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Metagenomic analysis reveals high
diversity of gut viromes in yaks (Bos
grunniens) from the Qinghai-Tibet Plateau
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The Qinghai-Tibet Plateau (QTP), renowned for its exceptional biological diversity, is home to
numerous endemic species. However, research on the virology of vulnerable vertebrates like yaks
remains limited. In this study, our objective was to use metagenomics to provide a comprehensive
understanding of the diversity and evolution of the gut virome in yak populations across different
regions of the QTP. Our findings revealed a remarkably diverse array of viruses in the gut of yaks,
including those associated with vertebrates and bacteriophages. Notably, some vertebrate-
associated viruses, such as astrovirus and picornavirus, showed significant sequence identity across
diverse yak populations. Additionally, we observed differences in the functional profiles of genes
carried by the yak gut virome across different regions. Moreover, the virus-bacterium symbiotic
network that we discovered holds potential significance in maintaining the health of yaks. Overall, this
research expands our understanding of the viral communities in the gut of yaks and highlights the
importance of further investigating the interactions between viruses and their hosts. These data will be
beneficial for revealing the crucial role that viruses play in the yak gut ecology in future studies.

As one of the most concentrated areas of global biodiversity, the Qinghai-
Tibet Plateau (QTP) is home to numerous endemic species'. The yak (Bos
grunniens), an ancient even-toed ungulate species in the family Bovidae, is
native to the QTP and surrounding high-altitude regions, with approxi-
mately 90% of the global yak population distributed there’. The yak’s coat
provides excellent thermal insulation, allowing it to thrive in extremely cold
and oxygen-deficient conditions. In addition, studies of genetic adaptation
suggest that, compared to their low-altitude relatives, the influence of
adaptive evolution on energy metabolism genes further supports the sur-
vival of yaks in these harsh habitats’”. However, in some regions, due to
human activities, environmental changes, and disease issues, the yak
population is continuously declining.

In recent decades, the application of metagenomics has greatly
expanded our knowledge of the vast array of uncharacterized microbial
nucleotide sequences present in the digestive tracts or tissues of various
animals, including ruminants™, birds’, pigs'*"', cats'*", rabbits'“"’, and
chickens'*"”. Some of these studies have revealed associations with the health

and diseases of their hosts. However, our understanding of the microbial
ecology in the digestive tract or tissues of yaks living in the QTP is limited,
with only a few studies conducted on their gut bacterial metagenomics and
metabolomics of yaks so far'*”’. Recent studies have also shown that the
gastrointestinal tracts of ruminants harbor a rich diversity of prokaryotic
and eukaryotic microorganisms*~*, which play essential physiological roles
such as aiding in the digestion of feed, protecting their animal hosts from
pathogens, producing volatile fatty acids (VFAs) that contribute to
increased energy. Conversely, microbial imbalances can lead to metabolic
disorders and negatively affect the health of their animal hosts™. Viruses
constitute a substantial portion of the gut microbiome, with bacteriophages
(phages) being the predominant constituents of the gut virome. They infect
bacteria and play a crucial role in regulating the gut bacteriome by either
lysing their host bacteria or modulating their physiological functions™.
Therefore, identifying the viral hosts may reveal the effects of viruses on the
gut microbiota, thereby advancing the development of related applications.
For example, some phages (primarily lytic phages) are considered to have
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Fig. 1 | Maps showing the sampling points of yak fecal samples collected during
this research. a An overview of the sampling points in four provinces of Chinese
Mainland, with five distinct sampling points indicated by blue dots. b A detailed
topographic map of the five sampling points, with the scale and corresponding
elevation of different locations displayed on the right side of the figure. The source of
the map is Geospatial Data Cloud (https://www.gscloud.cn), and the software used
to create the map is ArcMap v10.5. All of these data are freely available to the public.
¢ An elevation profile graph of the sampling points. d The scatter plot depicts the
quantities of reads and contigs identified as viruses, produced by each individual
library. e The light blue portion in both pie charts represents the reads (on the left) or
contigs (on the right) annotated as viruses in all libraries. The light pink portion
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represents reads or contigs annotated as non-viral or unannotated. f The larger
figure represents the species rarefaction curve plotted using Megan6 software, with a
logarithmic scale transformation applied; The smaller figure depicts the species
accumulation curve, where the horizontal axis represents the number of randomly
sampled libraries, and the vertical axis represents the cumulative number of iden-
tified viral species. g An UpSet plot based on different sampling points as the
classification criterion. This plot showcases the number of viruses shared or unique
among different populations of yaks’ gut. The left-side bar chart represents the total
number of viral species for each sampling point, while the top bar chart represents
the number of viral phyla corresponding to shared or unique viruses.

great potential for treating infections caused by Staphylococcus aureus™,
Klebsiella oxytoca”, and Escherichia coli’® isolated from cases of bovine
mastitis. Recently, a comprehensive study by Wu et al. on the gut virome of
ruminants identified 109 phages that infect methanogenic archaea, 74 of
which were lytic*". This finding provides new insights into reports that the
rumen microbiomes of yaks living at high altitudes produce more VFAs and
less methane®. Furthermore, a study indicates that the rumen virome can
regulate microbial diversity and is associated with diet as well as several
important animal production traits”. Therefore, exploring the gut virome of
yaks on the QTP will provide valuable data for future research, particularly
on the regulatory roles of viral communities in the guts of high-altitude yaks.
In addition, some potential eukaryotic viruses that can infect QTP yaks and
other vertebrates and cause diseases remain unexplored. Furthermore, the
extensive use of antibiotics in human, veterinary, and agricultural practices
has led to the continuous release of antibiotics and antibiotic resistance
genes (ARGs) into the environment ™. Recent studies have identified phage-
associated ARGs from diverse sources, including cattle, pigs, and
poultry®*"*, as well as various wastewater environments™’. However, ARGs
from animals living in the QTP have yet to be explored.

