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Abstract: Interactions between species provide the basis for understanding coexisting mechanisms.
The plateau pika (Ochotona curzoniae) and the yak (Bos grunniens) are considered competitors be-
cause they have shared habitats and consumed similar food on the Qinghai–Tibetan Plateau for
more than 1 million years. Interestingly, the population density of plateau pikas increases with
yak population expansion and subsequent overgrazing. To reveal the underlying mechanism, we
sequenced the fecal microbial 16S rDNA from both sympatric and allopatric pikas and yaks. Our
results indicated that sympatry increased both gut microbial diversity and similarity between pikas
and yaks. The abundance of Firmicutes, Proteobacteria, Cyanobacteria, and Tenericutes decreased,
while that of Verrucomicrobia increased in sympatric pikas. As for sympatric yaks, Firmicutes,
Bacteroidetes, and Spirochaetes significantly increased, while Cyanobacteria, Euryarchaeota, and
Verrucomicrobia significantly decreased. In sympatry, plateau pikas acquired 2692 OTUs from yaks,
and yaks obtained 453 OTUs from pikas. The predominant horizontally transmitted bacteria were
Firmicutes, Bacteroidetes, Verrucomicrobia, and Proteobacteria. These bacteria enhanced the enrich-
ment of pathways related to prebiotics and immunity for pikas, such as heparin sulfate, heparin,
chitin disaccharide, chondroitin-sulfate-ABC, and chondroitin-AC degradation pathways. In yaks,
the horizontally transmitted bacteria enhanced pathways related to hepatoprotection, xenobiotic
biodegradation, and detoxification. Our results suggest that horizontal transmission is a process of
selection, and pikas and yaks tend to develop reciprocity through the horizontal transmission of gut
microbiota.

Keywords: gut microbiota; plateau pika; yak; horizontal transmission; reciprocity

1. Introduction

In nature, organisms coexist through complex interspecific interactions, such as compe-
tition, predation, commensalism, and mutualism, which contribute to the biodiversity and
stability of biocoenosis [1,2]. Traditional studies have generally assumed that sympatric
herbivores are competitors because they consume similar plants and share habitats, leading
to a high overlap of diet and space niche [1,3]. However, recent studies have provided
considerably different insights. For example, livestock promotes outbreaks of sympatric
locusts (Oedaleus asiaticus) under heavy grazing conditions [4]. Furthermore, wild ungu-
lates positively influence cattle by enhancing the dietary crude protein content during
the wet season, while the opposite interaction occurs during the dry season [5]. These
studies have indicated that environmental factors may modify interspecific interactions
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and initiate a shift from competition to reciprocity. In particular, the gut microbiota, which
participates in the biosynthesis of vitamins, cellulose degradation, and the development of
immunity against disease, enhances the host’s food digestion and nutrition utilization [6–8].
For instance, gut microbiota that originates from pets enhances the health of babies by
lowering the rates of asthma [9]. Furthermore, many animals acquire microbes from their
environment or other species [10], and horizontally transmitted bacteria confer resistance
to natural enemies to the host [11] and help their host overcome extreme environmental
stress [12]. These examples indicate that animals can be beneficial to each other through
the horizontal transmission of gut microbiota, which may also be a strong mediating factor
between hosts. Overall, this highlights the need to explore interspecific interactions by
investigating the gut microbiota.

As a typical herbivorous species on the Qinghai–Tibetan Plateau (QTP), yak speci-
ated in northeastern Eurasia (i.e., northern China, Inner Mongolia, eastern Siberia, and
northern mid-Asia) 2.5 million years ago (Ma) and possess excellent tolerance of cold and
hypoxic conditions, which has allowed this species to have a widespread distribution [13].
Likewise, as an indigenous mammal on the QTP, the plateau pika also prefers cold and
hypoxic environments [14] and has been widely distributed on the QTP since 3.4 Ma [15,16].
These two species have coexisted for about 2.4 million years, and they are assumed to
compete for scarce or limited plant foods and overlapping spaces [3]. However, with
the rapid population growth of yaks in the last 6–7 decades, the density of plateau pikas
has considerably increased [17,18]. Moreover, plateau pikas prefer to live on grasslands
degraded by livestock overgrazing and are characterized by extremely low winter mor-
tality [19]. Notably, there are two conventional interpretations of this phenomenon. A
possible explanation is that livestock overgrazing lowers the height of vegetation and,
hence, widens the field of vision of plateau pikas, which is advantageous for detecting
predators [19,20]. Alternatively, another interpretation is that the stronger tolerance to
toxic plant secondary metabolites (PSMs) of plateau pikas, compared with that of other
herbivores, results in its outbreak in degraded regions, which are widely colonized by
poisonous plants [21–23]. However, we have found that plateau pikas survive in winter by
eating yak feces when food is short, and horizontal transmission of gut microbiota occurred
during this process [24]; these scenes made us question if pikas eat yak feces in summer, or
if horizontal transmission of gut microbiota also occurred in summer.

Based on the above scenes, plateau pikas and yaks may not only be simple com-
petitors, but their relationship may also be characterized by reciprocity. However, more
evidence is required to fill this knowledge gap. Therefore, in this study, we evaluated the
sympatric pikas, yaks, allopatric pikas, and allopatric yaks to identify the sympatric effects
on the gut microbiota of pikas and yaks. We collected fecal samples of pikas and yaks,
sequenced the 16S rDNA of gut microbiota, and predicted microbial function to assess their
implication. We determined whether sympatry contributed to the horizontal transmission
of gut microbiota and diversity between pikas and yaks and appraised the gut microbial
functional implications and benefits of sympatric effects on the host.

2. Materials and Methods
2.1. Experimental Procedures

To assess horizontally transmitted bacteria, we designed a group of experiments based
on previously described methods [25]. Three different sites, including sympatric pikas
and yaks, allopatric pikas, and allopatric yaks, were identified. Samples from sympatric
pikas and yaks were collected in the Reshui village, Qinghai, China (altitude: 3720 m;
N: 37◦9′39′′, E: 100◦28′40′′; Figure 1), and the average annual temperature was about
2 ◦C [26]. To assess sympatry, we selected grasslands where only plateau pikas and yaks
lived together, that is, without sheep, horses, and other animals. After investigating several
sites, we found that Datong (i.e., the Datong Yak Farm in Qinghai Province; Figure 1) was
ideal for evaluating allopatric yaks, as there were no Tibetan sheep, horses, or any other
livestock in that region, and the altitude of Datong is 2700–3000 m, while the habitat of
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plateau pikas is above 3000 m [14]. Therefore, yaks in the farm developed their own gut
microbiota, without bacteria from plateau pikas or other livestock. The ecosystem and
vegetation types in the farm were similar to those at the sympatric site. In contrast, we
searched for pika-specific habitats but failed to find a separate distribution site for pikas.
As a consequence, we constructed steel enclosures (30 m × 50 m) that served as isolated
distribution sites for the plateau pikas in Taxiu Town, Guinan County, Qinghai Province
(altitude: 3360 m; N: 35◦30′31′′, E: 100◦39′39′′; Figure 1), where pikas were maintained in
geographic isolation and without contact with yaks or other animals. To prevent the pikas
escaping, the steel enclosures were buried 50 cm underground and 1 m above ground [27].
Notably, the ecosystem and vegetation types in the enclosures were similar to those at the
sympatric site. Thus, the plateau pikas in the enclosure developed their own gut microbiota
without bacteria from yaks or other animals.
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Figure 1. Map for fecal sample collection sites. Triangle denotes the sympatric plateau pika and yak collection sites. Circle
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from an open-source website (https://maps-for-free.com/ (accessed on 8 February 2021)).

