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While the skin microbiome has been shown to play important roles in health and
disease in several species, the effects of altitude on the skin microbiome and how
high-altitude skin microbiomes may be associated with health and disease states
remains largely unknown. Using 16S rRNA marker gene sequencing, we characterized
the skin microbiomes of people from two racial groups (the Tibetans and the Hans)
and of three local pig breeds (Tibetan pig, Rongchang pig, and Qingyu pig) at high
and low altitudes. The skin microbial communities of low-altitude pigs and humans
were distinct from those of high-altitude pigs and humans, with five bacterial taxa
(Arthrobacter, Paenibacillus, Carnobacterium, and two unclassified genera in families
Cellulomonadaceae and Xanthomonadaceae) consistently enriched in both pigs and
humans at high altitude. Alpha diversity was also significantly lower in skin samples
collected from individuals living at high altitude compared to individuals at low altitude.
Several of the taxa unique to high-altitude humans and pigs are known extremophiles
adapted to harsh environments such as those found at high altitude. Altogether our data
reveal that altitude has a significant effect on the skin microbiome of pigs and humans.

Keywords: skin microbiome, high altitude, Tibetans, Tibetan pigs, 16S rRNA

INTRODUCTION

Skin is the largest organ of the human body, and it serves as a physical barrier that protects the
body from assault by pathogens and/or toxic materials. The skin is covered by a diverse array of
microorganisms, most of which are harmless commensals. Different microbial communities are
associated with different locations on the skin that are characterized as sebaceous, dry, and moist
niches (Grice et al., 2009). Skin microbial diversity is also influenced by the environment, as well as
host sex, species, and genetics (Fierer et al., 2008; Staudinger et al., 2011; Kueneman et al., 2014).
Several studies have indicated a key role for the skin microbiome in the health and adaptability of
different host species including mice (Grice et al., 2010), humans (Nakatsuji et al., 2013; Smeekens
et al., 2014), dogs (Rodrigues Hoffmann et al., 2014), fish (Larsen et al., 2015), and amphibians
(Walke et al., 2014). Notably, most of these studies have been performed at low altitude (Wolz
et al., 2017); in contrast, little is known about the skin microbiome of humans and animals living
at high altitudes (Wolz et al., 2017).
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As the major interface between the mammalian body and
the high-altitude environment, the skin of mammals living on
the Tibetan Plateau is exposed to various extreme conditions
such as hypobaric pressure, hypoxia, high ultraviolet radiation
(UVR) and, throughout most of the year, a cold and dry
environment (Beall, 2006; Jablonski and Chaplin, 2010). These
conditions exert a substantial selective pressure on the skin
microbiome. Studies conducted in low-altitude environments
have revealed the important roles that the skin microbiome plays
in health and disease by producing bacteriocins against skin
pathogens (Bastos et al., 2009) and by boosting host immunity
(Lai et al., 2010; Gallo and Nakatsuji, 2011). It is important to
characterize the skin microbiome in mammals living at high
altitude to determine whether the skin microbiome has adapted
to the extreme environment and whether such adaptations aid in
resistance to the development of skin diseases caused by extreme
conditions such as UVR (Olsen et al., 2015). We hypothesize
that the skin microbiomes of high-altitude mammals are different
from those of low-altitude mammals, and that these microbiomes
are specifically adapted to the high-altitude environment.

To test our hypothesis, we characterized the skin microbiomes
of Chinese Han and Tibetans living on the Tibetan Plateau,
the largest and highest plateau in the world (elevation 3750–
3861 masl, meters above sea level), and of individuals living
in the low-altitude Sichuan basin (elevation 319–1421 masl).
Because porcine skin is strikingly similar to human skin with
respect to general structure, thickness, hair follicle content, and
pigmentation, and has shown to be an excellent biomedical model
for human skin (Summerfield et al., 2015), we also examined the
skin microbiomes of Tibetan pigs living at high and low altitude
as well as low-altitude local pig breeds (Rongchang and Qingyu
pigs).

