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1 | INTRODUCTION

| Felipe M. Martins® | Michael W. Nachman'

Abstract

The maintenance of oxygen homeostasis in the gut is critical for the maintenance of
a healthy gut microbiota. However, few studies have explored how the concentration
of atmospheric oxygen affects the gut microbiota in natural populations. High-
altitude environments provide an opportunity to study the potential effects of at-
mospheric oxygen on the composition and function of the gut microbiota. Here, we
characterized the caecal microbial communities of wild house mice (Mus musculus
domesticus) in two independent altitudinal transects, one in Ecuador and one in
Bolivia, from sea level to nearly 4,000 m. First, we found that differences in altitude
were associated with differences in the gut microbial community after controlling for
the effects of body mass, diet, reproductive status and population of origin. Second,
obligate anaerobes tended to show a positive correlation with altitude, while all other
microbes tended to show a negative correlation with altitude. These patterns were
seen independently in both transects, consistent with the expected effects of atmos-
pheric oxygen on gut microbes. Prevotella was the most-enriched genus at high eleva-
tions in both transects, consistent with observations in high-altitude populations of
pikas, ruminants and humans, and also consistent with observations of laboratory
mice exposed to hypoxic conditions. Lastly, the renin-angiotensin system, a recently
proposed microbiota-mediated pathway of blood pressure regulation, was the top
predicted metagenomic pathway enriched in high altitudes in both transects. These
results suggest that high-altitude environments affect the composition and function

of the gut microbiota in wild mammals.

later colonizers tend to be obligate anaerobes (Matamoros, Gras-
Leguen, Le Vacon, Potel, & De La Cochetiere, 2013; Palmer, Bik,

The gut microbiota can affect the health and fitness of animals
(Knight et al., 2017; Suzuki, 2017). The maintenance of oxygen ho-
meostasis in the gut is critical in maintaining a healthy gut microbiota
(Zeitouni, Chotikatum, von Kockritz-Blickwede, & Naim, 2016) which
is generally dominated by anaerobes and few aerobes. Alteration of
the gut microbial community can lead to expansions of pathogenic
aerobic bacteria (Byndloss et al., 2017; Rivera-Chavez et al., 2016).
Thus, identifying the factors that affect the composition and func-
tion of the gut microbiota has broad implications for biology.

The oxygen concentration in the gut is one of the key factors that
affects the assembly of the gut microbial community. The first colo-

nizers of the infant gut are often aerobes that consume oxygen, and

DiGiulio, Relman, & Brown, 2007). Spatial variation of gut microbial
communities also exists within the gastrointestinal (Gl) tract. For ex-
ample, consistent with the decrease in oxygen levels from the mouth
to anus (He et al., 1999), aerobes tend to dominate the upper Gl tract
and anaerobes tend to dominate the lower Gl tract in mice (Gu et al.,
2013; Suzuki & Nachman, 2016) and humans (Hayashi, Takahashi,
Nishi, Sakamoto, & Benno, 2005). Within the lower Gl tract, anaer-
obes dominate the luminal content and aerobes are enriched in the
oxygen-rich mucus layer where the oxygen diffuses from epithe-
lial cells (Albenberg et al., 2014; Espey, 2013; Yasuda et al., 2015).
Hypoxic exposure in laboratory mice can induce changes in the gut

microbial community, including an increase in obligate anaerobes,
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suggesting that an oxygen deficit can provide an advantage to an-
aerobes over aerobes (Moreno-Indias et al., 2015). Although other
factors are well-known to influence the gut microbial composition
in natural populations of mammals including diet (Wang et al., 2014;
Wu et al., 2011), host genetics (Goodrich, Davenport, Waters, Clark,
& Ley, 2016), body mass (Ley, Turnbaugh, Klein, & Gordon, 2006;
Nishida & Ochman, 2017) and reproductive status (Nuriel-Ohayon,
Neuman, & Koren, 2016), the influence of atmospheric oxygen on
the gut microbial community has been less explored outside of lab-
oratory settings.