2.2. Sample Collection

Plateau pikas that lived in sympatry with yaks were trapped using the live-trapping
method [28], kept in covered cages that had been sterilized using 75% alcohol, and their
feces were collected as soon as they were available. At the same sites, the fresh feces of
sympatric yaks were collected in 10 mL centrifuge tubes. All fecal samples were stored in
liquid nitrogen.

All of the samples were collected in summer (sympatric sample: July; allopatric
sample: August), and all of the samples were from adult individuals. During the sampling
of sympatric yaks, we had at least four people to stare at the yaks; we would drive away
the yak after we collected one’s feces. For the sympatric pikas, we put them in separate
cages; there was only one pika in each cage. For the allopatric yaks and pikas, we followed
the same operation as the sympatric samples.

The enclosure of allopatric was surrounded by a closed farm; no yaks, sheep, horses
and other animals could enter the farm, and certainly, no animals could enter the enclosure.
There were no pikas or other animals lived near the site of enclosure, as the experiment
was elaborately designed; we checked the place before it was used as an experimental
site. Additionally, the pikas in the enclosure were born in the enclosure; they never left
the enclosure. The gut microbiota of allopatric pikas and allopatric yaks were used as
references to filter horizontally transmitted bacteria. For conciseness, we defined a series
of abbreviations for different group names. The PA represents the pikas in the allopatric

https://maps-for-free.com/
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enclosure, PS represents sympatric pikas with yaks, YS represents sympatric yaks with
pikas, and YA represents yaks in allopatric farms. In total, 43 fecal samples were collected
(Table S1).

2.3. DNA Extraction and Sequencing

In total, we extracted the DNA following the practicable procedures in our previous
reports [29,30]. Microbial DNA was extracted using a TruSeq DNA PCR-Free Sample
Preparation Kit (Illumina, San Diego, CA, USA). The V3 and V4 regions of 16S rDNA
were amplifiedbased on the primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-
GGACTACNNGGGTATCTAAT-3′) [31,32]. The PCR products were quantified and purified
with a fluorometer (QuantiFluor; Promega, Madison, WI, USA) before being sequenced on
the HiSeq 2500 platform with the PE250 model (Illumina, San Diego, CA, USA).

2.4. 16S rDNA Data Analysis

According to the previous reports [29,30], the paired reads were merged into a single
tag based on the overlapping region between each paired read using FLASH software (v
1.2.11), with a minimum 10 bp overlap and 20% mismatch allowed in the overlapping
region. Subsequently, we conducted filtering operations according to the procedures
provided by QIIME 1.9.1 [33]. The details were as follows: the sequences with a cut-off at Q-
value > 20, N-base > 10% and the sequences which were shorter than 300 bp were trimmed.
After that, we aligned the clean tags against the GOLD database (version microbiomeutil-
r20110519) based on the UCHIME algorithm to discard the chimers and singletons, and
finally obtained the effective tags.

The effective tags were further used to search against the microbial reference database
of Greengenes 13_8 [34] and those tags were clustered into OTUs based on the standard of
97% identity with the UCLUST algorithm. The representative OTUs were classified using
Pynast, and the taxonomy of the OTUs was assigned using the UCLUST algorithm. The
mitochondria, chloroplasts, and unclassified OTUs at the kingdom level were excluded
from the OTU table. Diversity indexes were computed using alpha_diversity.py and
beta_diversity.py in the QIIME pipeline. Significant differences in alpha diversity and Bray–
Curtis dissimilarity were detected using the Mann–Whitney U test. Finally, we measured
the allopatric and sympatric effects on the gut microbial composition of pikas and yaks
using UniFrac distance.

2.5. Identification of Horizontally Transmitted Microbiota

We identified horizontally transmitted OTUs by comparing the gut microbiota of
yaks and plateau pikas following the methods described in a previous study [25]. The
OTUs horizontally transmitted from yaks were shared by all the plateau pikas except the
pikas in the enclosures, which had not been in contact with yaks. Likewise, the OTUs
horizontally transmitted from pikas were found in all the yaks except the one in Datong
farm, which lived without pikas. To evaluate the profile of microbes shared between
sympatric heterospecifics, we displayed the number and composition of horizontally
transmitted OTUs in Venn diagrams using R v3.2.2 and GraphPad Prism v6.00.

2.6. Function Prediction and Comparison

To measure the effects of horizontally transmitted microbes on their new hosts and
identify pathways that were significantly enhanced by horizontally transmitted OTUs,
we compared the functional pathways of host OTUs (i.e., excluding the horizontally
transmitted OTUs) to the total OTUs (i.e., including the horizontally transmitted OTUs) in
pikas and yaks. The enzyme pathways were predicted using PICRUSt2 v2.3.0 [35].
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3. Results
3.1. Differences in Gut Microbial Communities between Plateau Pikas and Yaks

In total, we obtained 3,439,015 16S rDNA sequences from 43 samples (Table S1). Sub-
sequently, the sequences were classified into 8887 operational taxonomic units (OTUs)
with a 97% identity cut-off. The gut microbiotas of pikas and yaks were dominated at
the phylum level by Firmicutes, Bacteroidetes, Verrucomicrobia, Proteobacteria, and Acti-
nobacteria, which accounted for over 90% of the total communities (Figure 2A; Table S2).
At the family level, Ruminococcaceae, o__Clostridiales;f__, f__Verrucomicrobiaceae, and
f__Lachnospiraceae were the most abundant (Figure 2B). Further analysis of the 30 most
abundant genera revealed a marked variation in gut microbiota between sympatric in-
dividuals and their allopatric conspecifics (Figure 2C). When comparing the allopatric
pikas to the pikas sympatric with yaks, elevated abundances of Firmicutes, Proteobacteria,
Cyanobacteria, and Tenericutes were observed in allopatric pikas (Figure 2C; Table S2),
whereas Verrucomicrobia were more abundant in sympatric pikas (Figure 3A; Table S2).
The response of the gut microbiota of yaks to sympatry was different from that of sympatric
pika. In other words, the abundances of Firmicutes, Bacteroidetes, and Spirochaetes were
significantly greater in sympatric yaks (Figure 3B; Table S2), while Cyanobacteria, Eur-
yarchaeota, and Verrucomicrobia were significantly more abundant in the allopatric yaks
(Figure 3B; Table S2). At the genus level, allopatry in pikas induced significant increases in
g_Campylobacter, g_Prevotella, g_Ruminococcus, and g_YRC22 (Figure 3A; Table S2), whereas
there was a decrease in g_Akkermansia in allopatric pikas (Figure 3A; Table S2). Moreover,
g_Akkermansia was more abundant in allopatric yaks (Figure 3B).
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Figure 2. Composition of gut microbiota of plateau pikas and yaks in sympatry and allopatry. The “PA”: the pikas in the
allopatric enclosure, “PS”: sympatric pikas with yaks, “YS”: sympatric yaks with pikas, and “YA”: yaks in allopatric farms.
(A) Abundance of gut microbiota at phylum level. (B) Top 15 abundant gut microbiota at family level. (C) Top 30 abundant
gut microbiota at genus level.
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Figure 3. (A) Biomarkers of gut microbiota among different pika’s population in Lefse result. (B) Biomarkers of gut
microbiota among different yak’s population in Lefse result. The “PA”: the pikas in the allopatric enclosure, “PS”: sympatric
pikas with yaks, “YS”: sympatric yaks with pikas, and “YA”: yaks in allopatric farms.