MATERIALS AND METHODS

Sampling, DNA Extraction, and
Next-Generation Sequencing
Two different human populations (the Hans and Tibetans,
Supplementary Figure S1) living in the Daocheng area (high
altitude, eastern edge of the Tibetan Plateau, 3750–3861 masl)
and part of the Sichuan basin area (low altitude, 319–1421 masl;
Hans only) in China (Figure 1) were recruited for this study.
All human subjects were healthy and had no skin allergies
or infections. Individuals who had antibiotic treatment or had
applied any cosmetic cream or powder within 24 h were
excluded. Relevant metadata including gender, age, and place
of residence were recorded for each sample (Supplementary
Table S1). Among the 101 Tibetan subjects included in this
study, 22 lived in the same building as Tibetan pigs, with
humans living on the second floor and pigs in the barn on
the first floor. Tibetan pigs in both high and low altitude (as
controls), together with two other low-altitude local pig breeds
(Rongchang pig and Qingyu pig, Figure 1) were also included
in this study. Humans (n = 199) were split into three groups
based on race and altitude: the high-altitude Hans (HAH),
low-altitude Hans (LAH), and high-altitude Tibetans (HAT).

Pigs (n = 82) were similarly grouped: high-altitude Tibetan
pigs (HATP), low-altitude Tibetan pigs (LATP), low-altitude
Rongchang pigs (LARP), and low-altitude Qingyu pigs (LAQP).
The geographical distributions of the individuals and pigs
sampled in this study are shown in Figure 1. All experimental
procedures were performed in accordance with the Institutional
Review Board (IRB14044) and the Institutional Animal Care and
Use Committee of the Sichuan Agricultural University under
permit number DKY-B20140302. Written informed consent was
obtained from each human participant in compliance with the
Declaration of Helsinki.

A single skin sample was collected from humans (n = 199)
and pigs (n = 82) using sterile swabs pre-wet with SCF-1 buffer
[50 mM Tris buffer (pH 7.6), 1 mM EDTA (pH 8.0), and 0.5%
Tween-20]. Swabs were rubbed vigorously over the area to be
sampled (forehead for humans, back skin close to the neck for
pigs) to collect surface material. The swab heads were then cut
off and placed into 2 ml centrifuge tubes, snap-frozen in liquid
nitrogen, and stored at −80◦C until further study. The samples
were collected between March 2013 and April 2014. The air
temperature was recorded during sampling. To estimate the UVR
intensity during the sampling period of time, we measured the
UVR intensity at around 12:00–14:00 in several sunny and cloudy
days, respectively, during September 2016 using an ultraviolet
meter (UVAB/ST-513, spectrum range 280–400 nm, SENTRY,
Taiwan). Average values ranged from 16.1 to 17.7 mW/cm2 in the
high-altitude Daocheng district and from 7.8 to 9.0 mW/cm2 in
the low-altitude Sichuan basin (Supplementary Figure S2).

Total bacterial DNA was extracted directly from the swab
heads using a TIANamp Micro DNA Kit (TIANGEN Biotech,
Beijing, China) according to the manufacturer’s instructions.
DNA was quantified using a Qubit 3.0 Fluorometer (Life
Technologies, Shanghai, China). 16S rRNA gene amplicons were
produced and sequenced at the Beijing Genomics Institute (BGI
Shenzhen, China). Briefly, variable region 4 of the 16S rRNA
gene was amplified using the 515f/806r barcoded primer pair
(515f: 5′-GTG CCA GCM GCC GCG GTA A-3′, 806r: 5′-XXX
XXX GGA CTA CHV GGG TWT CTA AT-3′) (Caporaso et al.,
2011). PCR (25 µL) contained 13 µL water, 10 µL PCR Master
Mix, 0.5 µL each of the forward and reverse primers (10 µM),
and 1.0 µL DNA template. Reaction was performed at 94◦C
for 3 min followed by 35 cycles of (94◦C for 45 s, 50◦C for
60 s, 72◦C for 90 s). A final step at 72◦C for 10 min was also
included. Each sample was amplified in triplicate. PCR products
(∼300 bp) were combined and purified, and then proceeded for
library preparation by using MiSeq Reagent Kits v2 [Illumina
China (Shanghai), Co., Ltd.]. High-throughput sequencing were
conducted by using the Illumina MiSeq 2 × 250 protocol.
Negative controls during DNA extraction and PCR were included
to rule out any contamination from the swabs and kits.