In this study, we embarked on a comprehensive investigation of the gut
virome of yaks living in the QTP to understand its potential uniqueness. A
total of 122 fecal samples were collected from five sampling points in the
QTP, revealing the presence of viruses within them. Furthermore, we
compared the differences in viral community composition among yak

populations from different regions and further explored the genetic rela-
tionships between known and novel viruses, as well as the functional profiles
of phage-encoded genes. Additionally, virus-bacterium association analysis
and virus-bacterium interaction analysis were also performed to reveal the
virus-bacterium interaction mediated by viruses identified in this research.

Results

Analysing the yak gut virome

An extensive metagenomic investigation was carried out on fecal samples
from 122 yaks (Supplementary Data 1), which were collected from five
distinct altitude sampling points located in four provinces across the QTP
and its neighboring regions in Chinese Mainland, with an average altitude of
4139.12 m (Fig. la—c). After quality control, a total of 225,929,680 paired-
end reads were generated. Subsequently, 25,248,520 reads were assigned to
viruses. After de novo assembly, a total of 3,343,456 contigs were generated,
out of which 372,598 were assigned to viruses (Fig. 1d). The viruses
accounted for approximately 11% in both the reads and contigs (Fig. 1e).
The library labeled as “sichuanganzil19” has been removed due to its poor
quality. The viral species richness of these 121 quality-controlled fecal
samples was represented by the rarefaction curves (Fig. 1f). As the number
of sampled reads increased, the curve gradually reached a plateau, indicating
that the number of libraries collected in this study was sufficient. Additional
data would only reveal a limited number of new species. According to the
species accumulation curves estimation based on random sampling strategy,
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Fig. 2 | Comparisons of viral communities in the gut of yaks across different
regions. a Comparisons of richness and diversity of viral communities in the gut of
yaks across different sampling points: Ganzi (n = 32), Naqu (n = 30), Shannan
(n=20), Haibei (n =9), and Degqin (n = 30). The ACE, Shannon, Chaol, and
Simpson indices were all analyzed using the Wilcoxon test. *P < 0.05, **P < 0.01,
*K¥P < 0.001, between the two groups. b The PCoA analysis revealed significant
differences among viral communities from different sampling points. The two
principal component scores accounted for 20% (PC1) and 11% (PC2) of the total
variations, respectively. Each symbol represents an individual sample. ¢ A cluster
heatmap of viral classes in the gut of yaks from five different sampling points. The
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different colored bands at the top of the heatmap represent the corresponding
sampling points. The row names on the right side of the heatmap represent the
names of viral families. The data is presented in logarithmic scale with a base of log; ,
and the legend is displayed in the upper right corner. d Filtered the viral taxonomy
diagram to include the top 150 most abundant viral genera across all libraries.
Different background colors represent distinct viral realms. The outermost green
squares represent the relative abundance heatmap for each viral genus. Yellow tri-
angles indicate viral genera with an abundance below 0.1% of all viruses. Blue squares
represent viral genera with an abundance above 0.1% of all viruses.

these 121 libraries contain approximately 800 different viral species (Fig. 1f).
Surprisingly, the 30 samples from Deqin show lower overall species richness
compared to other sampling points. While potential influences from the
construction process of the libraries cannot be ruled out (all of these libraries
were constructed in the same batch), it can cautiously be inferred that the
composition of the gut virome in the Deqin region’s yak population may
differ from that of other regions.

We also analyzed the species composition of the yak gut virome in each
region. The results showed that the yaks in Ganzi had the highest number of
viral species, with 499 species, followed by Naqu (393), Shannan (358),
Haibei (291), and Deqin (221) (Supplementary Data 2). Surprisingly,
despite the relatively lower number of viral species in the yak population of
the Haibei, the presence of 100 unique viral species in this region’s yak
population is second only to the 129 unique viral species detected in the
Ganzi. This suggests the distinctiveness of viral communities harbored by
yak populations in different regions (Fig. 1g). In addition, the Ganzi has the
highest diversity of unique viral species in its yak population. The viruses
belonging to the phylum Uroviricota have the highest proportion among the
unique viral species in each region, except for Shannan. Overall, among the
shared viral species in these five regions, the highest number belongs to the
phylum Phixviricota, followed by the phylum Cressdnaviricota.

The richness and diversity of flora in specific regions or ecosystems are
typically measured using ACE index, Chaol index, Shannon index, and
Simpson index. Chaol and ACE indices are primarily used to estimate
species richness. A higher Chaol or ACE index indicates a more abundant
flora in the sample. Shannon and Simpson indices, on the other hand, are
mainly used to evaluate species diversity. A higher Shannon index or a lower
Simpson index indicates a greater diversity of flora in the sample. In this

study, we conducted a-diversity analysis on the gut viral communities of
yaks in five regions. The results revealed that the Ganzi had the highest
richness of gut viral communities in the yak population, followed by Naqu,
Shannan, Haibei, and Deqin, which is consistent with the aforementioned
findings. In terms of viral species diversity, the gut viral community of yaks
in Ganzi exhibited the highest diversity, followed by Shannan, Naqu, Haibei,
and Deqin (Fig. 2a and Table 1). It is noteworthy that there is some dis-
crepancy between the Shannon index and the Simpson index, which could
be attributed to the emphasis of the Simpson index on uniformity, while this
study encounters variations in sample sizes among different regions. Further
PCoA analysis revealed significant differences in the composition of viral
communities in the gut of yaks among these five regions (PERMANOVA,
P =0.001) (Fig. 2b).