3.2. Elevated Microbial Diversity in Sympatry

Both allopatric pikas and allopatric yaks had a lower Chao1 index and observed
species number than their sympatric conspecifics (Figure 4A,B). As for the Shannon–Wiener
and Simpson indices, allopatric pikas were still characterized by lower values, although
without significant variations (Figure 4C,D), and allopatric yaks displayed significantly
lower values (Figure 4C,D). Notably, sympatric pikas and yaks clustered more closely than
allopatric populations (Figure 4E,F). Furthermore, the gut microbial composition based on
the Bray–Curtis distance revealed that the microbial communities in conspecific individu-
als were more similar to each other than to the microbial communities of heterospecific
individuals, even if conspecific individuals did not share the same environment or habitat
(Figure 4G; Mann–Whitney U-test, U = 40, p < 0.0001). In addition, a convergence of
the microbial communities was observed between sympatric heterospecifics compared
with the allopatric populations (Figure 4G), which indicated an increased sharing of gut
microbes between sympatric heterospecifics (Mann–Whitney U-test, U = 0, p < 0.0001).
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3.3. Horizontally Transmitted OTU Clusters Shared between Plateau Pikas and Yaks

In total, 4813 (56.60%) OTUs were shared by sympatric pikas and yaks (Figure 5A).
However, only 2090 (25.22%) OTUs were shared between allopatric pikas and yaks
(Figure 5A). Notably, the prevalence of OTUs shared between sympatric heterospecifics
often indicates the horizontal transmission of gut microbes [25].
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Figure 5. The horizontal transmitted OTU cluster number between the sympatric pikas and yaks. The “PA”: the pikas in
the allopatric enclosure, “PS”: sympatric pikas with yaks, “YS”: sympatric yaks with pikas, and “YA”: yaks in allopatric
farms. (A) The section labeled 2692 denotes those OTU clusters which plateau pika acquired from sympatric yak; the section
labeled 453 denotes those OTU clusters which yak acquired from the sympatric plateau pika. (B) Relative abundance of
horizontal transmitted bacteria at phylum level in sympatric pikas and yaks.

The OTU clusters that were simultaneously present in sympatric pikas and yaks and
also in allopatric yaks, but absent in allopatric pikas, were considered to be horizontally
transmitted from yaks to pikas, since their presence depended on yaks and were only
detected in pikas sympatric with yaks. Conversely, the OTU clusters that were simultane-
ously present in sympatric pikas, yaks, and allopatric pikas, but not in allopatric yaks, were
defined as horizontally transmitted from pikas to yaks, since their presence depended on
that of pikas and could only be identified in yaks in sympatry with pikas. Notably, pikas
obtained more bacterial taxa from yaks than yaks obtained bacterial taxa from pikas (i.e.,
2692 and 453 OTUs, respectively) (Figure 5A). Furthermore, these horizontally transmitted
bacterial taxa spanned 18 phyla and 185 genera (Tables S3 and S4), and the most dominant
phyla were Firmicutes, Bacteroidetes, Verrucomicrobia, and Proteobacteria (Figure 5B;
Table S3). The horizontal transmission of the gut microbiota was imbalanced between the
pikas and yaks. Bacteroidetes, Verrucomicrobia, and Proteobacteria tended to be trans-
mitted to pikas from yaks, while Firmicutes tended to be transmitted to yaks from pikas
(Figure 5B).

3.4. Functional Effects of Horizontally Transmitted Bacteria on Their New Hosts

The pathways from horizontally transmitted microbes mainly improved the degra-
dation of polysaccharides through enzymes such as heparin-sulfate lyase (EC: 4.2.2.8),
heparin lyase (EC: 4.2.2.7), chitin disaccharide deacetylase (EC: 3.5.1.105), chondroitin-
sulfate-ABC endolyase (EC: 4.2.2.20 and EC: 4.2.2.21), and chondroitin AC lyase (EC: 4.2.2.5)
(Figure S1A; Table S5).

Yaks obtained bacteria associated with hepatoprotection, xenobiotic biodegrada-
tion, and detoxification by mycothiol biosynthesis (Figure S1B; Table S5). The hepato-
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protective pathways included numerous enzymes, namely betaine-aldehyde dehydroge-
nase (EC: 1.2.1.8), malonate-semialdehyde dehydrogenase (EC: 1.2.1.18), methylmalonate-
semialdehyde dehydrogenase (CoA acylation; EC: 1.2.1.27), L-lactate dehydrogenase (cy-
tochrome; EC: 1.1.2.3), 2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline decarboxylase
(EC: 4.1.1.9), allantoicase (EC: 3.5.3.4), and uronate dehydrogenase (EC: 1.1.1.203; Figure
S1B; Table S5). The pathways of xenobiotic biodegradation included the following en-
zymes: alkanesulfonate monooxygenase (EC: 1.14.14.5), vanillate monooxygenase (EC:
1.14.13.82), 3-(3-hydroxy-phenyl) propanoic acid hydroxylase (EC: 1.14.13.127), (2Z,6E)-
farnesyl diphosphate synthase (EC: 2.5.1.68), nicotine blue oxidoreductase (EC: 1.1.1.328),
alkane 1-monooxygenase (EC: 1.14.15.3), 4-hydroxybenzoate 3-monooxygenase (EC: 1.14.13.2),
allophanate hydrolase (EC: 3.5.1.54), formaldehyde dehydrogenase (EC: 1.2.1.46), 4-
hydroxymandelate oxidase (EC: 1.1.3.46), 4-hydroxy-4-methyl-2-oxoglutarate aldolase (EC:
4.1.3.17), glycine dehydrogenase (cyanide-forming; EC: 1.4.99.5), 6-
hydroxypseudooxynicotine (EC: 1.5.99.14), 5-exo-hydroxycamphor dehydrogenase
(EC: 1.1.1.327), trans-feruloyl-CoA hydratase (EC: 4.2.1.101), aliphatic aldoxime dehy-
dratase (EC: 4.99.1.5), microsomal epoxide hydrolase (EC: 3.3.2.9), 4-hydroxyacetophenone
monooxygenase (EC: 1.14.13.84), and pentachlorophenol monooxygenase (EC: 1.14.13.50;
Figure S1B; Table S5). Finally, multiple enzymes were also involved in detoxification
pathways by mycothiol biosynthesis, namely N-acetyl-1-D-myo-inositol-2-amino-2-deoxy-
alpha-D-glucopyranoside deacetylase (EC: 3.5.1.103), L-cysteine:1D-myo-inositol 2-amino-
2-deoxy-alpha-D-glucopyranoside ligase (EC: 6.3.1.13), mycothiol S-conjugate amidase
(EC: 3.5.1.115), mycothiol synthase (EC: 2.3.1.189), S-(hydroxymethyl)mycothiol dehydro-
genase (EC: 1.1.1.306), mycoredoxin (EC: 1.20.4.3), L-histidine N(alpha)-methyltransferase
(EC: 2.1.1.44), and gamma-glutamyl cysteine (EC: 1.14.99.50) (Figure S1B; Table S5).