High-altitude environments provide an opportunity to study
the effects of atmospheric oxygen on the composition and function
of the gut microbiota. The reduced partial pressure of oxygen at
higher elevations causes a variety of physiological changes related
to hypoxic stress in animals (Grindlay & Regensteiner, 1983; vy &
Scott, 2015; Simonson, 2015; Storz, Scott, & Cheviron, 2010). A
few studies have characterized the gut microbiota from mammals
living at different altitudes, including work on pikas (Li, Li, Beasley,
et al., 2016; Li, Li, Yao, et al., 2016), ruminants (Zhang et al., 2016),
macaques (Sun et al., 2016) and humans (Lan et al., 2017; Li & Zhao,
2015; Li, Dan, et al., 2016). In all of these studies, differences in al-
titude were associated with differences in the gut microbial com-
position. However, some of the observed patterns might also be
explained by differences in diet, population structure or culture, as
these variables co-varied with altitude. Disentangling the effects of
atmospheric oxygen and other co-variables on the gut microbiota
remains a challenge.

Two major beneficial physiological influences of gut microbes
in high-altitude environments have been proposed: gut microbiota-
mediated energy harvest (Lan et al., 2017; Li & Zhao, 2015; Li, Dan,
et al., 2016; Zhang et al., 2016; Zhao et al., 2018) and blood pressure
regulation (Lan et al., 2017; Li & Zhao, 2015). First, high-altitude en-
vironments may place greater energy demands on mammals due to
thermoregulatory stress compared to lower altitude environments
(Brooks etal.,, 1991; Cheviron, Bachman, Connaty, McClelland,
& Storz, 2012; Hochachka, Buck, Doll, & Land, 1996; Schippers,
Ramirez, Arana, Pinedo-Bernal, & McClelland, 2012). Many an-
aerobic gut bacteria produce short-chain fatty acids (SCFAs) as
end products of polysaccharide fermentation (Topping & Clifton,
2001). SCFAs are a major energy source for epithelial cells and
provide about 10% of daily calories in humans (Bergman, 1990).
A greater abundance of SCFA-producing obligate anaerobes has
been reported for populations at high altitudes (Lan et al., 2017; Li
& Zhao, 2015; Li, Dan, et al., 2016; Zhang et al., 2016; Zhao et al.,
2018). Second, the regulation of blood pressure is one of the key
physiological responses of animals that are exposed, acclimatized or
adapted to the low oxygen availability at high altitudes (Hainsworth
& Drinkhill, 2007; Hanna, 1999; vy & Scott, 2015). Interestingly,
SCFAs are not only an important energy source, but they also act
as signalling molecules by travelling through the bloodstream and
binding to SCFA receptors in various tissues (Samuel et al., 2008).
Pluznick (2014) suggested that SCFAs produced by gut bacteria can
mediate blood pressure in the host by binding to G-protein-coupled

receptors. For example, olfactory receptor 78 (OIfr78) in the kidney
can increase blood pressure through SCFA-mediated renin release,
an enzyme that plays a central role in regulating blood pressure
through the renin-angiotensin system (Pluznick et al., 2009, 2013).
These discoveries led some researchers to speculate that the gut mi-
crobiota may be involved in the regulation of blood pressure in high-
altitude populations of humans (Lan et al., 2017; Li & Zhao, 2015).

House mice provide an opportunity to study the effects of a
high-altitude environment on the composition and function of the
gut microbiota. First, house mice (Mus musculus) are predominantly
a lowland species, but they have successfully colonized high-altitude
environments in the last few hundred years with human settlers in-
cluding elevations over 4000 m in Peru (Harland, 1958) and Bolivia
(Storz et al., 2007). The ability to study multiple altitudinal transects
within a single species provides an opportunity to look for par-
allel patterns in the gut microbiota in relation to altitude. Second,
although the extent to which house mice have adapted to hypoxic
environments remains unclear (Storz et al., 2007), there is evidence
that laboratory mice kept at high altitudes for 30 generations show
differences in physiology compared to mice from low altitudes
(Jochmans-Lemoine, Shahare, Soliz, & Joseph, 2016; Jochmans-
Lemoine et al., 2015). Lastly, house mice are a good mammalian
model organism (Phifer-Rixey & Nachman, 2015). Genomic and
physiological research related to hypoxia and the microbiota in lab-
oratory mice provides useful information for interpreting patterns
observed in natural populations.

Here, we characterized the caecal microbial community of nat-
ural populations of house mice across two altitudinal transects in
South America to test the effects of atmospheric oxygen on the
gut microbiota. First, we tested whether altitude correlates with
overall differences in the gut microbiota independently of covari-
ates. Second, we tested whether obligate anaerobes show positive
correlations with altitude and whether aerobes show negative cor-
relations with altitude. Third, we looked for similar patterns in the
gut microbiota in other high-altitude mammals and in laboratory
mice under hypoxic exposure. Lastly, we identified predicted metag-
enomic pathways that correlate with altitude in both transects to
generate hypotheses about the physiological influences of the gut
microbiota in high-altitude environments. Overall, the results were
consistent with the idea that atmospheric oxygen alters gut micro-
bial composition. We also discuss potential beneficial effects of the
gut microbiota in high-altitude environments.