It is evident and predictable that phages constitute a significant portion
of the yak gut virome, particularly viruses belonging to the Caudoviricetes,
Malgrandaviricetes and Faserviricetes (Fig. 2c). We then selected the top 150
most abundant viruses based on their genus-level abundance, retaining only
those well-annotated across all seven levels from realm to genus, and con-
structed a viral taxonomy diagram (Fig. 2d and Supplementary Data 1). The
unclassified Caudoviricetes family represents those taxa identified at the
genus level within the class Caudoviricetes but not assigned to any specific
family. It should be noted that some viruses, due to their novelty, may not be
consistently classified across all seven levels, potentially leading to them
being overlooked. The filtered viruses primarily belong to four viral realms:
Monodnaviria, Duplodnaviria, Riboviria, and Varidnaviria. The viruses in
the realm Duplodnaviria dominate in terms of quantity. We have also
observed that viruses belonging to the families Astroviridae™”,
Caliciviridae’”, Picornaviridae’” within the realm Riboviria, as well as
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Table 1 | Alpha diversity indexes of virome in the gut of yaks at different sampling points

Location ACE Chao1 Simpson Shannon Richness Invsimpson
Haibei 7711£51.12 77.11£51.12 0.74+0.06 1.86+0.12 77.11£51.12 3.98+£0.85
Ganzi 91.76 £ 30.27 91.76 £ 30.27 0.78 +0.07 2.02+£0.30 91.76 £ 30.27 5.03+1.54
Naqu 86.93 £25.09 86.93 £ 25.09 0.74+0.08 1.88+0.34 86.93 £ 25.09 4.10+1.24
Shannan 86.05 +21.87 86.05 +21.87 0.77 +0.05 1.98+£0.25 86.05 +21.87 4.54 £0.87
Degin 36.13 £22.56 36.13 £22.56 0.70+0.05 1.62+0.17 36.13 £22.56 3.42+£0.59

Values indicate the richness and diversity indexes (x + s) of the gut viral communities in different sampling points of yaks with mean and standard deviation. The ACE, Shannon, Chao1, and Simpson indices

were all analyzed using the Wilcoxon test.
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Fig. 3 | Phylogenetic analysis of vertebrate-associated viruses. The maximum

likelihood trees were constructed using the NS1 proteins of Parvoviridae (a) and the
RdRp proteins of Astroviridae (b) and Picornaviridae (c), respectively. The red dots
at the tips of the clades represent the viruses identified in this study. Lines of different

colors represent the hosts of viruses, as detailed in the legend at the bottom right
corner. All animal and other life form silhouettes are sourced from PhyloPic (https://
www.phylopic.org) and are available for reuse under Creative Commons licenses.

viruses belonging to the families Circoviridae***', Parvoviridae*** within the

realm Monodnaviria, have been reported to potentially be associated with
numerous diseases in vertebrate animals. Therefore, these viruses are worth
further analysis.

Surveying vertebrate-associated viruses in the QTP yaks

Animals may serve as natural hosts for certain viruses, and these viruses can
potentially spread among different animal species. Investigating vertebrate-
associated viruses in QTP yaks can help predict and control potential disease
outbreaks, thereby contributing to the protection of the stability of the QTP
animal population and the health of the ecosystem. Here, we have recovered
and identified 6 parvoviruses, 24 astroviruses, and 12 picornaviruses from
the yak’s metagenomic datasets, all of which contain complete or near-
complete hallmark genes (Supplementary Data 1). Although viruses
belonging to the family Caliciviridae are highly significant and associated
with bovine diarrhea symptoms”, we have been unable to recover a suffi-
ciently long fragment for further analysis. In general, most of these viruses
show a considerable degree of identity to the currently known viruses.
However, the host preferences of these viruses may not be the same for all.
Based on phylogenetic analysis, some of the parvoviruses identified in yaks
may be closely associated with lizards and mosquitoes (Fig. 3a), while the
viruses belonging to Astroviridae and Picornaviridae were closely related
only to vertebrates (Fig. 3b, c). Furthermore, we have identified nearly
identical astroviruses in yaks from both Naqu and Haibei regions. Similarly,
we found nearly identical picornaviruses in yaks from Naqu and Shannan,
as well as from Naqu and Ganzi. Therefore, we can infer that these
vertebrate-associated viral infections have already spread among different

regions’ yak populations, although the pathogenicity of these viruses cannot
be determined at present.

