conditions (Liu et al., 2021). 

The microbiota in the mammalian gastrointestinal tract is an 
important factor influencing animal growth, health, and production 
performance (Holmes et al., 2012; Yeoman & White, 2014). It is a 
complex micro-ecosystem composed mainly of protozoa, anaerobic 
fungus, archaea, and bacteria (Falony et al., 2016) that are essential for 
the immune response, gastrointestinal development, nutrient absorp-
tion, and metabolism in ruminants (Morgavi et al., 2015; Rey et al., 
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2014). Bacteria in the rumen can provide energy and essential nutrients 
to the host by converting plant fibers and proteins into bacterial pro-
teins, volatile fatty acids (VFAs) through fermentation (Wu et al., 2016). 
Ruminal fermentation-derived VFAs could meet approximately 70% of 
the energy requirements of yaks (Bergman, 1990; Gozho & Mutsvangwa, 
2008; O’Hara et al., 2020), and a small portion of the remaining 
required energy came from the lower tract. It had been shown that the 
lower gastrointestinal tract of yaks was rich in probiotic flora that pro-
moted the production of short chain fatty acids (SCFA), which could 
further improve the conversion efficiency of food (Liu et al., 2019). At 
present, research on microorganisms of the lower digestive tract of yaks 
mainly focused on the impact of external environmental conditions and 
yaks themselves on the diversity and composition of intestinal flora (Fu 
et al., 2021; Liu et al., 2021), most of which were about the effect of 
rumen microorganisms on their hosts and derived products (Fan et al., 
2020; Ma et al., 2019; Matthews et al., 2019; Xue et al., 2017). However, 
the effect of microbes in the lower tract of yaks on host health and host 
metabolites is still unclear. 

The quality of raw milk is the key and the first factor to ensure the 
safety and hygiene of dairy and to govern the quality of dairy products. 
An adequate supply of quality milk is the key to the development of the 
modern dairy industry, and with the improvement of people’s living 
standards, the consumption of raw milk is increasing (He, 2021, pp. 
20–23). However, at present, a common concern for dairy development 
is the yield of raw milk (Hou, 2021; Ning, 2021). Little research had 

been conducted on the taste and odor of raw milk. Yak milk is an 
essential beverage in the daily life of herders on the QTP. In recent years, 
with the increase of yak milk production, people’s attention to it has 
increased significantly. The proportion of milk nutrients in cow’s milk 
determines milk quality. In particular, the size of milk fat mass fraction 
plays an important role in the evaluation (Yakan et al., 2021). Yak milk 
is generally higher in milk fat, milk protein, lactose, and dry matter than 
that of other cattle species and is an excellent raw material for processed 
cream products (Yu et al., 2006). The flavor of yak milk and processed 
milk products is an important sensory indicator for consumer choices. 
The relative percentage of volatile substances in yak milk varies from 
region to region (Fang et al., 2020; Xi et al., 2010). Early individual 
scholars believed that yak milk flavor substances originated from the 
barn environment and microorganisms present in yak milk (Strobel & 
Babco, 1954), but as research progressed, it was found that yak milk 
flavor substances mainly originated from the fed feed (Jia et al., 2019; 
Ma et al., 2012). In particular, fat content in milk can affect the flavor of 
milk (Yakan et al., 2021). Dynamic headspace analysis (DHS) coupled 
with gas chromatography-mass spectrometry (GC-MS) had been used to 
isolate and identify volatile flavor compounds in yak milk, and the re-
sults showed that the compounds in yak milk were high in content 
mainly consisted of esters and aldehydes (Jia et al., 2019). Further 
studies had shown that the volatile flavor substances in yak milk were 
mainly VFAs from C6 to C8 (Fang et al., 2020; Han & Liu, 2007; Liu et al., 
2011; Ma et al., 2012; Yu et al., 2005). Though it was found that acetic 

Table 1 
Sample collection and environmental factors of different regions.  

Location Longitude Latitude Altitude(m) Oxygen content (g/m3) Solar radiation (MJ/m2/year) Monthly mean temperature (◦C) Number 

Lhasa 90◦46′02′′E 29◦57′56′′N 4083 175 6266 18.2 14 
Nagqu 92◦5′41.76′′E 31◦16′16.63′′N 4473 173 6517.1 10.9 14 
Qamdo 96◦25′12.69′′E 31◦22′48.01′′N 4755 182.9 5865.5 17.6 14 
Yushu 97◦3′27.52′′E 32◦53′11.47′′N 3785 182.2 6178.7 13.7 10 
Qinghai Lake 100◦0′7.84′′E 36◦39′3.67′′N 3167 184.4 6450 16.2 10 

Note: Longitude, latitude, and altitude were obtained from Ovie Map; Oxygen content were obtained from Qinghai Micro-Meteorological Official Account; Solar 
radiation were obtained from (Bao et al., 2017); Monthly mean temperature were obtained from http://www.tianqihoubao.com/. 