3.5. Functional Differences of Gut Microbiota between the Allopatric and Sympatric Individuals

For pikas, the allopatric individuals had 15 enzymes higher than the sympatric indi-
viduals, while the sympatric individuals had only 5 enzymes higher than the allopatric
individuals in the top 20 enzymes with significant differences (Figure 6A,B). Moreover, the
allopatric yaks had only 4 enzymes higher than the sympatric yaks, while the sympatric
yaks had 15 enzymes higher than the allopatric yaks in the top 20 enzymes, with signifi-
cant differences (Figure 6C,D). An opposite trend of microbial enzymes with significant
differences was observed between pikas and yaks.
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4. Discussion

In our study, the dominant gut microbiota differed between allopatric and sympatric
individuals, which indicates a strong influence of sympatry on the gut microbiota in het-
erospecifics. Notably, pikas and yaks have been considered as complete competitors in
previous reports [1,3]. If this competition hypothesis provided an exact assessment between
pikas and yaks, allopatric individuals would develop a lax gut microbiota with inefficient
energy harvesting from food, as they would not need to cope with competitive pressure.
Conversely, sympatric species can develop an efficient gut microbiota to improve their
competitive ecological advantages by improving assimilation, as the gut microbiota plays
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an important role in energy absorption by decomposing the indigestible cellulose and hemi-
cellulose for herbivores [36,37]. In our study, higher abundances of Firmicutes and lower
abundances of Euryarchaeota and Akkermansia were observed in allopatric pikas than in
sympatric pikas, highlighting an efficient gut microbial phenotype, since higher Firmicutes
levels correspond to an excessive assimilation of energy in obese individuals [38]. Moreover,
a lower abundance of Euryarchaeota resulted in a low level of methane emissions, as most
Euryarchaeota are responsible for elevated methane yield [39,40]. In addition, Akkermansia
contributes to energy expenditure in the host, and a higher Akkermansia abundance has been
associated with a slim body [41,42]. Overall, we observed that allopatric pikas had multiple
energy sources and reduced energy expenditure to maintain energy balance by reshaping
the gut microbiota, thereby exhibiting an efficient gut microbial phenotype. Therefore,
the conventional view on the relationship between pikas and yaks contradicts the results
presented herein and does not account for the increase in the population density of pikas
accompanied by the expansion of the yak population [17,18]. Together, these circumstances
in the gut microbiota of sympatric pikas may result in a potential ecological benefit for the
survival of sympatric pikas, even if they host inefficient gut microbiota. Furthermore, the
variation in gut microbiota between sympatric and allopatric yaks was slight compared
with that between pikas, and it was characterized by a trend opposite to that observed in
pikas; for example, the abundance of Firmicutes was reduced, while that of Akkermansia
was increased in allopatric yaks. This trend implies that the response mechanism of yaks
to sympatry is different from that of pikas. Yaks sympatric with pikas tend to contain more
immunity-related bacterial taxa, such as Akkermansia, which is associated with increased
immunity and health [43].

Sympatry is associated with increased gut microbial diversity in both pikas and yaks,
which implies a potential horizontal transmission between sympatric heterospecifics. It is
possible that horizontal transmission significantly increases microbial diversity [44] and
that the host acquires gut microbiota from other species to maintain a significantly greater
species richness and biodiversity than non-gut environments [45,46]. Moreover, pikas eat
the feces of yaks [24,47], which could increase the gut microbial diversity of pikas that live
with yaks. Likewise, the soil-ingestion behavior of yaks may increase their gut microbial
diversity when they live with pikas, as pikas excrete hard solid fecal pellets throughout the
field [3,48]. Furthermore, the diversity of soil microbiota is increased by multiple animals
living in sympatry, as these animals influence the soil structure and transfer microbes
through fecal contamination or contact with each other [10,46,49]. In addition, plateau
pikas and yaks can modify the plant community structure and increase diversity in the
plant community by foraging, excavating, and grazing [50–53]. Accordingly, these changes
in the plant community may increase the gut microbial diversity of pikas and yaks by
providing a variety of diets. Moreover, the changes in the gut microbiota diversity indices
reported in the present study indicated variations in comprehensive community structure
rather than an increase in rare species, implying potential sympatry instead of allopatry.
Notably, microbial diversity in the gut is regarded as a biomarker of health and metabolic
capacity [54]. High gut microbial diversity often improves the host’s fitness by expanding
the dietary niche in wild animals, as a diverse gut microbiota provides a comprehensive
capacity to cope with the complex compounds in vegetable diet sources [55,56]. Therefore,
individuals may expand their dietary niches through the horizontal transmission of the
gut microbiota from their sympatric heterospecifics.

In the present study, sympatry also enhanced the similarity in the gut microbiota
between pikas and yaks. Coprophagy and soil-ingestion behaviors, which are prevalent in
pikas and yaks, respectively, cause a microbial transfer to new hosts through contact with
feces or fecal-contaminated soil [57,58]. Likewise, convergence and increased similarity
have also been observed in sympatric chimpanzees and gorillas (i.e., they shared more
OTUs than they did in allopatric environments) due to the horizontal transmission of gut
microbiota [25]. Horizontal transmission of gut microbiota between sympatric individuals
may occur through incidental contact with feces or specific behavioral contact [59,60].
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Furthermore, the horizontal transmission of gut microbiota, which leads to an increased
similarity in gut microbiota, has also been reported in sympatric Malagasy mammals [59].
The observation of this phenomenon in different animals suggests that it may be com-
mon for sympatric animals to obtain bacteria through the horizontal transmission of gut
microbiota.

In our study, noticeable inequalities of horizontal transmission were observed between
the sympatric pikas and yaks, which indicates that the host species played an important
role in the colonization of horizontally transmitted microbes. The horizontal transmission
of bacteria can be affected by many factors, such as foraging, spatial activity patterns, or
physical contact [25,61]. The fecal bacteria of yaks may be more accessible to sympatric
pikas than the fecal bacteria of pikas for yaks, as pikas prefer to excrete their hard, solid
balls of feces on the ground or in the grass, and the lush vegetation may prevent yaks from
coming into contact with these feces. As a result, more bacteria were transferred from
yaks to pikas than from pikas to yaks. Plateau pikas eat not only their own feces but also
those of yaks [47]. Notably, a previous study linked the coprophagy of plateau pikas to the
recycling of minerals and calories [47]. However, our study suggested that coprophagy
might result in the acquisition of interspecific microbes and promote host adaptation to
extreme environments.

Organisms often enhance their fitness by acquiring bacteria from other species or
environments. For example, although coming from a lineage of carnivores, the giant
panda possesses the ability to digest cellulose, acquired from horizontally transmitted
microbes derived from bamboo [62]. Furthermore, it has been reported that the Japanese
acquired carbohydrate-active enzymes from marine bacteria in seafood [63] and that bac-
teria horizontally transmitted from dogs to children reduce the risk of childhood allergic
diseases [9]. In our study, the benefits of horizontally transmitted microbes in the new
host differed across hosts. For pikas, horizontally transmitted microbes participate in
prebiotic metabolism, and the corresponding prebiotics are composed of heteroglycans,
including heparin, chitin, and chondroitin, which provide food for probiotics [64]. For
example, Lactobacillus and Bacillus, which are horizontally transmitted from yaks to pikas
(Table S5), could improve host immunity by neutralizing toxins [65]. Notably, strong
immunity is essential for pikas, as they suffer from abundant parasitic infections, especially
intestinal parasites [66]. Therefore, immune enhancement from horizontally transmitted
microbes may contribute to the resistance of pikas to parasitic infections. Moreover, the
plateau pika prefers plants that contain toxic PSMs, such as Taraxacum sp., Plantago asiatica,
Potentilla nivea, and Oxytropis sp.; hence, it harbors the gut microbiota to degrade these
toxic substances [21,22]. Generally, small mammals possess stronger resistance to PSMs
than large mammals [67,68], a trait that is derived from the gut microbiota [55]. However,
yaks and other large herbivorous mammals have an extremely weak capacity to cope
with poisonous PSMs [67–69] and, hence, are often poisoned by accidentally foraging
poisonous plants [70]. Therefore, yaks must employ alternative pathways to degrade PSMs,
if possible. For instance, the genus Rhodococcus, which encodes multiple enzymes for the
degradation of diverse toxic and xenobiotic compounds [71], was observed in a set of
horizontally transmitted microbes from pikas to yaks. Previous studies have shown that
horizontally transmitted microbes improve the tolerance to environmental stress in pea
aphids (Acyrthosiphon pisum) [12], expand the host dietary niche [72], and decompose toxic
compounds (creosote resin) in plants [73]. Likewise, the bacteria horizontally transmitted
from pikas to yaks played important roles in hepatoprotection, xenobiotic biodegradation,
and detoxification by mycothiol biosynthesis in yaks. These similar patterns in different
animals highlight the point that animals may evolve an adaptive capacity for obtain-
ing bacteria from their surrounding environment or other species, even from sympatric
competitors, to cope with multiple challenges.
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5. Conclusions