Expansion the diversity of CRESS DNA viruses

Circular replication (Rep)-encoding single-stranded (CRESS)-DNA viruses
are widespread and have been reported to infect nearly all eukaryotic
organisms globally*. These viruses display an unforeseeable range of
diversity and distribution, with their expansion showing no signs of
abating®. In order to explore the diversity of CRESS DNA viruses in the gut
of yaks, we attempted to recover the Rep protein sequences from the
datasets. Sequence similarity network analysis revealed that the majority of
sequences were well-clustered into several groups (Fig. 4a). Here, we present
the detection of 176 circoviruses, 359 genomoviruses, 640 smacoviruses, and
91 unclassified CRESS DNA viruses from QTP yak fecal samples (Fig. 4b-e
and Supplementary Data 1). The sequence analysis results indicated that
there were 65 circoviruses showing less than 60% amino acid sequence
identity in their Rep protein compared to known viruses. Similarly, there
were 72 genomoviruses and 355 smacoviruses with less than 60% Rep
amino acid sequence identity to known viruses. These sequences may
represent potential novel viral species. Phylogenetic analysis revealed that
viruses belonging to Genomoviridae exhibit a wide range of host diversity,
including birds, reptiles, protozoa, plants, and arthropods; in contrast, cir-
coviruses and smacoviruses are more closely associated with vertebrates.
Furthermore, there are some CRESS DNA viral sequences that cannot
currently be classified into established viral families. Similarly, these viruses
demonstrate varying host preferences, indicating the uniqueness of the
ecological environment on the QTP and the gut virome of yaks.
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The QTP yak population harbors a highly diverse range of phages
Phages are abundant in diverse habitats and crucial for maintaining bac-
terial communities and ecosystem stability. Investigating the distribution
and functionality of yak gut phages enables a profound understanding of
their roles in the QTP ecosystem and reveals their evolutionary mechanisms
and dynamics of diversity. In this study, we screened and obtained 109,461
phage-associated contigs, with the majority belonging to the classes Cau-
doviricetes and Malgrandaviricetes. However, approximately 8954 contigs
were tentatively assigned to bacterial viruses. PhaGCN2, based on the GCN
model, was used for further prediction and classification of these contigs.
Consequently, 523 phage genomes were successfully classified into 19 dif-
ferent viral families (Fig. 5a and Supplementary Data 3). Additionally, by
comparing with the RVD database, we matched 1715 phages and success-
fully annotated 176 of them at the family level, but no further annotations
were obtained at the genus level (Supplementary Data 1). Using the
DeePhage tool to predict the lifestyles of the viruses in this study’s dataset
revealed that, overall, the proportions of temperate phages (50.6%) and lytic
phages (49.4%) in QTP yaks were comparable. Regionally, the yaks in Deqin
had the lowest proportion of lytic phages at 45.6%, while those in Haibei had
the highest proportion at 62.7% (Supplementary Fig. 1). The region
encoding the TerL in Caudoviricetes exhibits remarkably high evolutionary
conservation, which may assist us in depicting the distinctive evolutionary
patterns of Caudoviricetes in the gut of the QTP yaks. A total of 460 TerL

sequences were detected and included in the phylogenetic analysis, along
with closely related sequences from GenBank and other reference sources
(Supplementary Data 1). The phylogenetic tree indicated that the TerL
genes of the majority of identified viruses in this study showed substantial
divergence from known sequences, making it impossible to include them
within the established classification framework (Fig. 5b). Furthermore, it has
been noted that certain viruses identified in this study form clusters with
those already recognized for infecting specific bacteria, thus suggesting
potential viral hosts. Nevertheless, additional research is imperative to
authenticate these findings.

Microviridae, a family of CRESS viruses that infect bacteria, is globally
recognized as one of the most widespread and diverse viral families’’. They
inhabit diverse environments, including the guts of animals and humans*”*,
insects”, freshwater’’, seawater’', and sediments™. A total of 6347 distinct
hallmark gene protein sequences, namely MCPs, were identified from the
gut of yaks in the QTP. The average protein sequence length was 452 aa
(Supplementary Data 1). Interestingly, the vast majority (over 5300) of
MCPs exhibited a sequence identity lower than 60% with the best matches in
the GenBank database (Fig. 5c and Supplementary Data 1). Furthermore,
network clustering analysis revealed that a subset of MCPs identified in this
study formed several major clusters with known sequences, most of which
were not assigned to specific viral genera or species. On the other hand,
another subset formed clusters comprising a few or several dozen MCPs,
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Fig. 5 | Taxonomic prediction, phylogenetic analysis, and sequence similarity
network analysis of yak gut phages. a PhaCGN2 was employed for the classification
prediction of the 8954 contigs annotated as bacterial viruses identified in this study,
with 523 contigs successfully assigned to 19 viral families. The network graph was
generated using Gephi based on the node and edge files produced by PhaGCN2.
b Phylogenetic analysis of Caudoviricetes based on the TerL amino acid sequences
from yak fecal samples. The red lines represent newly identified viruses in this study.

The lines of other colors indicate the hosts corresponding to the selected reference
sequences, as shown in the legend on the left. The outermost circle represent the
genera to which each virus belongs. ¢ The scatter plot depicts the identity and
coverage of 6351 MCPs generated in this study compared to their best match in the
GenBank database. d Sequence similarity network of MCPs associated with
Microviridae. Gray dots represent those sourced from the GenBank database, while
purple dots represent those derived from the gut of yaks in the QTP.

while some MCPs existed as individual clusters (Fig. 5d). These findings
enhance our understanding of the hidden diversity of phages in the gut of
yaks on the QTP, which may be shaped by the unique diet of yaks or the
distinctive natural geographical environment of the plateau.

Gene functional analysis of yak gut phages

The KEGG search program in eggNOG-mapper v2 was employed to
annotate detected genes in phage sequences, allowing for the exploration of
their potential functions (Supplementary Data 4). The results revealed that
the majority of annotated genes were associated with metabolic pathways,
including those for nucleotide, amino acid, lipid, and carbohydrate meta-
bolism. Among the QTP yak populations, the Naqu population had the
highest abundance of genes involved in KEGG pathways, followed by the
Ganzi and Degin populations, while the Shannan and Haibei populations
had fewer genes detected in these pathways. Notably, yak gut phages from
the Ganzi population possessed the most diverse and abundant functional
gene categories, including Cellular Processes, Organismal Systems, and
Human Diseases (Fig. 6a). Among these genes, those involved in DNA
replication, such as ssb and dnaB, as well as genes involved in nucleotide
metabolism (thyX) and amino acid metabolism (ydiP), were prevalent in yak
populations in the QTP. Furthermore, it was observed that genes involved in
lipid metabolism (avrBs2) and DNA replication (pcrA) were more abundant
in specific regions of yak populations (Fig. 6b). The widespread detection of
genes involved in energy metabolism, DNA replication and repair sub-
categories in yaks may suggest the unique survival pressures faced by

endemic species on the QTP, likely related to their adaptation to low-
temperature and hypoxic environments. However, further research is
needed to confirm this.