Fig. 1. Sampling sites in this research, including Lhasa, Nagqu, Qamdo (Tibet Autonomous), Yushu, and Qinghai Lake (Qinghai Province). The five sampling lo-
cations are represented by different colored circles on the map. 
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acid and butyric acid could regulate mammary lipid synthesis by 
affecting the signaling pathways involved in lipid synthesis and by 
regulating the gene expression of transcription factors and enzymes 
associated with milk lipid synthesis, the mechanism was not fully un-
derstood (Chen et al., 2022; He et al., 2020; Zhang et al., 2015; Zhao 
et al., 2021). And current studies on SCFA had mainly focused on their 
regulatory and immunological effects (Feehley et al., 2019; Guo et al., 
2020; Macfarlane & Macfarlane, 2012; Mathewson et al., 2016; Ohland 
& Jobin, 2015). It is unclear whether the SCFA are derived from the 
metabolism or the fermentation of intestinal microorganisms of yaks. 
There had been no reports that SCFA produced by fermentation of yak 
gastrointestinal microorganisms were the sources of flavor substances in 
yak milk. Therefore, it is crucial to reveal the relationship between yak 
milk flavor substances and gastrointestinal microorganisms. 

Based on the above analysis, i) The composition of intestinal mi-
croorganisms was compared of yaks in different regions of the QTP. The 
function of the core bacteria and other different bacteria genes was 
predicted. And the composition and variations of intestinal microor-
ganisms were examined of yaks in the southeast of the QTP for the first 
time. ii) Due to the special geographical environment of the QTP, the 
association between different environmental factors, such as solar ra-
diation, oxygen content, altitude, and monthly mean temperature and 
intestinal microorganisms, was investigated, linking environmental 
factors to intestinal microorganisms of yaks and SCFA in yak milk for the 
first time. iii) The enterotype of yaks in the Southeast of the QTP was 
analyzed for the first time, which laid the foundation for the study of the 
functions of different genera in the gut. iv) Through measurement of the 
content of yak milk components (milk fat, milk protein, lactose) in 
different regions (Guo et al., 2014; Jia et al., 2019; Li et al., 2016; Ma, 
Xu, et al., 2020; Nang, 2019; Wei et al., 2008; Xi et al., 2010, 2011; Yu 
et al., 2005, 2006) and correlation analysis, the relationship between 
yak milk components and intestinal microorganisms were explored and 
relevant models affecting yak milk quality was proposed to provide a 
reference for the study of yak flavor substances. v) A model showing how 
enterotype influenced the flavor of yak milk could provide new ideas for 
the source of yak milk flavor. 

2. Materials and methods 

2.1. Sample collection 

Yaks’ fecal samples were collected from July 2, 2020 to July 28, 
2020 in Tibet Autonomous Region and Qinghai Province (Table 1). The 
feces in the core of excrement were immediately picked to avoid 
contamination when the animals defecated. And only the regular 
excretion was collected for the study. All selected adult female yaks (3–4 
years old) received similar immunization procedures and were free of 
any illness. The collected samples were placed in the fecal preservation 
solution of TIANDZ and then stored in the − 80 ◦C freezer after returning 
to the Beijing laboratory. A total of 62 fresh samples were collected. The 
sampling sites of this study are shown in Fig. 1, which was mapped using 
ArcGIS. 

2.2. DNA extraction and sequencing 

Microbial DNA was extracted using the E.Z.N.A.® soil DNA Kit 
(Omega Bio-Tek, Norcross, GA, U.S.), according to the manufacturer’s 
instructions. The DNA was extracted and put on 1% agarose gel for 
determination of its concentration and purity with NanoDrop 2000 
UV–vis spectrophotometer (Thermo Scientific, Wilmington, USA). The 
V3 and V4 regions of 16S rRNA were amplified using the primers 338F 
(5′-ACTCCTACGGGAGGCAG-3′) and 806R (5′-GGAC-
TACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 PCR thermo-
cycler (ABI, CA, USA). PCR reactions were performed in triplicate. The 
PCR products were extracted from 2% agarose gel and purified using the 
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, 

USA) according to manufacturer’s instructions and quantified using 
Quantus™ Fluorometer (Promega, USA). 