Sequence Processing and Analysis
Raw sequences were demultiplexed and denoised by using
Usearch v9.0 with author recommended command lines
(fastq_mergepairs and fastq_filter command). Clean, per-sample
FASTA files were analyzed using QIIME v1.9.0 (Caporaso et al.,
2010). Chimeric sequences were removed using UCHIME (Edgar
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FIGURE 1 | Subject groups and sampling locations. Three high-altitude and seven low-altitude sampling areas were labeled precisely on the Google Earth map
using red and yellow indicator marks. (A) Two Tibetan villages in different river valleys of a mountainous area (separately marked on map) where both humans and
pigs were sampled. (B–D) City area where urban Han residents were sampled. (E,F) Two pig-farms located in the suburbs of low-altitude cities; Tibetan pigs were
transferred from the highland and raised at these farms for 6 months to 2 years. (G) A pig farm in the suburb of Rongchang county raising Rongchang pedigreed
pigs. (H) Farmlands on hills near Tongjiang county where Qingyu pigs are raised in a fenced-in open area.

et al., 2011), and operational taxonomic units (OTUs) were
picked de novo using a 97% similarity threshold. Taxonomy
assignment was performed by using uclust consensus taxonomy
assigner against the Greengenes database (gg_13_5). The details
of command lines and parameters used for sequence data analysis
are presented in Supplementary Material.

We computed several alpha diversity metrics, including the
Shannon index, the Simpson reciprocal, and the observed OTUs.
To correct for differences in sequencing depth, we randomly
subsampled the OTU table to a depth of 2820 sequences per
sample 10 times before computing the alpha diversity metrics. To
assess beta diversity, we computed jackknifed (10 sub-samplings
at a depth of 3188 sequences per sample) unweighted and
weighted UniFrac and Bray–Curtis distances, and visualized
the matrices using principal coordinates analysis (PCoA). The
phylogenetic tree was clustered using the Unweighted Pair Group
Method with Arithmetic Mean (UPGMA), metadata coloring
and legend generation was performed using EvolView (He et al.,
2016).

Statistical Analyses
A Mann–Whitney U-test was used to determine significant
differences in alpha and beta diversity between groups. We
used linear discriminant analysis (LDA) coupled with effect size
(LEfSe) (Segata et al., 2011) to identify differentially abundant
genera between groups and then created heat maps to visualize
the mean relative abundances (per group) of the differentially
abundant genera. Core microbiome in high altitude groups were
picked out by using QIIME script. To determine the strength and
significance of given factors in explaining microbiome variation

between comparison groups, we performed a permutational
multivariate analysis of variance (PERMANOVA) test. We
also used SparCC to compute and generate the taxa-to-taxa
correlation matrix data for significantly positively or negatively
correlated taxa (Friedman and Alm, 2012), and network inference
analyses were performed using Cytoscape (v3.3.0).

RESULTS

High-Altitude Environment Is the Major
Driver Shaping the Skin Microbiomes of
Tibetans and Tibetan Pigs
In this study, 281 skin samples (199 human, 82 pig) were
collected and processed for 16S rRNA gene amplicon sequencing
and analysis. A total of 6,644,855 reads were produced by the
Illumina MiSeq 2 × 250 sequencing run. After chimera checking
and filtering out singleton OTUs, a total of 5,591,594 reads
corresponding to 21,101 OTUs were retained in the dataset.
On average, each sample had 532 OTUs and 19,899 reads
(Supplementary Table S1).

To assess within-sample diversity, we calculated three alpha
diversity metrics: the Shannon diversity index, the Simpson
reciprocal, and the number of observed OTUs (Figure 2). Both
the Hans and Tibetans at high altitude (HAH and HAT) had
significantly less diverse skin microbiomes than Hans at low
altitude (LAH; p < 0.01, Figures 2A–C). Interestingly, although
both high-altitude human groups had lower skin community
diversities than the low-altitude group, diversity also differed
significantly between the HAH and HAT, with lower diversity
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FIGURE 2 | Alpha diversity differences between groups. Three metrics were
used for comparison including Shannon index (A,D), Simpson reciprocal
(B,E), and the number of observed OTUs (C,F) in both humans and pigs. Red
and blue bars represent the high- and low-altitude skin groups, respectively.
∗∗p < 0.01, Mann–Whitney U-test.

microbial communities characterizing the HAT group (p< 0.01).
Similarly, the diversity of the skin microbiome was significantly
lower in HATP than in LATP, and also lower than low-altitude
local breed pigs (Qingyu and Rongchang pigs, LAQP and LARP)
(p < 0.01, Figures 2D–F). Additionally, although the skin
microbial diversity was significantly higher in LATP compared to
the HATP counterpart (p < 0.01), the skin microbial diversity of
this group was still lower than that of the local breeds (p < 0.01).