Virus-bacterium coabundance in the yak dataset

Viruses, particularly phages, can alter the abundance and function of bac-
teria upon infection, disseminate virulence factors between bacterial hosts to
modify the severity of bacterial infections, thereby indirectly impacting the
stability of the gut microbiota®. We performed an association analysis of the
abundances of viruses and bacteria in all collected yak libraries. The relative
abundance of bacteria in all libraries is shown in Fig. 6¢c. After filtering, a total
of 8 bacterial clades and 2 viral clades were included for further analysis. The
abundances of 7 different bacterial clades were negatively correlated with the
abundances of Microvirus and/or Siphovirus, respectively, satisfying FDR
and Bonferroni thresholds Fig. 6d and Supplementary Data 5. Overall, the
genus Prevotella, which belong to the family Prevotellaceae, had the most
significant negative correlation with Siphovirus (effect size =-0.240,
P=429E-05). Prevotella is commonly considered a probiotic associated
with a healthy plant-based diet. They are not only abundant in the human
guts but also prevalent in the guts of animals™**. Additionally, Zhang et al.
found that Prevotella spp. were increased in the rumen of yaks compared to
cattle’. However, some studies have indicated that Prevotella in the gut is also
associated with inflammation®*”. Therefore, the virus-bacterium symbiosis
network such as Prevotella-Siphovirus revealed by our results has important
implications for maintaining the health of yaks.
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Viral host detection based on the CRISPR spacer sequences

To further clarify the virus-bacterium interaction, MinCED was used to
detect CRISPR sequences in bacterial sequences in all yak libraries and to
determine the corresponding viral sequences in the same library. A total of
29 spacer sequences were detected and 9 unique virus-bacterium interac-
tions were identified (Table 2). Among them, there are 7 clades of bacteria
interacting with Myovirus, 1 clade interacting with Siphovirus, and 1 clade
interacting with Arthrobacter phage Corgi (Supplementary Data 1). Con-
sistent with the above results, the interaction between Siphovirus and Pre-
votella was observed.

Discussion

Recent metagenomic advancements have yielded vast genetic information
on viruses, yet much remains unknown. According to some studies,
mammals host at least 40,000 distinct viral species, significantly surpassing
the viral species presently recognized by the ICTV*. Additionally, one
study has shown that viruses are abundant in the rumen, with con-
centrations reaching 107 to 10" virions per milliliter of rumen fluid™.
Therefore, ongoing and extensive research into viral diversity is essential
for addressing future epidemics. Sampling viruses from a broader range of
vertebrate hosts should provide better evolutionary insights. Here, we
primarily focus on the analysis of the gut virome of yaks living in the

Table 2 | Hosts of bacteriophages based on CRISPR spacers

Viruses Bacteria

Siphovirus Prevotella

Myovirus Bacteroides, Alloprevotella, Prevotella, Coprobacter,
Parabacteroides, Paraprevotella, Clostridium

Arthrobacter Arthrobacter

phage Corgi

Italics are used to indicate bacterial genus names.

extreme environment of the QTP. To the best of our knowledge, this is the
first comprehensive virological research conducted on the yak populations
in this region.

In the past, the QTP was considered pristine due to its sparse popu-
lation. However, recent industrial activities have introduced pollutants,
posing a threat to the region’s ecological communities”. Previous studies
have shown that the rumen microbiota differs between yaks and cattle
raised at different altitudes**". It is evident that there are differences in the
composition of the QTP yak gut viral communities across different regions,
but these differences seem to be minimally affected by altitude. Interest-
ingly, there is a significant correlation (P < 0.001) between the richness and
diversity of the yak gut viral communities and the permanent resident
population in the sampling regions (Supplementary Fig. 2). According to
the data from the Seventh National Population Census of China, Ganzi has
the highest permanent resident population, with approximately 1.1 million
people, followed by Naqu with 500,000, Shannan with 350,000, Haibei with
300,000, and Deqin with 50,000 residents. This suggests that human
activities may be one of the potential factors affecting the gut viral com-
position of endemic species in the QTP, while the gut of yaks in the Deqin
region may have retained a relatively primitive viral composition. In
addition, we have not observed any signs of vertebrate-related viral sharing
between the yaks in Deqin region and those in other areas. Previous studies
have shown that diet is the most influential factor affecting the bacterial
composition in ruminants®’; recent works have also revealed that diet can
impact the rumen virome**. Unfortunately, because the yak samples in
this study were collected from the wild, we cannot speculate on their dietary
habits. A recent study characterized the lifestyles of phages in ruminants
and noted that the proportion of lytic phages is higher in ruminants
compared to other environments, where temperate phages constitute the
majority”’. Another study found that half of the rumen microbial genomes
and metagenome-assembled genomes contain at least one prophage,
highlighting the importance of lysogeny in the rumen ecosystem”. Lytic
phages lyse host cells, releasing host cellular components and increasing
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nutrient cycling in the rumen, including carbohydrates, lipids, and pro-
teins. Temperate (lysogenic) phages can grant their hosts novel metabolic
capabilities, enhancing their ecological fitness and potentially aiding in
their evolution. Consequently, rumen viruses can greatly influence the
rumen microbiome, its functions, and overall animal productivityﬁ.
Although the influence of sample size differences cannot be entirely ruled
out, our results support the aforementioned observation (Supplementary
Fig. 1). However, the lifestyles of these viruses identified by DeePhage need
further validation in the laboratory or confirmation of accuracy by training
models on larger cohorts. In the field of virology research, over 60% of
newly discovered viral sequences displayed substantial deviations from
established reference sequences, defying categorization within a defined
viral species. Such sequences even bordered on the creation of novel viral
families, earning them the moniker ‘viral dark matter’* . Whether within
the human gastrointestinal tract or the global oceans, the existence of these
viral dark matters has been extensively confirmed, and there are abundant
genetically diverse phage populations in the given environments”**.
Similarly, the yaks dwelling in the extreme environments of the QTP
harbor an exceptionally rich and distinct collection of phages especially
those associated with the family Microviridae. However, due to the lim-
itations posed by the length of assembled sequences and the analytical
methods used, the full extent of viral diversity cannot yet be completely
resolved. Further in-depth research is required. While these modest
advancements have broadened our comprehension of phage genomic
diversity, they also suggest that our quest to discover new viruses has barely
begun to scratch the surface of the iceberg.