2.3. Processing of sequencing data 

The raw 16S rRNA gene sequencing reads were demultiplexed, 
quality-filtered by fastp version 0.20.0 (Chen et al., 2018), and merged 
by FLASH version 1.2.7 (Magoc & Salzberg, 2011). Operational taxo-
nomic units (OTUs) with 97% similarity cutoff (Edgar, 2013; Stack-
ebrandt & Goebel, 1994) were clustered using UPARSE version 7.1 
(Edgar, 2013), and chimeric sequences were identified and removed. 
The taxonomy of each OTU representative sequence was analyzed by 
RDP Classifier version 2.2 (Wang et al., 2007) against the 16S rRNA 
database (Silva v138) using a confidence threshold of 0.7. 

2.4. Whole-genome data analysis 

The whole-genome sequence of 32 representative bacteria 
(Table S1), which belonged to a core or different genera, was down-
loaded from the website of the National Center for Biotechnology In-
formation (NCBI). ORF prediction was performed on selected core and 
differential genera using the MetaGene (Noguchi et al., 2006). Then the 
ORF were translated into protein sequences for further metabolic 
annotation using FragGeneScan 1.31. Metabolism of the core and dif-
ferential bacteria were annotated by the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) (Kanehisa et al., 2006) database (Version 
2018-01-01) and analyzed using the Diamond (Buchfink et al., 2015). 
Carbohydrate-active enzymes (CAZymes) Database was then used for 
further metabolic annotation. Results from both annotations were 
visualized in R 4.0.3. 

2.5. Application of enterotype clustering methodology 

We applied methods described in humans (Arumugam et al., 2011; 
Costea et al., 2018; Wang et al., 2014; Wu et al., 2011) to test for the 
presence of enterotypes in the yak. The genus-level relative abundance 
profiles of samples were clustered using Jensen-Shannon divergence 
(JSD) and Bray-Curtis dissimilarity and partitioning around medoid 
(PAM) clustering in R. The robustness of clusters was assessed by the 
Calinski-Harabasz (CH) index and silhouette score (Hildebrand et al., 
2013). We applied the PAM, CH index, and silhouette score to clustering 
using Bray-Curtis and JSD methods, for which results did not differ. 
Euclidean was implemented in genus-level abundance. To identify genus 
taxa contributing to enterotype groups based on euclidean, we applied 
the SIMPER method (Clarke, 1993; Wang et al., 2014), which identifies 
genus taxa contributing to similarity within and dissimilarity between 
enterotypes and ranks their contribution. 

2.6. Statistical analyses 

Statistical analysis of the composition and diversity indices of gut 
microbial communities were calculated using the QIIME pipeline. Mi-
crobial diversity index graph and Rarefaction curve were plotted using 
mothur (version v.1.30.2) and differences between index groups were 
used Student’s t-test. OTU Venn diagrams, community bar graphs and 
Principal Component Analysis (PCA) were plotted using R 4.0.3. The 
linear discriminant analysis effect size (LEfSe) was obtained using LEfSe 
(LDA scores >2, p < 0.05) (Segata et al., 2011). Analysis of similarities 
(ANOSIM) and permutational analysis of variance (PERMANOVA) tests 
were run in R 4.0.3, using the function Adonis2 (by = ’terms’) imple-
mented in vegan based on 999 permutations. The correlations between 
the content of yak milk and microbiota composition were computed 
based on Procrustes analysis, a program that compares the relative po-
sitions of points in two multivariate datasets and conducted in R 4.0.3 
using the vegan package. RDA and correlation heatmap were obtained 
using vegan and pheatmap package in R 4.0.3. Spearman analysis was 
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used to devalue the correlation between yak milk quality, environmental 
factors and metabolism using SPSS 25.0 software. 

3. Results and discussion 

3.1. Gut microbial diversity in yaks from different regions 

Rarefaction curves and Coverage index were used to analyze the 
sequencing depth (Figs. S1A and 1F, Table S2). Multiple alpha diversity 
indices, including Ace, Chao1, Shannon and Simpson were used to assess 
the bacterial populations’ richness and diversity (Figure S1B~1E, 
Table S2). The Shannon index was the highest and Simpson index was 
the lowest in the Nagqu group, indicating the highest microbial diversity 
in the Nagqu group; the Chao and Ace indices were the highest in the 
Qamdo group, indicating the highest microbial richness in the samples 
of the Qamdo group. No significant differences were found among the 
Shannon, Chao, and Ace indices of the groups. The Simpson index was 
the highest in the Nagqu group samples and there were significant dif-
ferences between the samples of Nagqu and Yushu groups. In general, 
yaks from different regions were similar in their microbial diversity. 