Between-group diversity was assessed using the unweighted
and weighted UniFrac and Bray–Curtis distance metrics and
visualized using PCoA (Figure 3 and Supplementary Figure S3).
Similarly to alpha diversity observations, the skin microbiome
of the HAT group was significantly different from that of
the LAH group (Figures 3A,B, p < 0.01, Supplementary
Figure S4). The skin microbiome of the HAH group appeared
to follow a gradient between the LAH and HAT groups,
although the HAH and LAH groups differed significantly
(p < 0.01, Supplementary Figure S4). Similarly, in pigs, the
skin microbiome was significantly different between high- and
low-altitude pigs (Figures 3C,D, p < 0.01, Supplementary
Figure S4, HATP vs. LATP/LAQP/LARP). Interestingly, the skin
microbial communities of high-altitude pigs were more similar to
high-altitude humans than to low-altitude pigs (Supplementary
Figure S3, HAT and HATP). The unweighted UniFrac distance
between the HATP and HAT groups was significantly smaller
than that between the HATP and LATP groups (Supplementary
Figure S5, p < 0.01). Additionally, clusters on the phylogenetic
tree (Figure 3E) are specific to altitude, with completely different
clades associated with high and low altitude.

To determine whether altitude, age, gender, or a number
of other demographic factors were significantly associated with
skin microbiome diversity, we performed a PERMANOVA.
Although most of these factors were significantly correlated to
skin microbiome diversity (Supplementary Table S2, p < 0.01),

the strongest association was observed with altitude in both
humans and pigs (Supplementary Table S2, pseudo-F = 28.6 in
humans and 22.4 in pigs).

Identification of Bacterial Taxa
Significantly Increased or Decreased in
High- and Low-Altitude Humans and Pigs
We next examined bacterial community composition to identify
taxa enriched in Tibetans and Tibetan pigs. At the phylum level,
Proteobacteria (55.0%), Firmicutes (27.1%), and Actinobacteria
(13.3%) were the three most abundant phyla in both humans
and pigs, although inter-personal variation within each group was
observed (Supplementary Figure S6). At the genus level, Erwinia,
Pseudomonas, and Acinetobacter were the top 3 taxa in both
human and pigs. The top 22 genera, comprising 72.38% of the
total reads, are listed in Supplementary Figure S7.

To identify specific bacterial taxa significantly differentiating
between the high- and low-altitude groups, we performed
LEfSe analysis based on taxa present at a relative abundance
of at least 0.1%. Among humans, 27 taxa were significantly
increased in the high-altitude groups, with 45 taxa significantly
decreased in the low-altitude groups. Among pigs, 11 taxa
were significantly increased in the high-altitude groups, while
54 taxa were significantly increased in the low-altitude groups
(p < 0.05, LDA cutoff = 2.0). Interestingly, six taxonomic
groups (Arthrobacter, Paenibacillus, Carnobacterium, Desemzia,
Cellulomonadaceae, and Xanthomonadaceae) were found more
abundant in high-altitude samples and were detected on the
skin of both Tibetan humans and pigs (Figure 4). Erwinia
was the most abundant genus detected in humans at high
altitude, and while also detected in pigs at high altitude, was not
significantly higher in these pigs compared to their low-altitude
counterparts. Additionally, 12 taxa (e.g., Corynebacterium spp.,
Enhydrobacter spp., Lactococcus spp., Figure 4) were consistently
more abundant in both low-altitude humans and pigs compared
to their high-altitude counterparts.