In summary, sympatric yaks and plateau pikas increased their ecological adaptation
and obtained ecological advantages through the horizontal transmission of gut bacteria.
That is, they enhanced their gut microbial diversity to expand their diet niche, which was
mediated by horizontally transmitted bacteria. Additionally, they acquired horizontally
transmitted bacteria that provided specific functional benefits to their hosts, such as intesti-
nal immunity, hepatoprotection, xenobiotic biodegradation, and detoxification. Through
horizontal transmission, these sympatric species acquired complementary superiority to
each other. The taxa and function of horizontally transmitted bacteria often correspond
with the requirements of the host, which implies that the horizontal transmission of bacteria
between yaks and plateau pikas on the QTP has been determined by a selective process
and has experienced strict filtration to meet the hosts’ requirements.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9091890/s1, Figure S1: Relative abundance of predicted gene of metagenome
related to KEGG pathways; red box: based on host inherent OTUs without horizontal transmitted
OTUs, blue box: based on total OTUs with the horizontal transmitted OTUs. (A) plateau pika,
(B) yaks. Table S1: Sampling information of different groups. The PA represented the pikas in
allopatry (enclosure); PS represented sympatric pikas with yaks; YS represented sympatric yaks
with pikas; YA represented the yaks in allopatry (farm). Table S2: Phylum-level composition of gut
microbiota across all samples. Table S3: Phylum-level composition of horizontally transmitted gut
microbiota. Table S4: Genus-level composition of horizontally transmitted gut microbiota. Table S5:
Enzyme produced by horizontally transmitted gut microbiota.

Author Contributions: H.F. wrote the manuscript, L.Z. and Y.Z. revised the manuscript. H.F. and Y.Z.
designed the experiments. L.Z. provided the method. H.F., L.Z., Y.Z., C.F., W.L., C.L., H.Z. and Q.C.
collected the samples. All authors have read and agreed to the published version of the manuscript.

Funding: Our study was supported by the recovery techniques and demonstration of degraded
alpine ecosystems in the source region of three rivers under contract (no. 2016YFC0501900) and the
National Natural Science Foundation of China (no. 31670394). Second Tibetan Plateau Scientific
Expedition and Research Program (no. 2019 QZKK0501) (Y.Z.); Western Project for Interdisciplinary
Team (Y.Z.); Science and Technology Department of Qinghai Province Major Project “Sanjiangyaun
National Park Animal Genome Program” (Y.Z.); Natural Science Foundation of Qinghai Province
(no. 2019-ZJ-7024) (L.Z.); Joint Grant from Chinese Academy of Sciences–People’s Government of
Qinghai Province on Sanjiangyuan National Park (LHZX-2020-01).

Institutional Review Board Statement: This project was approved by the Animal Ethics Committee
of Northwest Plateau Institute of Biology, Chinese Academy of Sciences (nwipb2015110801).

Informed Consent Statement: Not applicable.

Data Availability Statement: The 16S rDNA data of fecal microbiota from plateau pikas and yaks can
be freely retrieved from the NCBI Sequence Read Archive with project accession Nos. PRJNA699741.

Acknowledgments: We thanks the Jiye Li for the farm where collected samples of allopatric yak.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Begon, M.; Townsend, C.R.; Harper, J.L. Ecology: From Individuals to Ecosystems, 4th ed.; Blackwell Publishing: Hoboken, NJ, USA,

2005; p. 752.
2. Hooper, D.U.; Chapin, F.S.; Ewel, J.J.; Hector, A.; Inchausti, P.; Lavorel, S.; Lawton, J.H.; Lodge, D.M.; Loreau, M.; Naeem, S.; et al.

Effects of biodiversity on ecosystem functioning: A consensus of current knowledge. Ecol. Monogr. 2005, 75, 3–35. [CrossRef]
3. Harris, R.B.; Wenying, W.; Badinqiuying; Smith, A.T.; Bedunah, D.J. Herbivory and competition of Tibetan steppe vegetation in

winter pasture: Effects of Livestock Exclosure and Plateau Pika Reduction. PLoS ONE 2015, 10, e0132897. [CrossRef]
4. Cease, A.J.; Elser, J.J.; Ford, C.F.; Hao, S.; Kang, L.; Harrison, J.F. Heavy livestock grazing promotes locust outbreaks by lowering

plant nitrogen content. Science 2012, 335, 467–469. [CrossRef] [PubMed]
5. Odadi, W.O.; Karachi, M.K.; Abdulrazak, S.A.; Young, T.P. African wild ungulates compete with or facilitate cattle depending on

season. Science 2011, 333, 1753–1755. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/microorganisms9091890/s1
https://www.mdpi.com/article/10.3390/microorganisms9091890/s1
http://doi.org/10.1890/04-0922
http://doi.org/10.1371/journal.pone.0132897
http://doi.org/10.1126/science.1214433
http://www.ncbi.nlm.nih.gov/pubmed/22282812
http://doi.org/10.1126/science.1208468
http://www.ncbi.nlm.nih.gov/pubmed/21940896


Microorganisms 2021, 9, 1890 15 of 17

6. Jami, E.; Israel, A.; Kotser, A.; Mizrahi, I. Exploring the bovine rumen bacterial community from birth to adulthood. ISME J. 2013,
7, 1069–1079. [CrossRef] [PubMed]

7. Sommer, F.; Nookaew, I.; Sommer, N.; Fogelstrand, P.; Backhed, F. Site-specific programming of the host epithelial transcriptome
by the gut microbiota. Genome Biol. 2015, 16, 62. [CrossRef] [PubMed]

8. Yatsunenko, T.; Rey, F.E.; Manary, M.J.; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G.; Baldassano,
R.N.; Anokhin, A.P.; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222–227. [CrossRef]
[PubMed]

9. Fujimura, K.E.; Demoor, T.; Rauch, M.; Faruqi, A.A.; Jang, S.; Johnson, C.C.; Boushey, H.A.; Zoratti, E.; Ownby, D.; Lukacs, N.W.;
et al. House dust exposure mediates gut microbiome Lactobacillus enrichment and airway immune defense against allergens and
virus infection. Proc. Natl. Acad. Sci. USA 2014, 111, 805–810. [CrossRef]