PCA was used to reveal the structural differences between different 
groups of bacterial communities. Based on ANOSIM (999 permutations), 

the effect of different regional environments on yak gut microorganisms 
was evaluated, and the results showed that the different groups of yak 
gut microorganisms could be distinguished based on their regions of 
origin (Fig. 2A). In addition, the boxplot of PC1 showed that samples 
from different regions were separated from each other, indicating that 
yaks from different regions had their specific gut microbiota (Fig. 2B). 

Venn analysis showed that there were 959 OTUs shared among 
different regions, accounting for about 63.8%–73.5% of the total OTUs 
(Fig. 3A), indicating that yaks from Lhasa, Nagqu, Qamdo, Yushu, and 
Qinghai Lake shared most of the basic OTUs, although there were dif-
ferences caused by geographical and external natural environments 
among the samples from each region. In addition, each region had its 
exclusive OTUs (Lhasa: 31, Nagqu: 36, Qamdo: 102, Yushu: 102, 
Qinghai Lake: 39). These different regionally-specific OTUs might have 
facilitated the adaptation of yaks to different environments in each re-
gion and might be important reasons for the differences in the flavor of 
yak milk in different regions. 

At the phylum level, the yak intestinal microbes were dominated by 
Firmicutes and Bacteroidetes (Fig. 3B), as reported by previous studies 
(Lei et al., 2018; Li et al., 2019; Ma et al., 2019, 2021), which were the 
most essential phylum for all animals and were associated with energy 
intake and cold protection (Ma et al., 2019). No significant differences 
existed among different geographic regions in their Firmicutes and 
Bacteroides, but significant differences were found about Verrucomi-
crobia (Kruskal-Wallis H test, p = 0.01945, Fig. S2A). 30 genera were 
detected in these samples at a cut-off of >1% abundance (Fig. 3C), 
where Oscillospiraceae UCG-005, g_norank_UCG-010, Rikenella-
ceae_RC9_gut_group, and Bacteroides were the dominant genera in all 
groups. And significant differences were only discovered among Oscil-
lospiraceae UCG-005 from different geographical areas (Fig. S2B). 

LEfSe showed a relative abundance of different bacterial taxa (from 
phylum to genus) in samples from different regions (Fig. 3D). The results 
showed that 29 bacterial taxa were enriched in these samples, including 
9 species in the Lhasa group, 6 species in the Nagqu group, 11 species in 
the Qamdo group, 2 species in the Yushu group, and 1 species in the 
Qinghai Lake group. LDA (Fig. 3E) showed that Bacillus was significantly 
enriched in yak fecal samples from the Lhasa group with polysaccharide- 
degrading enzymes, which could facilitate the degradation and utiliza-
tion of cellulose in the yak intestine. Monoglobus in the Nagqu group was 
a genus of bacteria specialized in pectin degradation (Kim et al., 2019). 
Prevotella from the Qamdo group was a genus with cellulose-degrading 
enzymes (Prasoodanan et al., 2021; Rubino et al., 2017), and also 
possessed enzymes that could convert dietary fiber and hemicellulose 
into absorbable monosaccharides. Oscillospiraceae UCG-005 as a 
dominant genus in all samples had the largest percentage (24.56%) and 
showed significant differences in the Yushu group compared with 
several other groups. They were essential for the host fatness and in-
flammatory response (Konikoff & Gophna, 2016). Akkermansia, a less 
abundant genus in the Qinghai Lake group, accounted for less than 1% of 
the total and was able to affect host metabolism by altering the diversity 
of gut microbes (Ansaldo et al., 2019; Strazar et al., 2021). The above 
results showed that these differential genera were likely to affect the 
host’s energy acquisition through their related enzymes (Liu et al., 2016; 
Yan et al., 2019), thereby affecting the flavor of yak milk. 