2 | MATERIALS AND METHODS

2.1 | Sampling

Ten populations of house mice (Mus musculus domesticus) were
collected across two altitudinal transects in South America (one
in Ecuador and one in Bolivia) yielding a total of 92 individu-
als (Figure 1). The Ecuador transect included five populations:
Portoviejo (n =11, mean elev. =32 m), Santo Domingo (n = 10,
mean elev. =416 m), Nanegalito (n=9, mean elev.= 1643 m),
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FIGURE 1 Effects of altitude on the gut microbiota of wild mice. Wild house mice were collected across two altitudinal gradients from
Ecuador transect (n = 49) (a) and Bolivia-Brazil transect (n = 43) (b). Each bar represents an individual collected from a given elevation and
colour coded by populations. PCoA plot of Bray-Curtis dissimilarity coloured by populations (ADONIS r? = 0.18, p < 0.0001) (c) and altitude
(ADONIS r? = 0.04, p < 0.0001) (d). The colours of Figure 1c correspond to Figure 1a,b. Darker colours in Figure 1d correspond to higher
altitudes. A correlation between altitude and alpha-diversity measured by phylogenetic diversity (PD) (e). Correlation between altitude

and PD of three dominant phyla; PD of Firmicutes (f), PD of Bacteroidetes (g) and PD of Proteobacteria (h). Only PD of Bacteroidetes
significantly correlated with altitude among the dominant phyla (rho = 0.41, p < 0.0001). Red and blue colours correspond to individuals from

Ecuador transect and Bolivia-Brazil transect, respectively

Tumbaco (n =11, mean elev. =2,598 m) and Latacunga (n =8,
mean elev. = 2,918 m) (Figure 1a). The Bolivia-Brazil transect also
included five populations: Porto Velho (n = 9, mean elev. = 86 m),
Santa Cruz (n = 4, mean elev. = 320 m), Cochabamba (n = 12, mean
elev. = 2,615 m), La Paz (n = 10, mean elev. = 3,435 m) and Lake
Titicaca (n = 8, mean elev. = 3,846 m) (Figure 1b). Detailed local-
ity information for each animal is given in Supporting Information
Table S1. Individuals were collected using Sherman live traps, and
each individual was separated by at least 500 m to avoid collecting
close relatives, except at four sites in Ecuador where a few indi-
viduals were collected from the same site (Supporting Information
Table S1). All of the Ecuador samples were collected in November
and December 2012. All of the Bolivia-Brazil samples were col-
lected in August and September 2014 except the Porto Velho
population which was sampled in September 2013. All mice were
prepared as standard museum specimens (skins and skulls) and
have been deposited in the collections of UC Berkeley Museum
of Vertebrate Zoology (accession numbers given in Supporting
Information Table S1).

Caecal samples and external measurements including body
weight and body mass index [BMI = (body weight)/(body length)?]
were collected within 24 hr after capture. The caecal samples were
stored in RNAIlater solution at 4°C overnight and then transferred
to liquid nitrogen after 8-12 hr, except for the samples from Porto
Velho where the caecal samples were placed directly in liquid nitro-
gen. After returning the samples to the laboratory, all samples were
stored at -80°C until sequencing. While different sample preserva-
tion methods are known to affect the microbial community compo-
sition (Choo, Leong, & Rogers, 2015), individual effects tend to be
larger than storage effects (Blekhman et al., 2016). Thus, we decided
to include the Porto Velho population to increase the power of the
analyses. Nonetheless, we accounted for the effect of sample pres-
ervation by including “sample storage method” in the linear mixed-
effects models as a random effect (see below). We also conducted
analyses after omitting the Proto Velho samples, and none of the
major conclusions were altered (see Results). Carbon (6*3C) and ni-
trogen (5'°N) stable isotope ratios were analysed from mouse hair to

estimate diet following the protocol of Suzuki and Nachman (2016).
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Detailed information of individual measurements is summarized in
Supporting Information Table S1. All procedures involving animals
were reviewed and approved by the Institutional Animal Care and
Use Committee at the University of Arizona (protocol 07-004) and at
the University of California, Berkeley (protocol R361-0514). Animal
collection permits were issued by the local governments where

necessary.