A recent study on QTP wetland soil samples indicates that the
composition of bacterial communities is the primary driving force affecting
the diversity and geographical distribution of ARGs. Proteobacteria, Bac-
teroidetes, Actinobacteria, and Firmicutes comprised over 75% of the
bacterial community structure in QTP wetlands. FCA and (-lactamase
resistance genes also make up a significant proportion of ARG abundance
in these regions®. Likewise, Bacteroidetes and Firmicutes have been con-
firmed as predominant bacteria in the yak’s gastrointestinal tract™’, and our
study also supports this conclusion. Additionally, research has shown that
genera such as Prevotella, Ruminococcus, and Streptococcus, which can be
infected by rumen viruses, dominate the core rumen microbiome®.
Therefore, rumen viruses may play a role in influencing the diversity,
metabolism, and functions of the rumen ecosystem. Previous research has
stated that Firmicutes play a crucial role in energy absorption processes®.
As the dietary energy levels and concentrate ratios increase, the relative
abundance of Firmicutes may increase’””". This may explain why this group
of bacteria accounted for more than half of the bacterial composition in yak
feces. Correspondingly, we have also detected a wide range of genes
involved in energy metabolism and DNA replication in the yak’s gut. Here,
we did not detect ARGs encoded by phages in the gut of QTP yaks. A recent
study indicated that ARGs are rarely encoded in phages’. Yan et al. also
identified only 24 viruses carrying ARGs out of 705,380 viral contigs in a
large-scale rumen virome analysis’, which may explain this observation.
However, including a larger sample size of QTP yaks may reveal new
discoveries. Nevertheless, these annotated genes need further curation to
confirm their accuracy. For example, (i) confirming that the candidate gene
is actually encoded by a virus, and (ii) confirming that the candidate gene
truly participates in cellular metabolic pathways or other cellular processes.
Additionally, the specific genomic context surrounding each candidate
gene should be carefully examined. Therefore, this necessitates the future
improvement of in silico prediction tools, robust benchmarking, and high-
throughput experimental methods”.

In conclusion, this study provides the first-ever depiction of the gut
virome profile of yaks on the QTP, revealing a remarkably rich diversity,
complexity, and novelty of the yak gut virome; and discusses their genetic
similarities with known viruses. This study not only enhances our
understanding of the health status of yaks but, more importantly, under-
scores the necessity of conducting such research within a broader ecolo-
gical context.

Methods

Sample collection, processing, and quality control

From May to June 2021, three teams departed respectively from Nyingchi in
Tibet, Xining in Qinghai, and Ganzi in Sichuan to collect a total of 122 fresh
fecal samples from the gut of yaks in five different habitats on the QTP.
Specifically, there were 30 samples collected from Naqu, Tibet (altitude:
4724.41 m), 20 samples from Shannan, Tibet (5013.41 m), 30 samples from
Deqin, Yunnan (3760.57 m), 33 samples from Ganzi, Sichuan (4197.20 m),
and 9 samples from Haibei, Qinghai (3000.00 m) (Fig. 1 a-c). Most of the
yaks involved in this study were inhabiting areas near the snowy mountains
of the QTP, with a few scattered at the foothills. These areas have no access
restrictions. In areas without roads, we observed the yaks from a distance
and collected samples immediately after they defecated. None of the yaks
exhibited any evident signs of illness or disease. All samples were preserved
in sterile containers and transported using dry ice. Prior to viral metage-
nomic analysis, each 10-gram sample was submerged in 0.5 mL of Dul-
becco’s phosphate-buffered saline (DPBS) and vigorously vortexed for
5 min. Subsequently, they were incubated at 4 °C for 30 min. After cen-
trifugation at 15,000 x g for 10 min, the resulting supernatants were col-
lected in 1.5 mL centrifuge tubes and stored at -80 °C for future use"’. The
collection of samples was carried out in compliance with the Wildlife
Protection Law of the People’s Republic of China. All experiments were
conducted following the guidelines of a Biosafety Level 2 laboratory. For
each library, 100 pL of the supernatant was pipetted from a single sample
and subsequently collected in a new 1.5mL tube. These samples were
centrifuged at 12,000 x g for 5 min at 4 °C and filtered through a 0.45 um
filter to enrich viral particles. The filtrates were treated with RNase and
DNase, and the unprotected nucleic acids were subsequently digested at
37 °C for 60 min’*. Total nucleic acids were then extracted using the man-
ufacturer’s protocol provided with the QIAamp MinElute Virus Spin Kit
(Qiagen). These nucleic acid samples containing DNA and RNA viral
sequences were used for reverse transcription reactions with the SuperScript
III reverse transcriptase (Invitrogen) and 100 pmol of a random hexamer
primer, followed by a single round of DNA synthesis using Klenow frag-
ment polymerase (New England BioLabs). Libraries were constructed using
the Nextera XT DNA Sample Preparation Kit (Illumina) and sequenced on
the Illumina NovaSeq 6000 platform with 250 base-paired ends with dual
barcoding.