ANOSIM (Fig. 3F) showed that it was reasonable and meaningful to 
distinguish yak samples by geography (R = 0.5111, p = 0.001). There 
was a certain limitation in the research with yak fecal samples (Han 
et al., 2021; Ma et al., 2021) as the relationship between microbial 
enrichment in the gastrointestinal tract of yaks and environmental fac-
tors could not be effectively evaluated because of the small-sized sam-
ples collected at a small elevation range of 3400–3800 m, which could 
not represent the general characteristics of yak gut microbes at lower or 
higher altitudes. In this study, fresh fecal samples were collected from 
continous locations of a wider altitude range of 3000–4800 m so as to 
better illustrate the effects of different geographical regions on yak gut 
microbes. In addition, the samples were collected in summer, when yaks 

Fig. 2. Principal component analysis (PCA) of gut microbiota between different 
regions. (A). PCA results based on 999 permutations of ANOSIM analysis of 
bacterial communities from different regions. (B) The distinct separation of 
samples from different regions was shown on the PC1 axis based on 999 per-
mutations of ANOSIM analysis. 
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were naturally grazing and more likely to be fed in the wild environment 
instead of by herders artificially. And the eastern part of QTP is char-
acterized by alpine meadow vegetation, including Cyperaceae, Poaceae 
and other plants (Guo et al., 2021) that are popular with yaks (Song 
et al., 2008). Therefore, the interference of diet on intestinal microor-
ganisms could be excluded, ensuring the reliability of statistics about 
variations in the gut microbial composition of yaks under different 
geographical conditions. The exploration of reasons for these variations 
was then feasible. 

3.2. Functional and metabolic predictions of different geographically 
distinct genera 

Based on the study of functional differences exhibited by human 
enterotypes (Arumugam et al., 2011; Costea et al., 2018), yak gut 
microbiota was tested to see if they could be divided into functionally 
distinct taxa depending on the geographical locations. PCoA showed 
that these samples could be divided into two different clusters of 
enterotypes based on the Jensen-Shannon distance (Fig. 4A). The yaks of 
Lhasa, Nagqu and Qinghai Lake were dominated by Enterotype 1, with 
the representative genera being norank_f_Oscillospirales UCG-010 and 
Rikenellaceae_RC9_gut_group. However, the yaks of Qamdo and Yushu 
were dominated by Enterotype 2, with the representative genus being 
Oscillospiraceae UCG-005 (Fig. 4A & Table S3). SIMPER analysis 
showed that the enterotypes in different regions were stable (Table S3). 
Stable enterotypes help yaks to survive the harsh cold conditions of the 
QTP (Guo et al., 2021). used enterotypes to analyze the shift of yaks with 
seasonal dietary changes at an altitude of 3000 m and defined Enter-
otype 2, which was consistent with Enterotype 1 in this study. However, 
the clustered Enterotype 2 in this study showed new and great differ-
ences, which might be related to the altitude, the local vegetation, etc 
(Ren et al., 2016; Wang et al., 2014). 

Therefore, it was speculated the differences in milk flavor of yaks 
from different regions were caused by differences in the microbiota 
genus based on different Enterotypes. To test this hypothesis, whole- 
genome annotations of the core and differential genera of yak samples 

from different regions were conducted using the whole-genome se-
quences of representative species (32 strains) of the differential genera 
downloaded from the National Center for Biotechnology Information 
(NCBI). The forage entering the gut of yak will be digested into utilizable 
monosaccharides for yaks by the encoded carbohydrate enzymes of 
microorganisms (Firkins & Yu, 2015). These species were first annotated 
using the CAZymes database (Fig. 4B). The annotation of CAZymes of 
the core genus Bacteroides with differential genera showed that the core 
genus included more families of carbohydrate metabolizing enzymes 
such as GH76 (mannosidase), GH110 (galactosidase), GH120 (amylase), 
GH125 (Exo-α-1,6-mannosidase), GH130 (β 1,2-mannosidase) and 
GH141 (xylanase), which were able to degrade carbohydrates from 
different sources. In contrast, the carbohydrases of differential genera 
were less diverse, and the distribution of carbohydrases in the samples 
from different regions varied. At the same time, a little overlap was 
found between the carbohydrase genes numerically dominant in the 
differential genera and those of the core genera. The most abundant 
carbohydrates enzymes in the Lhasa group were GH1 (β-glucosidase), 
GH15 (glucoamylase), GH73 (lysozyme), GH109 (α-N-acetylgalactosa-
minidase), GH166 (α-1,4-amino galactose hydrolase), and other en-
zymes of the carbohydrate family, which mainly targeted to degrade 
polysaccharides, disaccharides, and peptidoglycans in plants. The most 
abundant enzymes in the Nagqu group were GH106 (α-L-rhamnosidase) 
and GH140 (β-1,2-apioside), which specifically degrade pectin compo-
nents in plants. The most abundant enzymes in the Qamdo group were 
GH10 (endo-1,4-β-xylanase), GH30 (endo-β-1,4-xylanase), GH32 (con-
vertase), GH51 (endoglucanase), GH133 (amylose-1,6-glucosidase), and 
other families, which mainly degrade dietary fiber components in 
plants. The most abundant families in the Yushu group were GH24 
(lysozyme), GH94 (cellobiose phosphorylase), and other families, which 
specifically degrade peptidoglycan and cellobiose. The most abundant 
families in the Qinghai Lake group were GH33 (sialidase), GH37 
(α,α-alglucosidase), GH84 (N-acetyl-β-aminoglucosidase), GH89 
(α-N-acetyl-aminoglucosidase) and other families, which specifically 
degrade mucopolysaccharides. 