10. Li, H.; Li, T.; Yao, M.; Li, J.; Zhang, S.; Wirth, S.; Cao, W.; Lin, Q.; Li, X. Pika gut may select for rare but diverse environmental
bacteria. Front. Microbiol. 2016, 7, 1269. [CrossRef]

11. Jaenike, J.; Unckless, R.; Cockburn, S.N.; Boelio, L.M.; Perlman, S.J. Adaptation via symbiosis: Recent spread of a drosophila
defensive dymbiont. Science 2010, 329, 212–215. [CrossRef]

12. Montllor, C.B.; Maxmen, A.; Purcell, A.H. Facultative bacterial endosymbionts benefit pea aphids Acyrthosiphon pisum under heat
stress. Ecol. Entomol. 2002, 27, 189–195. [CrossRef]

13. Wiener, G.; Han, J.; Long, R. The Yak; FAO Regional office for Asia and the Pacific: Bangkok, Thailand, 2003; pp. 57–58.
14. Luo, Y.; Gao, W.; Gao, Y.; Tang, S.; Huang, Q.; Tan, X.; Chen, J.; Huang, T. Mitochondrial genome analysis of Ochotona curzoniae

and implication of cytochrome c oxidase in hypoxic adaptation. Mitochondrion 2008, 8, 352–357. [CrossRef]
15. Dahal, N.; Lissovsky, A.A.; Lin, Z.; Solari, K.; Hadly, E.A.; Zhan, X.; Ramakrishnan, U. Genetics, morphology and ecology reveal a

cryptic pika lineage in the Sikkim Himalaya. Mol. Phylogenet. Evol. 2017, 106, 55–60. [CrossRef]
16. Yu, N.; Zheng, C.L.; Zhang, Y.P.; Li, W.H. Molecular systematics of pikas (genus Ochotona) inferred from mitochondrial DNA

sequences. Mol. Phylogenet. Evol. 2000, 16, 85–95. [CrossRef]
17. Dong, Q.M.; Zhao, X.Q.; Wu, G.L.; Shi, J.J.; Ren, G.H. A review of formation mechanism and restoration measures of “black-soil-

type” degraded grassland in the Qinghai-Tibetan Plateau. Environ. Earth Sci. 2013, 70, 2359–2370. [CrossRef]
18. Qu, J.P.; Ji, W.H.; Russell, J.C.; Zhang, H.; Zhang, Y.M. The more the merrier? Multi-species grazing of small herbivores mediates

plant community impacts. Biodivers. Conserv. 2016, 25, 2055–2069. [CrossRef]
19. Qu, J.P.; Li, W.J.; Yang, M.; Li, K.X.; Zhang, Y.M. Methods for large scale assessment of small mammal abundance in open habitats:

Plateau pika (Ochotona Curzoniae) in alpine grassland. Pol. J. Ecol. 2011, 59, 829–833.
20. Wang, Y.; Wang, X.; Wang, Z.; Patrick, G.; Kenichi, T.; Graham, A. Primary Study on habitat choice of plateau pika (Ochotona

curzoniae). J. Sichuan Univ. Nat. Sci. Ed. 2004, 41, 1041–1045.
21. Dai, X.; Gu, X.; Shi, J.; Yuan, F.; Yin, B.; Wang, A.; Wei, W.; Yang Sheng, M. The seasonal changes of plant secondary metabolites

and their influence on the food selection of plateau pika. Acta Theriol. Sin. 2012, 32, 306–317.
22. Dai, X.; Zhang, B.; Wu, X.Y.; Jiang, L.Y.; Zou, Z.Z.; Wang, A.Q.; Wei, W.H.; Yang, S.M. Identification of tannin-degrading

microorganisms in the gut of plateau pikas (Ochotona curzoniae) and root voles (Microtus oeconomus). Symbiosis 2014, 63, 1–9.
[CrossRef]

23. Fan, C.; Zhang, L.; Fu, H.; Liu, C.; Zhang, Y. Enterotypes of the gut microbial community and their response to plant secondary
compounds in plateau pikas. Microorganisms 2020, 8, 1311. [CrossRef]

24. Speakman, J.R.; Chi, Q.; Ołdakowski, Ł.; Fu, H.; Fletcher, Q.E.; Hambly, C.; Togo, J.; Liu, X.; Piertney, S.B.; Wang, X.; et al.
Surviving winter on the Qinghai-Tibetan Plateau: Pikas suppress energy demands and exploit yak feces to survive winter. Proc.
Natl. Acad. Sci. USA 2021, 118, e2100707118. [CrossRef] [PubMed]

25. Moeller, A.H.; Peeters, M.; Ndjango, J.B.; Li, Y.; Hahn, B.H.; Ochman, H. Sympatric chimpanzees and gorillas harbor convergent
gut microbial communities. Genome Res. 2013, 23, 1715–1720. [CrossRef] [PubMed]

26. Zhao, J.; Xing, S.; Ma, Y. Characteristics of Soil Moisture for Different Types of Vegetation in Gangcha County. Bull. Soil Water
Conserv. 2012, 32, 14–18.

27. Tan, C.; Yu, Y.; Jiang, Z.; Zhong, L.; Zhang, Y.; Qu, J. Differences in exploration and resting metabolic rates of plateau pikas
(Ochotona curzoniae) at different altitudes. Acta Theriol. Sin. 2020, 40, 27–36.

28. Wang, J.M.; Zhang, Y.M.; Wang, D.H. Seasonal thermogenesis and body mass regulation in plateau pikas (Ochotona curzoniae).
Oecologia 2006, 149, 373–382. [CrossRef] [PubMed]

29. Fu, H.; Zhang, L.; Fan, C.; Liu, C.; Li, W.; Cheng, Q.; Zhao, X.; Jia, S.; Zhang, Y. Environment and host species identity shape gut
microbiota diversity in sympatric herbivorous mammals. Microb. Biotechnol. 2020, 14, 1300–1315. [CrossRef] [PubMed]

30. Fu, H.; Zhang, L.; Fan, C.; Liu, C.; Li, W.; Li, J.; Zhao, X.; Jia, S.; Zhang, Y. Domestication Shapes the Community Structure and
Functional Metagenomic Content of the Yak Fecal Microbiota. Front. Microbiol. 2021, 12, 594075. [CrossRef]

31. Claesson, M.J.; Wang, Q.; O’Sullivan, O.; Greene-Diniz, R.; Cole, J.R.; Ross, R.P.; O’Toole, P.W. Comparison of two next-generation
sequencing technologies for resolving highly complex microbiota composition using tandem variable 16S rRNA gene regions.
Nucleic Acids Res. 2010, 38, e200. [CrossRef]

32. Vilo, C.; Dong, Q. Evaluation of the RDP Classifier Accuracy Using 16S rRNA Gene Variable Regions. Metagenomics 2012, 1,
104303. [CrossRef]

http://doi.org/10.1038/ismej.2013.2
http://www.ncbi.nlm.nih.gov/pubmed/23426008
http://doi.org/10.1186/s13059-015-0614-4
http://www.ncbi.nlm.nih.gov/pubmed/25887251
http://doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
http://doi.org/10.1073/pnas.1310750111
http://doi.org/10.3389/fmicb.2016.01269
http://doi.org/10.1126/science.1188235
http://doi.org/10.1046/j.1365-2311.2002.00393.x
http://doi.org/10.1016/j.mito.2008.07.005
http://doi.org/10.1016/j.ympev.2016.09.015
http://doi.org/10.1006/mpev.2000.0776
http://doi.org/10.1007/s12665-013-2338-7
http://doi.org/10.1007/s10531-016-1178-7
http://doi.org/10.1007/s13199-014-0282-2
http://doi.org/10.3390/microorganisms8091311
http://doi.org/10.1073/pnas.2100707118
http://www.ncbi.nlm.nih.gov/pubmed/34282012
http://doi.org/10.1101/gr.154773.113
http://www.ncbi.nlm.nih.gov/pubmed/23804402
http://doi.org/10.1007/s00442-006-0469-1
http://www.ncbi.nlm.nih.gov/pubmed/16823564
http://doi.org/10.1111/1751-7915.13687
http://www.ncbi.nlm.nih.gov/pubmed/33369229
http://doi.org/10.3389/fmicb.2021.594075
http://doi.org/10.1093/nar/gkq873
http://doi.org/10.4303/mg/235551