2.2 | DNA extraction and 16S rRNA gene
sequencing

We removed ~200 mg of the distal portion of each caecal sample,
containing both luminal and mucosal portions, under sterile condi-
tions. We followed the DNA extraction protocol described in Suzuki
and Nachman (2016). Briefly, we used a mechanical disruption
step with sterile zirconia/silica beads (0.1 mm, Research Products
International Corp.) before step 4 (vortex and centrifugation) in the
protocol from the QlAamp DNA Stool Minikit (Qiagen). The sam-
ples were stored at -20°C before sequencing. The V4 region of the
16S rRNA gene was PCR-amplified, multiplexed and sequenced
using 150 bp pair-end lllumina sequencing on a MiSeq machine at
the Next Generation Sequencing Core Facility at Argonne National
Laboratory. The PCR primers (515F and 806R) and the barcodes are
described in Caporaso et al. (2012).

2.3 | Data analyses

All of the 16S rRNA data were analysed in aume version 1.9.0
(Caporaso etal., 2010). The forward reads were demultiplexed
and quality-filtered with the default parameters using split_librar-
ies_fastq.py. The subsampled open-reference OTU picking approach
(pick_open_reference_otus.py) was used with default parameters.
UCLUST was used to generate 97% OTUs (Edgar, 2010), and taxa
were assigned based on the SILVA database (release 128) (Quast
et al., 2013). Singletons were removed. A phylogenetic tree was cre-
ated using FastTree (Price, Dehal, & Arkin, 2009). The OTU table was
rarefied to an even depth of 5,000 reads.

Bray-Curtis dissimilarity was calculated, and PCoA plots were
generated including all individuals using jackknife_beta_diversity.
py with default parameters. To identify variables that significantly
affected the Bray-Curtis dissimilarity, we used ADONIS with
9999 permutations. We calculated correlations between altitude
and other variables in the metadata using Spearman’s rho correla-
tion. Population differences in stable isotope measurements (used
to infer diet) were tested using ANOVA. p-values of ADONIS,
Spearman’s rho correlation and ANOVA were corrected for multiple
testing using Bonferroni corrections. To test whether the correla-
tion between altitude and Bray-Curtis dissimilarity was independent
of other covariates, we conducted model comparisons using linear
mixed-effects models with the “Imer” function in the package “LmMe4”
in R (version 3.4.3). All of the variables were normalized by their stan-
dard deviation. The first three principle coordinates of Bray-Curtis
dissimilarity, PC1 (8.4%), PC2 (6.2%), and PC3 (5.3%), were used as

response variables. The full models included five fixed effects (i.e.,
altitude, body weight, BMI, carbon and nitrogen stable isotope mea-
sures) and three random effects (i.e., population, reproductive sta-
tus and sample storage methods). The full models were compared
to models without altitude using Akaike information criterion with
sample size correction (AlCc) with the “AlCc” function in the pack-
age “alccmopave.” We also used likelihood ratio tests to compare
between full models and models without altitude with the “Irtest”
function in the package “LmTEST.”

The overall alpha-diversity measurements (i.e., OTU counts,
phylogenetic diversity and Simpson’s index) were calculated based
on the rarefied OTU table using alpha_diversity.py. In addition, to
identify bacterial phyla that showed an increase in alpha-diversity
in high-altitude environments, we calculated the phylogenetic di-
versity within each of the three dominant phyla (i.e., Firmicutes,
Bacteroidetes and Proteobacteria). Correlations between altitude
and alpha-diversity measurements were based on Spearman’s rho
correlation. To account for covariates, we conducted model com-
parisons using linear mixed-effects models with the same variables
mentioned above and using phylogenetic diversity as the response
variable.

The relative abundances of bacterial phyla and genera were cal-
culated based on the rarefied OTU table using summarize_taxa.py.
We focused on bacterial taxa that had an average relative abundance
of 0.1% or greater across all samples and tested for correlations be-
tween altitude and relative abundance of bacterial taxa within each
transect separately using Spearman’s rho correlation. When the
slopes between altitude and relative abundances of bacterial taxa
were in the same direction in both transects, Fisher’s method of
combining p-values (Fisher, 1932) with Bonferroni correction was
used to rank the bacterial taxa that correlated with altitude. Oxygen
requirements of bacterial genera (i.e., obligate anaerobes, facultative
anaerobes, aerotolerant anaerobes, microaerophiles and obligate
aerobes) were assigned based on Bergey’s Manual of Systematics
of Archaea and Bacteria (Whitman et al., 2015) and recent litera-
ture (Hardham et al., 2008; Ouwerkerk et al., 2016; Reunanen et al.,
2015; Robertson et al., 2005). Most genera were assigned to “obli-
gate anaerobes,” and only a few bacterial genera were assigned to
the other four oxygen requirement categories. To gain statistical
power, the oxygen requirements of bacterial genera were divided
into two groups, “obligate anaerobes” and “nonanaerobes” (all other
oxygen requirement types) as in Albenberg et al. (2014). When the
genera were unclassified, we assigned categories based on the ox-
ygen requirements of the family. There were three instances where
the genus was unclassified and the associated family included both
obligate anaerobes and all other oxygen requirement types. In those
cases, we searched for all the recognized genera within the family
and assigned an oxygen requirement category based on a majority
rule (i.e., two of the three genera showed the same oxygen require-
ments). Omitting these three genera did not alter any conclusions
(see Results).