KEGG pathway analysis of core and differential genera showed that 

Fig. 3. Composition of gut microbiota of yaks from different regions. (A) Venn analysis. (B) Relative abundance of community at the phylum level. (C) Relative 
abundance of community at the genus level. (D) LEfSe for five regions. (E) Linear discriminant analysis (LDA) effect size (LEfSe) was conducted on the intestinal 
microbiota of yaks from different regions (p < 0.05, LDA >2). Different colors and sizes of nodes indicate microbial groups with significant differences and enriched 
species abundance. (F) Analysis of similarities among gut microbiota of yaks from different places. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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although they had complete metabolic pathways for methane and SCFA, 
the level of metabolism varied across geographically differential genera 
(Fig. 4C and D). For ruminants, short-chain fatty acid metabolism was 
the main way of energy acquisition, while methane metabolism was one 
of the ways of energy consumption or loss (Louis et al., 2014). The 
graphs of differences in methane, propionic acid, and butyric acid 
metabolism of different genera showed that the methane, propionate, 
and butyrate metabolic levels were significantly higher in the Mono-
globus of the Nagqu group than in other groups, while the propionate and 
butyrate metabolic levels were the lowest in the Bacillus of the Lhasa 
group and methane metabolic level was the lowest in Akkermansia of the 
Qinghai Lake group. With the strongest solar radiation and the lowest 
mean monthly temperature and oxygen content in the Nagqu group, the 
increased levels of propionate and butyrate metabolism were beneficial 
for yaks to obtain the energy they needed to warm themselves and keep 
their body temperature stable, and the high methane metabolism was 
beneficial for improving the efficiency of food conversion (Zhou et al., 
2011). The highest average monthly temperature in Lhasa slowed down 
the energy consumption process and also lowered the energy con-
sumption level of yaks (Liu et al., 2021), which might be able to explain 
the low level of propionate and butyrate metabolism. The enrichment of 
Akkermansia sp. at Qinghai Lake, which has the lowest altitude and 
highest oxygen content, resulted in higher feed conversion efficiency 

and lower methane metabolism levels (Ben Shabat et al., 2016). The 
above results suggested that the metabolism levels differed among 
geographically distinct genera, and these metabolic differences might be 
responsible for the different flavors of yak milk in different regions. 

3.3. Correlation analysis of environmental factors, different genera of 
bacteria, and yak milk quality 

Environmental factors act directly on biological communities and 

Fig. 4. Function and metabolism prediction of core bacteria and differential bacteria in different regions. (A) Enterotype distributions of yak associated with different 
regions using Bray-Curtis dissimilarity. (B) Annotated Heatmap of Carbohydrate Enzymes (CAZymes) (C) Metabolism of methane, propionate and butyrate. (D) 
Metabolic pathways of methane, acetate, propionate and butyrate. 

Table 2 
Yak milk components of different regions.  

Location Fat 
(%) 

Protein 
(%) 

Lactose 
(%) 

Reference 

Lhasa 7.38 5.2 5.15 Yu et al., 2006; Wei et al, 
2008; 
Xi et al., 2011; Guo et al., 
2014; 
Li et al., 2016; Nang, 2019; 
Ma et al. (2021) 