During the experiment, all procedures were conducted with necessary
precautions to avoid sample cross-contamination and degradation of
nucleic acids. We used aerosol filter tips to reduce the likelihood of sample
cross-contamination. Additionally, all other experimental materials, such as
microcentrifuge tubes and tips, that came into direct contact with nucleic
acid samples were free of DNase and RNase. The samples were dissolved in
DEPC-treated water containing RNase inhibitors. For blank controls, sterile
ddH20 was prepared simultaneously and further processed under the same
experimental conditions. Quality testing was performed using agarose gel
electrophoresis and Agilent bioanalyzer 2100. While sequencing on the
INlumina NovaSeq platform, the control pool generated a very small number
of reads.

Metagenome assembly

In order to minimize host contamination, we downloaded the reference
genome sequences (GCA_005887515.3) of yak (Bos grunniens) from NCBI.
Subsequently, we employed Bowtie2 v2.4.5”° to align and remove potential
host sequences (https://www.metagenomics.wiki/tools/short-read/remove-
host-sequences) from the 122 libraries. Primers and low-quality sequences
were trimmed using Trim Galore v0.6.5 (https://www.bioinformatics.
babraham.ac.uk/projects/trim_galore), and the files were quality controlled
with specific options as follows ‘--phred33 --length 100 --stringency 3
--paired’. Duplicated reads were marked using PRINSEQ-lite v0.20.4
(-derep 1)””. The paired-end reads were assembled using MEGAHIT v1.2.9”
with default parameters. The results were then imported into Geneious
Prime v2022.0.1 (https://www.geneious.com) for sorting and renaming. To
reduce false negatives during sequence assembly, additional semi-
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automated assembly was conducted on the unmapped contigs and singlets
shorter than 500 bp, and contigs that were >1500 bp long after reassembly
were retained. Moreover, mixed assembly was performed using MEGAHIT
combined with BWA v0.7.17” to search for unused reads and low-
abundance contigs.

Identification of viral genomes in yak libraries

We conducted the identification of viral sequences in the yak libraries
through a series of steps. Firstly, a specialized local viral database was created
for screening the assembled contigs, which included the non-redundant
protein (nr) database (downloaded in May 2022) and IMG/VR v3%. The
contigs initially annotated as eukaryotic viruses, including those shorter
than 1500 bp, were imported into Geneious Prime for manual assembly and
examination, and used as the reference for mapping to the raw data using the
Low Sensitivity/Fastest parameter. The resulting sequences were screened
for potential vector contamination using VecScreen (https://www.ncbi.nlm.
nih.gov/tools/vecscreen) and subjected to genome clustering using
MMsegs2 (-k 0 -e 0.001 --min-seq-id 0.95 -c 0.9 --cluster-mode 0)*'. Sub-
sequently, these sequences were incorporated into the yak virus
dataset along with those further identified as phage contigs.

Phage contigs were recognized in accordance with the viral sequence
identification SOP  (https://doi.org/10.17504/protocols.io.bwm5pc86).
Contigs were validated using VirSorter2®, and were then subjected to
CheckV*® to remove host sequences flanking prophages. The potential
phage contigs were screened based on data from VirSorter2 and CheckV
outcomes, which took into account the counts of viral and host genes,
VirSorter2 viral scores, and the presence of hallmark genes. Furthermore, we
identified conserved motifs within candidate phage contigs, such as the large
terminase subunit (TerL) and major capsid protein (MCP), and confirmed
them through manual validation. These phage contigs was subsequently
clustered at 95% average nucleotide identity (ANI) across 85% of the
shortest contig per MIUVIG standards®, utilizing a custom script from the
CheckV repository, resulting in phage populations.

The non-redundant yak virus dataset was then compared against the
local database using the BLASTx program built in DIAMOND v2.0.15%,
and significant sequences with a cut-off E-value of <10 were filtered. The
coverage of each sequence was computed using pileup, a tool within BBMap,
and the relative abundance of each sequence was determined via a custom
Bash shell script. Taxonomic identification of the yak virus dataset was
performed using TaxonKit" software and the rma2info program within
MEGANG6". PhaGCN2* was employed for potential further classification of
phages that cannot be classified through alignment with known sequences,
and the generated node and edge files were integrated into Gephi v0.10
(https://gephi.org), resulting in the creation of a network graph. Further-
more, we used the BLASTn tool (v2.15.0)* to compare these viruses with the
rumen virome database (RVD)® to obtain additional taxonomic informa-
tion. We retained sequences with both alignment identity and coverage
greater than 90% with the subject sequences. Coverage was calculated by
merging the alignment fraction length of BLASTn high-scoring pair
sequences. Additionally, due to the absence of viral sequences longer than
500 bp, sichuanganzil19 library was excluded from the analysis.