Multiple Taxa Associated with
High-Altitude Samples Are Strongly and
Positively Correlated
Using SparCC (Friedman and Alm, 2012) to examine the
correlations between the skin bacterial taxa in high- and low-
altitude samples, we observed an altitude-associated clustering
pattern (Supplementary Figure S8, p < 0.01). Most high altitude
associated taxa were clustered together and separated from low
altitude associated taxa. The correlation between high-altitude
taxa was of primary interest, so we computed a new network
on only the 32 most abundant high altitude specific taxa (across
humans and pigs) identified by LEfSe. Among these 32 taxa, we
observed significant positive correlations (p < 0.01), as shown in
Figure 5. Topological structure analysis by MCODE (a Cytoscape
app) identified the most densely connected region, comprised
of five strongly correlated taxa (Arthrobacter, Paenibacillus,
Carnobacterium, Desemzia, and an unclassified genus in family
Cellulomonadaceae; see Figure 5, circled area). Interestingly, all
of these taxa were present in both humans and pigs.
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FIGURE 3 | Jackknifed beta diversity analysis. (A,C) Unweighted UniFrac- and (B,D) Bray–Curtis-based principal coordinates analysis (PCoA) of human and pig skin
microbiomes were performed based on unweighted UniFrac distances and Bray–Curtis distances to assess microbiome differences between high- and low-altitude
groups and (E) UPGMA tree of all samples; clustering was based on unweighted UniFrac distances.

DISCUSSION

Like the gut microbiome, the skin microbiome has been
connected to several health and disease states in both animals
and humans. However, unlike the gut microbiome, little work has
been done to assess the effect of altitude on the skin microbiome.
Therefore, we present here one of the first comprehensive studies
on the skin microbiome of humans at low and high altitudes. We
also assess the skin microbiomes of pigs living at low and high
altitudes, as the similarity of pig skin to human skin makes it a
potentially useful laboratory model for further skin microbiome
studies.

Low Diversity Skin Microbial
Communities Are Associated with High
Altitude
In both humans and pigs at high altitude, skin microbiome
diversity was significantly lower, which we hypothesize is
due to high-altitude selection against specific bacterial taxa.
Similar observations have been reported in lake water; the
diversity of Bacterioplankton in four high-altitude Tibetan
freshwater lakes was only one-fifth of the Bacterioplankton
diversity in seven low-altitude lakes (Xing et al., 2009). Several
factors may influence bacterial diversity at high altitude;
for example, the higher UVR intensity at high altitude
may reduce bacterial community diversity (Supplementary
Figure S2). Other environmental factors such as temperature
and oxygen concentration may also contribute to the altitude-
associated differences in skin microbiome diversity and

structure; however, these factors are all correlated and it is
difficult to parse their individual roles in shaping the skin
microbiome.

A recent study similarly studied the effects of high-altitude
living on the microbiome of Tibetans and Hans, but unlike
our study, focused on the gut microbiome (Li and Zhao,
2015). Similar to our results, Li and Zhao observed remarkable
microbiome differences between humans living at high and low
altitude. Specifically, high-altitude living was associated with
higher relative abundances of Firmicutes, while low-altitude
living was associated with higher abundances of Bacteroidetes.
While such differences may be attributable to the extreme
environment in Tibet, it is important to note that the dietary
habits of the Tibetans (higher fat content) differ from those
of the Hans; additionally, these two races differ genetically
(adaptive evolution), both of which may also contribute to
the differences in microbiome composition. Unlike our study,
there were no differences in alpha diversity associated with
high-altitude living. This inconsistency is almost certainly due
to the different ecosystems studied: the gut does not have
direct contact with certain factors in the outside environment,
such as intense UVR exposure, while the skin microbiome is
exposed directly to the high-altitude environment and subjected
to constant challenges.

Recently, Wolz et al. (2017) examined the effects of host
species and environment on the skin microbiome of Plethodontid
salamanders. Consistently, they found that environment has
a stronger influence than species on the skin microbiome of
salamanders. However, unlike our data, they found increased
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FIGURE 4 | Skin bacterial taxa associated with high and low altitude. The average relative abundance of the top 16 LEfSe-identified bacterial taxa in humans and
pigs is plotted as a heatmap. “+” indicates significantly high abundance in high-altitude groups, “–” significantly high abundance in low-altitude groups (p < 0.05,
LDA cutoff = 2.0). Taxa that could not be annotated down to the family level or with conflicting results using LEfSe were omitted. Taxa names were colored (red, high
altitude; green, low altitude) if LEfSe results were consistent in both human and pig groups. The Av. column indicates the total average relative abundance of each
taxon across all samples.

alpha diversity with elevation. The discrepancy in alpha diversity
between the two studies might be mainly due to different
species and environment. Wolz et al. (2017) sampled the skins
of salamanders along a range of 700–1000 masl, which is
considered as the low altitude in our study. The high-altitude
environment in this study is much higher, ranging from 3750 to
3861 masl.