Nagqu 11.79 6.33 1.39 
Qamdo 6.92 4.95 4.77 
Yushu 5.52 4.79 5.47 
Qinghai 

Lake 
5.99 5.02 4.4 

Note: Testing of yak milk samples from different regions using a milko tester. 
The unit indicated the mass fraction per 100 ml of yak milk. 
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can affect the distribution, abundance, community structure, and 
composition of the entire community. Gut microbial metabolism and 
metabolites have the potential to affect host health and host derivatives 
(Stanton, 2016). Therefore, environmental factors such as solar radia-
tion, oxygen content, mean monthly temperature, and altitude (Table 1) 
were correlated with gut microbiota and yak milk quality (Table 2). RDA 
showed that altitude had the greatest effect on the structure of the 
microbiota, and oxygen content had the least effect on the structure of 
the microbiota (Fig. 5A). The heatmap of the correlation between 
environmental factors and intestinal flora (Fig. 5B) showed that at the 

genus level, the oxygen content was significantly negatively correlated 
only with the unclassified genus of the Ruminococcaceae in the intes-
tinal microbiota, and significantly positively correlated with Campylo-
bacter; while altitude, solar radiation, and mean monthly temperature 
were more closely related to the microbes. Temperature is one of the 
necessary external conditions for the growth of all organisms, and the 
temperature difference between morning and evening on the 
Qinghai-Tibetan plateau is large, and it had been shown that low tem-
perature decreased the diversity of intestinal flora and increased the 
harmful flora (Khakisahneh et al., 2020). As altitude rises, solar 

Fig. 5. The relationship between intestinal genera, yak milk components and environmental factors. The composition of yak milk in this study included milk fat, milk 
protein, lactose. (A) Redundancy analysis (RDA). The correlation between genera and environmental factors. The length of arrows means the level of correlation 
between genera and environmental factors. (B) The correlation heatmap between genera and environmental factors. (C) Procrustes analysis. The yak milk com-
ponents and microbiota composition were determined by Bray-Curtis distance in different regions, which are represented by different colors. Procrustes rotates the 
results of separate principal coordinates of yak milk components (triangle symbols) and gut microbiota composition (circle symbols). (D) The Spearman correlation 
between gut microbes, yak milk components and environmental factors.ackA:acetate kinase; ACSS1_2:acetyl-CoA synthetase; mmsA:malonate-semialdehyde de-
hydrogenase (acetylating)/methylmalonate-semialdehyde dehydrogenase; por: pyruvate ferredoxin oxidoreductase; ACADS:butyryl-CoA dehydrogenase; E4.1.1.15: 
glutamate decarboxylase; acdAB:acetate—CoA ligase; MCEE:methylmalonyl-CoA/ethylmalonyl-CoA epimerase. ‘*’ means that there is a significant correlation 
between the two indicators. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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radiation rises accordingly, and altitude and solar radiation have a 
synergistic effect. Solar radiation rises can damage the intestinal tract, 
and it had been reported that intestinal microbiota could produce SCFA 
to repair intestinal damage after radiation (Guo et al., 2020). In the 
highland environment, the oxygen content is relatively low, and the 
heart and lungs of yaks exhibited physiological characteristics to meet 
their respiratory needs (Chen et al., 2006; Feng et al., 2015; Zhou et al., 
2015), which might be able to explain the slight influence of oxygen 
content on the intestinal flora. In addition, vegetation shaping varies 
from region to region (Liu et al., 2021), and the effect of altitude on 
intestinal flora might also be related to local vegetation. 

Procrustes analysis was used to examine the variation of yak intes-
tinal bacterial genera and yak milk composition across geographic re-
gions (Fig. 5C). When analysis of variance was performed using Bray- 
Curtis distance, it was found that the variation in yak milk composi-
tion across geographic regions was strongly correlated with the varia-
tion in bacterial genera with geography (M2 = 0.8074, p = 0.022), which 
led to the speculation that geographic environmental factors had an 
impact on the intestinal genera and their products, which in turn 
affected yak milk composition. Gut microbes could produce SCFA in an 
anaerobic environment to maintain cellular redox homeostasis and also 
to store energy within the cell (Huda-Faujan et al., 2010; Koh et al., 
2016; Tan et al., 2014). Propionate and butyrate could be used as im-
mune modulators to help yaks adapt to the harsh environment of the 
QTP through other pathways (Feehley et al., 2019; Guo et al., 2020; 
Macfarlane & Macfarlane, 2012; Mathewson et al., 2016; Ohland & 
Jobin, 2015). Spearman analysis was used to verify the above specula-
tion and to explore the origin of SCFA in yak milk and the correlation 
between yak milk quality, environmental factors, and key enzymes in 
the metabolic pathways of different genera (Fig. 5D & Table S4, S5 & 
S6). The results of correlation analysis showed that yak milk fat was 
significantly positively correlated with acetyl-CoA synthetase (ACSS1_2) 
and negatively correlated with butyryl-CoA dehydrogenase (ACADS); 
milk protein was significantly positively correlated with ACSS1_2 and 
negatively correlated with ACADS; lactose was significantly positively 
correlated with ACADS and negatively correlated with ACSS1_2 and 
pyruvate ferredoxin oxidoreductase (por). And altitude, oxygen content, 
and the total annual solar radiation all had some correlations with the 
key enzymes of metabolic pathways. Altitude was significantly nega-
tively correlated with acetate kinase (ackA), ACSS1_2 and with gluta-
mate decarboxylase (E4.1.1.15). The solar radiation was significantly 
positively correlated with ACSS1_2 and negatively correlated with 
methylmalonyl-CoA/ethylmalonyl-CoA epimerase (MCEE) and 