Microorganisms 2021, 9, 1890 16 of 17

33. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pena, A.G.; Goodrich, J.K.;
Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef]

34. DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L.
Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72,
5069–5072. [CrossRef]

35. Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2 for
prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [CrossRef]

36. Shabat, S.K.; Sasson, G.; Doron-Faigenboim, A.; Durman, T.; Yaacoby, S.; Berg Miller, M.E.; White, B.A.; Shterzer, N.; Mizrahi, I.
Specific microbiome-dependent mechanisms underlie the energy harvest efficiency of ruminants. ISME J. 2016, 10, 2958–2972.
[CrossRef]

37. Xue, Z.; Zhang, W.; Wang, L.; Hou, R.; Zhang, M.; Fei, L.; Zhang, X.; Huang, H.; Bridgewater, L.C.; Jiang, Y.; et al. The
bamboo-eating giant panda harbors a carnivore-like gut microbiota, with excessive seasonal variations. MBio 2015, 6, e00022-15.
[CrossRef] [PubMed]

38. Turnbaugh, P.J.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, A.; Ley, R.E.; Sogin, M.L.; Jones, W.J.; Roe, B.A.; Affourtit,
J.P.; et al. A core gut microbiome in obese and lean twins. Nature 2009, 457, 480–484. [CrossRef] [PubMed]

39. Huang, X.D.; Martinez-Fernandez, G.; Padmanabha, J.; Long, R.J.; Denman, S.E.; McSweeney, C.S. Methanogen diversity in
indigenous and introduced ruminant species on the Tibetan Plateau. Archaea 2016, 2016, 10. [CrossRef]

40. 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. Biol. CB 2016, 26, 1873–1879. [CrossRef] [PubMed]

41. Barton, W.; Penney, N.C.; Cronin, O.; Garcia-Perez, I.; Molloy, M.G.; Holmes, E.; Shanahan, F.; Cotter, P.D.; O’Sullivan, O. The
microbiome of professional athletes differs from that of more sedentary subjects in composition and particularly at the functional
metabolic level. Gut 2018, 67, 625–633. [CrossRef]

42. Chevalier, C.; Stojanovic, O.; Colin, D.J.; Suarez-Zamorano, N.; Tarallo, V.; Veyrat-Durebex, C.; Rigo, D.; Fabbiano, S.; Stevanovic,
A.; Hagemann, S.; et al. Gut microbiota orchestrates energy homeostasis during cold. Cell 2015, 163, 1360–1374. [CrossRef]

43. Derrien, M.; van Passel, M.W.J.; van de Bovenkamp, J.H.B.; Schipper, R.G.; de Vos, W.M.; Dekker, J. Mucin-bacterial interactions
in the human oral cavity and digestive tract. Gut Microbes 2010, 1, 254–268. [CrossRef]

44. Song, S.J.; Lauber, C.; Costello, E.K.; Lozupone, C.A.; Humphrey, G.; Berg-Lyons, D.; Caporaso, J.G.; Knights, D.; Clemente, J.C.;
Nakielny, S.; et al. Cohabiting family members share microbiota with one another and with their dogs. eLife 2013, 2, 22. [CrossRef]

45. Li, H.; Qu, J.P.; Li, T.T.; Li, J.B.; Lin, Q.; Li, X.Z. Pika population density is associated with the composition and diversity of gut
microbiota. Front. Microbiol. 2016, 7, 9. [CrossRef]

46. Seedorf, H.; Griffin, N.W.; Ridaura, V.K.; Reyes, A.; Cheng, J.Y.; Rey, F.E.; Smith, M.I.; Simon, G.M.; Scheffrahn, R.H.; Woebken, D.;
et al. Bacteria from diverse habitats colonize and compete in the mouse gut. Cell 2014, 159, 253–266. [CrossRef] [PubMed]

47. Liu, Q.; Wang, D. Coprophagy in herbivorous small mammals. Acta Theriol. Sin. 2004, 24, 333–338.
48. Liu, Y.; Fan, J.; Shi, Z.; Yang, X.; Harris, W. Relationships between plateau pika (Ochotona curzoniae) densities and biomass and

biodiversity indices of alpine meadow steppe on the Qinghai—Tibet Plateau China. Ecol. Eng. 2017, 102, 509–518. [CrossRef]
49. Zhou, J.Z.; Kang, S.; Schadt, C.W.; Garten, C.T. Spatial scaling of functional gene diversity across various microbial taxa. Proc.

Natl. Acad. Sci. USA 2008, 105, 7768–7773. [CrossRef]
50. Huntly, N.J. Influence of refuging consumers (Pikas: Ochotona Princeps) on subalpine meadow vegetation. Ecology 1987, 68,

274–283. [CrossRef]
51. Lai, C.H.; Smith, A.T. Keystone status of plateau pikas (Ochotona curzoniae): Effect of control on biodiversity of native birds.

Biodivers. Conserv. 2003, 12, 1901–1912. [CrossRef]
52. Long, R.J.; Apori, S.O.; Castro, F.B.; Orskov, E.R. Feed value of native forages of the Tibetan Plateau of China. Anim. Feed Sci.

Technol. 1999, 80, 101–113. [CrossRef]
53. Smith, A.T.; Badingqiuying; Wilson, M.C.; Hogan, B.W. Functional-trait ecology of the plateau pika Ochotona curzoniae in the

Qinghai-Tibetan Plateau ecosystem. Integr. Zool. 2019, 14, 87–103. [CrossRef]
54. Clarke, S.F.; Murphy, E.F.; O’Sullivan, O.; Lucey, A.J.; Humphreys, M.; Hogan, A.; Hayes, P.; O’Reilly, M.; Jeffery, I.B.; Wood-Martin,

R.; et al. Exercise and associated dietary extremes impact on gut microbial diversity. Gut 2014, 63, 1913–1920. [CrossRef]
55. Kohl, K.D.; Weiss, R.B.; Cox, J.; Dale, C.; Dearing, M.D. Gut microbes of mammalian herbivores facilitate intake of plant toxins.

Ecol. Lett. 2014, 17, 1238–1246. [CrossRef]
56. Li, G.L.; Li, J.; Kohl, K.D.; Yin, B.F.; Wei, W.H.; Wan, X.R.; Zhu, B.L.; Zhang, Z.B. Dietary shifts influenced by livestock grazing

shape the gut microbiota composition and co-occurrence networks in a local rodent species. J. Anim. Ecol. 2019, 88, 302–314.
[CrossRef]

57. Yuan, F. Soil Ingestion Behavior of Yak Grazing on Alpine Grassland in Different Season. Master’s Thesis, Lanzhou University,
Lanzhou, China, 2013.