Lastly, to generate hypotheses about the physiological influ-
ences of the gut microbiota at high altitudes, we identified predicted
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metagenomic functions that were significantly correlated with alti-
tude using PICRUSt (Langille et al., 2013). A rarefied OTU table with
OTUs that were present in the reference database (Greengenes
13_5) was used as an input for PICRUSt. Kyoto Encyclopedia of
Genes and Genomes (KEGG) ortholog abundances were assigned
and collapsed by KEGG pathway to hierarchy level 3. Correlations
between relative abundances of KEGG pathway categories and alti-
tude were calculated using Spearman’s rho correlation in both tran-
sects. Similar to the clinal tests of bacterial genera, when the slopes
between altitude and relative abundances of KEGG pathway catego-
ries were in the same direction in both transects, Fisher’s method of
combining p-values with Bonferroni correction was used to rank the
bacterial taxa that correlated with altitude.

3 | RESULTS

3.1 | Differences in altitude are associated with
differences in the gut microbial composition

We characterized the microbial composition of caecal samples from
10 populations of house mice across two altitudinal transects, one in
Ecuador (Figure 1a) and one in Bolivia and Brazil (Figure 1b). First, we
identified factors that were significantly associated with variation in
the gut microbial community using Bray-Curtis dissimilarity without
controlling for covariates. Overall, we found that Bray-Curtis dissim-
ilarity was significantly associated with differences in altitude and
differences in populations of origin after correcting for multiple test-
ing (Figure 1c,d, Supporting Information Table S2). BMI was signifi-
cantly associated with Bray-Curtis dissimilarity in the Bolivia-Brazil
transect, but not in the Ecuador transect (Supporting Information
Table S2). Carbon and nitrogen stable isotope measurements, body
weight, pregnancy and sex showed no significant associations with
Bray-Curtis dissimilarity (Supporting Information Table S2).

In principle, the observed association between altitude and Bray-
Curtis dissimilarity could in part be explained by other variables that
co-vary with altitude (Supporting Information Table S3). For exam-
ple, animals living at higher altitude tend to be heavier (rho = 0.34,
p = 0.0009) and have greater BMI (rho = 0.33, p = 0.0014) consistent
with a trend reported in an altitudinal transect of house mice in Peru
(Harland, 1958). Carbon and nitrogen stable isotope measurements
also differed significantly between transects and among populations
(Supporting Information Figure S1). However, diet seems to be an
unlikely explanation for the association between altitude and Bray-
Curtis dissimilarity. Carbon and nitrogen stable isotope measure-
ments showed a trend towards positive correlations with altitude
in Ecuador and negative correlations with altitude in Bolivia-Brazil,
although most of these correlations were not significant (Supporting
Information Figure S1, Table S3). In addition, differences in the
method of sample storage do not account for the association be-
tween altitude and Bray-Curtis dissimilarity (Supporting Information
Table S4).

To test whether altitude was significantly associated with
Bray-Curtis dissimilarity independently of the other variables we
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measured, we conducted model comparisons using linear mixed-
effects models. We used Bray-Curtis dissimilarity PC1, PC2 and
PC3 as response variables. Altitude, body weight, BMI and car-
bon and nitrogen stable isotope measurements were used as fixed
effects, and population, pregnancy and sample storage method
were used as random effects. We found that the models without
altitude were worse than the full models based on AlCc for Bray-
Curtis dissimilarity PC1, PC2 and PC3 (Supporting Information
Figure S2). These differences were significant in likelihood ratio
tests involving PC2 and PC3 (Figure S2), indicating that altitude
has a significant effect on Bray-Curtis dissimilarity independent
of other covariates including diet, body mass and population of
origin.