The Potential Effect of Co-housing on
Skin Microbiome
In our study, we observed that the skin microbiomes of high-
altitude pigs were more similar to the skin microbiomes of
high-altitude humans (both Tibetans and Hans) than to the
skin microbiomes of pigs at a low altitude (Figure 3E and

Supplementary Figure S3). This indicates a convergent evolution
of the skin microbiome as a result of adaptation to the extreme
highland environment, as supported by the PERMANOVA
analysis showing the dominant effect of altitude on bacterial
community diversity. Nevertheless, this observation may be
due to shared living between Tibetans and Tibetan pigs. In
Tibet, Tibetans live in vintage, stone brick, two-story houses;
the second floor is reserved solely for human use, while part
of the ground floor is used to raise Tibetan pigs. Therefore,
the Tibetans and their pigs on high altitude share relatively
common living environment (e.g., same house but different
floors). This explains, at least in part, why the skin microbiota
of Tibetan pigs were more similar to those of HAT than to HAH
(Supplementary Figure S5).
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FIGURE 5 | Correlation network of the high altitude specific skin taxa. The relative abundances of the top 32 high altitude specific skin bacterial genera identified by
LEfSe were used as input for SparCC correlation analysis and visualized via a customized Cytoscape network. Data for all samples (both human and pig) were
included. The node size represents the scale of taxon abundance while edges represent the significant positive correlations between two linked nodes (p < 0.01).
Edge width represents the size of SparCC correlation coefficient. All relative abundances and SparCC coefficient values used for network plotting were normalized
via the continuous-mapping method in Cytoscape. The encircled nodes are part of the most densely connected region identified by MCODE analysis.

Identification of a Small “Core” Skin
Microbiome Shared between
High-Altitude Humans and High-Altitude
Pigs
Further analyses revealed five “core” bacterial taxa (Arthrobacter,
Paenibacillus, Carnobacterium, and two unclassified genera in
families Cellulomonadaceae and Xanthomonadaceae) enriched in
both humans and pigs at high altitude. Additionally, Erwinia
was the most common genus detected on the skin of humans
living at high altitude and was among the top three taxa
detected on the skin of high-altitude pigs. Interestingly, most
of these taxonomic groups have been reported as extremophiles
isolated from high-altitude areas or similar environments,
suggesting that the presence of these taxa on the skin of
high-altitude humans and pigs but not on low-altitude humans
and pigs is directly due to exposure to the high-altitude
environment.

Arthrobacter spp. are widespread soil bacteria, and several
species have been isolated from extreme environments including
high-altitude mountains (Arthrobacter alpinus from alpine soil)

(Zhang et al., 2010), high-altitude cold desert (Leh Ladakh of
India and Xinjiang desert of China) (Yadav et al., 2015; Yu
et al., 2015), and Antarctic soil (Dsouza et al., 2015). These
taxa are characterized by broad adaptability and have been
described as cold-tolerant, desiccation-tolerant, and salt-tolerant.
Arthrobacter does not appear to be a normal skin commensal on
human or animal as it has been reported only rarely on human
(Arthrobacter scleromae and Arthrobacter oxydans; Huang et al.,
2005) or animal skin (Arthrobacter equi in horses; Yassin et al.,
2011), suggesting that its notable abundance on the skin of
both high-altitude humans and high-altitude pigs is directly
due to the high-altitude lifestyle. Further studies have to reveal
whether Arthrobacter is simply a commensal picked up from the
environment or if it plays a specific role in protecting the skin
against the harsh environment found at high altitude.