58. Zhang, X.; Sukhchuluun, G.; Bo, T.; Chi, Q.; Yang, J.; Chen, B.; Zhang, L.; Wang, D. Huddling remodels gut microbiota to reduce
energy requirements in a small mammal species during cold exposure. Microbiome 2018, 6, 103. [CrossRef]

59. Perofsky, A.C.; Lewis, R.J.; Meyers, L.A. Terrestriality and bacterial transfer: A comparative study of gut microbiomes in sympatric
Malagasy mammals. ISME J. 2019, 1, 13. [CrossRef] [PubMed]

http://doi.org/10.1038/nmeth.f.303
http://doi.org/10.1128/AEM.03006-05
http://doi.org/10.1038/s41587-020-0548-6
http://doi.org/10.1038/ismej.2016.62
http://doi.org/10.1128/mBio.00022-15
http://www.ncbi.nlm.nih.gov/pubmed/25991678
http://doi.org/10.1038/nature07540
http://www.ncbi.nlm.nih.gov/pubmed/19043404
http://doi.org/10.1155/2016/5916067
http://doi.org/10.1016/j.cub.2016.05.012
http://www.ncbi.nlm.nih.gov/pubmed/27321997
http://doi.org/10.1136/gutjnl-2016-313627
http://doi.org/10.1016/j.cell.2015.11.004
http://doi.org/10.4161/gmic.1.4.12778
http://doi.org/10.7554/eLife.00458
http://doi.org/10.3389/fmicb.2016.00758
http://doi.org/10.1016/j.cell.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25284151
http://doi.org/10.1016/j.ecoleng.2017.02.026
http://doi.org/10.1073/pnas.0709016105
http://doi.org/10.2307/1939258
http://doi.org/10.1023/A:1024161409110
http://doi.org/10.1016/S0377-8401(99)00057-7
http://doi.org/10.1111/1749-4877.12300
http://doi.org/10.1136/gutjnl-2013-306541
http://doi.org/10.1111/ele.12329
http://doi.org/10.1111/1365-2656.12920
http://doi.org/10.1186/s40168-018-0473-9
http://doi.org/10.1038/s41396-018-0251-5
http://www.ncbi.nlm.nih.gov/pubmed/30108305


Microorganisms 2021, 9, 1890 17 of 17

60. Tallon, P.; Magajna, B.; Lofranco, C.; Leung, K.T. Microbial indicators of faecal contamination in water: A current perspective.
Water Air Soil Pollut. 2005, 166, 139–166. [CrossRef]

61. Yuan, M.L.; Dean, S.H.; Longo, A.V.; Rothermel, B.B.; Tuberville, T.D.; Zamudio, K.R. Kinship, inbreeding and fine-scale spatial
structure influence gut microbiota in a hindgut-fermenting tortoise. Mol. Ecol. 2015, 24, 2521–2536. [CrossRef] [PubMed]

62. Fang, W.; Fang, Z.M.; Zhou, P.; Chang, F.; Hong, Y.Z.; Zhang, X.C.; Peng, H.; Xiao, Y.Z. Evidence for lignin oxidation by the giant
panda fecal microbiome. PLoS ONE 2012, 7, 10. [CrossRef]

63. Hehemann, J.H.; Correc, G.; Barbeyron, T.; Helbert, W.; Czjzek, M.; Michel, G. Transfer of carbohydrate-active enzymes from
marine bacteria to Japanese gut microbiota. Nature 2010, 464, 908–912. [CrossRef] [PubMed]

64. Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.; Muccioli, G.G.; Delzenne,
N.M.; et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl. Acad.
Sci. USA 2013, 110, 9066–9071. [CrossRef] [PubMed]

65. Ashaolu, T.J. Immune boosting functional foods and their mechanisms: A critical evaluation of probiotics and prebiotics. Biomed.
Pharmacother. 2020, 130, 110625. [CrossRef] [PubMed]

66. Han, S.; Yu, Q.; Yang, S.; Xiao, N.; Ye, P.; Xue, J.; Tian, T.; Wu, W.; Zhou, X. Evaluation on the measures by a grid-based design for
wildlife control in hyper-endemic areas for echinococcosis. Chin. J. Parasitol. Parasit. Dis. 2018, 36, 495–498.

67. Haughn, G.W.; Davin, L.; Giblin, M.; Underhill, E.W. Biochemical genetics of plant secondary metabolites in Arabidopsis thaliana:
The glucosinolates. Plant Physiol. 1991, 97, 217–226. [CrossRef] [PubMed]

68. Walker, C.H. Species differences in microsomal monooxygenase activity and their relationship to biological half-lives. Drug Metab.
Rev. 1978, 7, 295–323. [CrossRef]

69. Winter, H.; Seawright, A.A.; Noltie, H.J.; Mattocks, A.R.; Jukes, R.; Wangdi, K.; Gurung, J.B. Pyrrolizidine alkaloid poisoning of
yaks: Identification of the plants involved. Vet. Rec. 1994, 134, 135–139. [CrossRef]

70. Mondal, D.B.; Nandankar, U.A.; Mohanty, T.K.; Barari, S.K.; Pal, R.N.; Sarkar, M. Pyrrolizidine alkaloid poisoning in yak. Vet. Rec.
1999, 144, 508–509. [CrossRef]

71. Bell, K.S.; Philp, J.C.; Aw, D.W.J.; Christofi, N. A review—The genus Rhodococcus. J. Appl. Microbiol. 1998, 85, 195–210. [CrossRef]
72. Tsuchida, T.; Koga, R.; Fukatsu, T. Host plant specialization governed by facultative symbiont. Science 2004, 303, 1989. [CrossRef]
73. Kohl, K.D.; Dearing, M.D. Experience matters: Prior exposure to plant toxins enhances diversity of gut microbes in herbivores.

Ecol. Lett. 2012, 15, 1008–1015. [CrossRef]

http://doi.org/10.1007/s11270-005-7905-4
http://doi.org/10.1111/mec.13169
http://www.ncbi.nlm.nih.gov/pubmed/25809385
http://doi.org/10.1371/journal.pone.0050312
http://doi.org/10.1038/nature08937
http://www.ncbi.nlm.nih.gov/pubmed/20376150
http://doi.org/10.1073/pnas.1219451110
http://www.ncbi.nlm.nih.gov/pubmed/23671105
http://doi.org/10.1016/j.biopha.2020.110625
http://www.ncbi.nlm.nih.gov/pubmed/32795926
http://doi.org/10.1104/pp.97.1.217
http://www.ncbi.nlm.nih.gov/pubmed/16668374
http://doi.org/10.3109/03602537808993770
http://doi.org/10.1136/vr.134.6.135
http://doi.org/10.1136/vr.144.18.508
http://doi.org/10.1046/j.1365-2672.1998.00525.x
http://doi.org/10.1126/science.1094611
http://doi.org/10.1111/j.1461-0248.2012.01822.x

	Introduction 
	Materials and Methods 
	Experimental Procedures 
	Sample Collection 
	DNA Extraction and Sequencing 
	16S rDNA Data Analysis 
	Identification of Horizontally Transmitted Microbiota 
	Function Prediction and Comparison 

	Results 
	Differences in Gut Microbial Communities between Plateau Pikas and Yaks 
	Elevated Microbial Diversity in Sympatry 
	Horizontally Transmitted OTU Clusters Shared between Plateau Pikas and Yaks 
	Functional Effects of Horizontally Transmitted Bacteria on Their New Hosts 
	Functional Differences of Gut Microbiota between the Allopatric and Sympatric Individuals 

	Discussion 
	Conclusions 
	References