Virus genome annotation

Geneious Prime was used with parameters (minimum size: 100; start codon:
ATG) to predict potential open reading frames (ORFs). These ORFs were
subsequently validated by comparing them to similar viruses in the Gen-
Bank database. The annotations of these ORFs were assigned based on
comparisons with the built-in CDD v3.21 database within the Conserved
Domain Database (CDD)”. This database includes domains curated by
NCBI, as well as data imported from Pfam, SMART, COG, PRK, and
TIGRFAM. GraPhlAn was used to visualize the viral taxonomy diagram
from the realm to the genus level, following the methodology provided in the
GraPhlAn tutorial available at https://huttenhower.sph.harvard.edu/
GraPhlAn.

Phylogenetic analysis and sequence similarity network analysis
To elucidate phylogenetic relationships, sequences belonging to different
groups of corresponding viruses were downloaded from the GenBank
database, along with sequences of proposed species pending ratification.
Nucleotide or protein sequences were aligned using MUSCLE in MEGA-
X', Sites containing more than 50% gaps were temporarily removed from
the alignments. Maximum likelihood trees were then constructed using IQ-
TREE v1.6.12”. All phylogenetic trees were created using IQ-TREE with
1,000 bootstrap replicates (-bb 1000) and the ModelFinder function (-m
MEP). Interactive Tree Of Life (iTOL) was used for visualizing and editing
phylogenetic trees™.

We have also assembled a dataset comprising the protein sequences of
the MCP obtained in this study, which serves as a hallmark gene for the
family Microviridae, along with all available MCPs from the GenBank
database. We employed MMseqgs2 to cluster the dataset and conducted
sequence similarity network analysis on the non-redundant dataset using
EFI-EST*, with an alignment score threshold of 100, corresponding to 35%
sequence identity. The obtained network was visualized in Cytoscape V3.10
for subsequent analysis™. Similarly, a dataset comprising replication-
associated proteins (Reps) of circoviruses, genomoviruses, smacoviruses,
and other unclassified CRESS DNA viruses was also generated, with an
alignment score threshold of 27.

Functional annotation of phages

The ORFs of the viral contigs were functionally annotated by comparing
them to the eggNOG v5.0" database using eggNOG-mapper v2” with
default parameters, which is a tool for functional annotation based on
precomputed orthology assignments. The functional annotations from
KEGG, COG, and Pfam were derived from the results of the eggNOG-
mapper analysis. The abundance of each filtered gene was calculated by
mapping the clean reads to the datasets using BWA, the sum of the abun-
dances of those genes with the same KO annotation was used to represent
the relative abundance of each gene category. Additionally, we aligned
phage-associated protein sequences against the Comprehensive Antibiotic
Resistance Database (CARD) using default parameters to predict the pro-
files of ARGs™. However, we did not detect any phage-related ARGs.

Prediction of viral lifestyles

DeePhage”, which uses a deep neural network to learn features from both
DNA and protein sequences and thus has better generalization ability for
phages, was used to analyze the lifestyles of phages identified in this study.
The virtual machine file for DeePhage was obtained from https://cgb.pku.
edu.cn/zhulab/info/1006/1174htm and opened using VirtualBox v7.0
(https://www.virtualbox.org). DeePhage classifies phages into four cate-
gories based on a scoring system: temperate (<0.3), uncertain temperate
(0.3-0.5), uncertain virulent (0.5-0.7), and virulent (>0.7), with higher
scores indicating greater virulence.

Virus-bacterium association analysis

We extracted bacterial sequences from MEGANG6 to obtain bacterial
abundance and normalised the relative abundance using log transforma-
tion. All sequences are aligned and annotated with the nr database. We only
retained the clades that were detected in all 121 libraries for further analysis.
After selection, we assessed 8 bacterial clades (2 phyla, 2 classes, 2 orders, 1
family and 1 genus) and 2 viral clades (Siphovirus and Microvirus). Virus-
bacterium association analysis was performed separately for each virus-
bacterium pair using the Im function in RStudio and the effect size of the
viral abundance was evaluated'”.

Virus-bacterium interaction analysis based on CRISPR spacers

CRISPR sequences in bacterial sequences were predicted using MinCED
v0.42 (-minNR 2) (https://github.com/ctSkennerton/minced). Spacers
sequences within the predicted CRISPR sequences were searched against the
viral sequences from the same library using blastn with a cut-off E-value of
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<107, nucleotide identity of >95%, and coverage of spacers of >90%'". Then,
we summarised the virus-bacterium pair in each library.

Statistics and reproducibility

Statistical analyses and normalization were performed using MEGANG6 and
R. Alpha-diversity and beta-diversity analysis were performed using the
vegan package, with statistical significance set at P<0.05. The ACE,
Shannon, Chaol, and Simpson indices were all analyzed using the Wilcoxon
test. Visual presentation utilized the ggplot2 and ggpubr packages. Principal
coordinate analysis (PCoA) based on Bray-Curtis dissimilarity was carried
out using the Permute, lattice, vegan, and ape packages. The PERMANOVA
analysis was performed using the adonis() function from the vegan package.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The library data involved in this study has been deposited into the National
Genomics Data Center (NGDC) of China (https://ngdc.cncb.ac.cn) and the
Short Read Archive (SRA) of the GenBank database under the BioProject
accession no. PRJCA018020/PRJNA994540. The involved sequences have
been submitted to the GenBank database without any access restrictions,
with accession numbers detailed in Supplementary Data 1.
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