Like Arthrobacter, Paenibacillus is commonly found in soil,
and is often associated with plant roots (Kim et al., 2015; Zhang
et al., 2015). Interestingly, Paenibacillus spp. can produce a wide
variety of exopolysaccharides (EPSs), which in other species have
been report to have significant antimicrobial activity and the
ability to improve skin hydration (Liang et al., 2014), a potentially
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useful advantage for high-altitude skin, which is prone to
dehydration. Additionally, EPS from three Paenibacillus species
(Paenibacillus polymyxa SQR-21, Paenibacillus sp. TKU023, and
P. polymyxa EJS-3) has been reported to have antioxidative
properties (Raza et al., 2011; Wang et al., 2011; Liu et al., 2012).
In animals and plants, antioxidants have proven critical for high-
altitude adaptation (Sharma et al., 2015; Zhanga et al., 2015);
therefore, the presence of Paenibacillus on the skin of high-
altitude humans and pigs may indeed be an adaptive advantage
for protecting skin against hypoxia, UV radiation, and drought
typical of the Tibetan Plateau.

Carnobacterium spp. are extremophiles that have been
isolated from environments including Siberian permafrost
(Leonard et al., 2013) and an Antarctic pond (Snauwaert et al.,
2013). Interestingly, two permafrost isolates (Carnobacterium
gilichinskyi and Carnobacterium funditum) grew under the
extreme conditions of simulated Martian soil, characterized
by low temperature (0◦C), low-pressure (7 mPa), and
CO2-enriched anoxic conditions (Nicholson et al., 2013).
Because Carnobacterium has been rarely reported in human or
animal skin samples, we hypothesize that it’s presence on the
skin of high-altitude humans and animals in our study is due
to exposure to the high-altitude environment and that these
bacteria may be providing some skin-protective effect at high
altitude. Nevertheless, further studies are needed to confirm this
hypothesis.

Erwinia spp. have been recognized as plant pathogens since
the 1930s (Elrod, 1942) and can infect a wide range of plants
including cucumbers, melons, squashes, and many other (Piqué
et al., 2015). In humans, Erwinia was first isolated from a wound
in 1966 (Von Graevenitz and Strouse, 1966) and the following
year observed again in infected skin (Slotnick and Tulman, 1967).
Erwinia has also been isolated from grain mill dust and from
human and animal sources (Dutkiewicz, 1976). Interestingly,
it has been shown that Erwinia spp. can survive in and be
transmitted by plant insects (Campillo et al., 2015; Ordax et al.,
2015). Unlike other taxa detected on the skin of high-altitude pigs
and humans, Erwinia does not appear to be particularly adapted
to high-altitude environments; however, it may be present in and
around the barley fields grown by Tibetans. Therefore, the role of
this specific bacterial genus in host adaptation to a high-altitude
environment needs further validation.

Study Limitations
There are some limitations to our study. First, we only collected
skin samples from Tibetans in two villages 6 miles away from each
other and it is impossible to say how representative these two
communities are of the Tibetan population as a whole. However,
these villages have been home to Tibetans for many generations,
and the Tibetans living there engage in typical Tibetan living and
hygiene practices. Nevertheless, larger-scale studies sampling a
variety of Tibetan communities will serve to validate (or refute)
our results. Another limitation to our study is that some of
the Tibetans shared the same living house with their pigs. As
it has been well-described that animals and humans sharing
homes also share microbiomes (Song et al., 2013; Lax et al.,
2014), the “core” skin microbiome we observe in high-altitude

pigs and humans may be due to shared living space rather than
high-altitude. Therefore, further studies examining high-altitude
pigs not sharing living spaces with humans will help determine
whether a core skin microbiome is in fact due to high-altitude
living. A final limitation of our study is the usage of 16S variable
region 4 primers, which are known to discriminate against some
skin-associated taxa (Meisel et al., 2016). Nevertheless, our usage
of the V4 primers may be the reason why we were able to detect
soil and other important environmental microbes on the skin,
which may have been low abundance or undetected if using
primers more specific for skin microbes.

CONCLUSION

In conclusion, we utilized 16S rRNA gene sequencing to
characterize the skin microbiomes of humans and pigs
living in high- and low-altitude areas of China, identifying
significant differences in both diversity and composition
and a core community found in high-altitude humans and
pigs. These results lay the groundwork for further studies
exploring the possibility of high-altitude adaptation of beneficial
skin-associated microbial communities in humans and other
mammals.
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