E4.1.1.15. Altitude was significantly positively correlated with por, but 
the monthly mean temperature was significantly negatively correlated 
with it. The monthly mean temperature was significantly positively 
correlated with malonate-semialdehyde dehydrogenase (acetyla-
ting)/methylmalonate-semialdehyde dehydrogenase (mmsA), MCEE 
and acetate-CoA ligase (acdAB). The results of correlation analysis 
indicated that environmental factors such as altitude, total solar radia-
tion, monthly mean temperature and oxygen content might affect the 
content of SCFA in yak milk by influencing the number of genes of 
metabolic enzymes in different genera. It had been shown that the role 
of acetic acid, butyric acid and their regulation of mammary lipid syn-
thesis were found to be twofold: on the one hand, they acted as pre-
cursors to the ab initio synthesis of fatty acids in the mammary gland; on 
the other hand, they acted as signaling molecules to regulate mammary 
lipid synthesis (Cheng et al., 2020; Jacobs et al., 2013). In summary, 
differential bacterial genera could alter key enzymes in their metabolic 
pathways to produce different metabolites in the host, which in turn 
affected the metabolic level of the host and had an impact on the health 
of the yak and the quality of the yak milk. 

3.4. Construction of a correlation model between milk quality, intestinal 
microbiota, and environmental factors in yaks 

Based on the above analysis, it was proposed that environmental 
factors could affect the key metabolic enzymes of short-chain fatty acid 
metabolism in the intestinal differential genera, which in turn impacted 
the production of SCFA and eventually affected the flavor of yak milk by 
influencing the content of each component in yak milk with blood cir-
culation (Fig. 6). According to Spearman correlation analysis, oxygen 
content affected the key rate-limiting enzymes in the acetate and buty-
rate metabolic pathways; solar radiation affected the key rate-limiting 
enzymes in the acetate, propionate, and butyrate metabolic pathways; 
monthly mean temperature affected acetate and propionate metabolic 
pathways, and altitude affected only the key rate-limiting enzymes in 
the acetate metabolic pathway. Oxygen content negatively regulated 
acetate metabolism, altitude, monthly mean temperature and solar ra-
diation negatively regulated acetate metabolism. Oxygen content and 
monthly mean temperature positively regulated propionate metabolism. 
And solar radiation negatively regulated propionate metabolism. The 
amount and activity of metabolic enzymes affected the conversion of 
substances, which in turn influenced the content of lactose, milk fat, and 
milk protein in yak milk. In conclusion, these environmental factors 
mainly affected the synthesis or conversion of products by regulating the 

Fig. 6. Correlation model between intestinal genera, components in yak milk, and environmental factors. ackA:acetate kinase; ACSS1_2:acetyl-CoA synthetase; 
mmsA:malonate-semialdehyde dehydrogenase (acetylating)/methylmalonate-semialdehyde dehydrogenase; por: pyruvate ferredoxin oxidoreductase; ACADS: 
butyryl-CoA dehydrogenase; E4.1.1.15: glutamate decarboxylase; acdAB:acetate—CoA ligase; MCEE:methylmalonyl-CoA/ethylmalonyl-CoA epimerase. 
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expression of key metabolic enzymes in the metabolic pathway of the 
differential genera, which in turn affected the content of each compo-
nent in yak milk, eventually the flavor of yak milk. For the first time, 
environmental factors were linked with yak milk quality and the related 
metabolic pathways of differential genera, providing new insight into 
the source of various components and flavor substances of yak milk. 
Therefore, the development of a milk flavor model based on yak 
enterotype could provide a new insight into yak milk flavor improve-
ment. In the future, a yak milk flavor evaluation library will be estab-
lished based on further quantitative analysis of the association between 
yak milk and intestinal microorganisms on the QTP by artificially 
feeding different strains of bacteria and evaluating their flavor effects on 
dairy products, thus providing theoretical and experimental support for 
improving the flavor of yak milk. 
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