We next asked whether alpha-diversity of the gut microbiota
was correlated with altitude (Figure 1e-h). Overall, phylogenetic di-
versity showed a weak (nonsignificant) positive trend of correlation
with altitude (Figure 1e, rho = 0.19, p = 0.07). Although the trend of
greater species richness at higher altitude was also observed using
other measures of alpha-diversity, none were significant after mul-
tiple testing (Supporting Information Table S5). To test whether
alpha-diversity within individual phyla was correlated with alti-
tude, phylogenetic diversity was calculated within each of the three
dominant phyla (Figure 1e-h). Only the phylogenetic diversity of
Bacteroidetes showed a significant positive correlation with altitude
(Figure 1g). This correlation was driven by the Bolivia-Brazil transect
(rho = 0.45, p = 0.003) and not by the Ecuador transect (rho = 0.18,
p =0.22). Using a linear mixed-effects model comparison, the cor-
relation between phylogenetic diversity of Bacteroidetes and al-
titude remained significant after controlling for other covariates
(likelihood ratio test p = 0.015).

Together, the results suggest that differences in altitude were
associated with some differences in alpha- and beta-diversity of the

gut microbial communities in natural populations of house mice.

3.2 | Oxygen requirements of the bacteria predict
the correlations between bacterial genera and
altitude

To identify bacterial taxa that show repeated clinal patterns across
altitudinal gradients, we focused on 10 phyla and 38 genera that had
an average relative abundance of 0.1% or greater across all samples.
On average, Firmicutes, Bacteroidetes and Proteobacteria comprised
more than 94% of the total gut community (Supporting Information
Figure S3), which is typical for wild house mice (Linnenbrink et al.,
2013; Suzuki & Nachman, 2016; Wang et al., 2014; Weldon et al.,
2015). None of these three phyla showed a significant correla-
tion between relative abundance and altitude after correcting for
multiple testing (Supporting Information Table Sé). In contrast, the
relative abundance of Cyanobacteria was significantly correlated
with altitude in Ecuador (rho = 0.29, p = 0.04) and in Bolivia-Brazil
(rho =0.31, p = 0.04) (Supporting Information Table S6). The specific
taxon driving this relationship is the Order YS2, a group that was
previously considered part of Cyanobacteria but has recently been
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placed in the candidate phylum Melainabacteria believed to be the
sister lineage to Cyanobacteria (Di Rienzi et al., 2013).

To test the hypothesis that obligate anaerobes have an advan-
tage over other bacteria in hypoxic environments, we identified
bacterial genera that show repeated patterns of clinal variation with
altitude in both transects. We assigned oxygen requirements to
bacterial genera from Bergey’s Manual of Systematics of Archaea
and Bacteria as well as from recent literature (Figure 2, Supporting
Information Table S7). Among the 38 bacterial genera, 23 showed
correlations with altitude in the same direction in both transects
(regardless of significance) (Supporting Information Table S7). We
were able to assign oxygen requirements to 17 of these genera, and
15 of them showed correlations with altitude in the predicted di-
rection, that is, a positive correlation with altitude for obligate an-
aerobes and a negative correlation with altitude for nonanaerobes
(Figure 2; sign test, p = 0.002). Even when we excluded three unclas-
sified genera for which we could not confidently assign oxygen re-
quirements (see methods and Supporting Information Table S7), the
pattern remained significant (sign test = 0.01). Moreover, when we
limited the analysis to taxa that showed a Fisher's combined p-value

of <0.1, the correlations were all in the predicted direction without

exceptions (Figure 2). For example, Akkermansia, an aerotolerant
mucin degrader that colonizes the mucus layer (OQuwerkerk et al.,
2016; Reunanen et al., 2015), was more abundant at lower altitudes
compared to higher altitudes. Differences in the method of sample
storage did not account for the observed correlations between bac-
terial genera and altitude (Supporting Information Table S8). These
results support the hypothesis that reduced atmospheric oxygen in
high-altitude environments provides an advantage to obligate anaer-
obes over other bacteria.

3.3 | High altitude is associated with a greater
relative abundance of Prevotella across multiple
species of mammals

The strongest patterns of co-variation with altitude were seen for
bacteria in the genus Prevotella (Figure 2, Supporting Information
Table Sé). In both transects, the relative abundance of Prevotella
increased dramatically above 2,000 m in elevation (Figure 3a,b).
Interestingly, Li, Li, Yao, et al. (2016) observed a similar pattern in
pika populations ranging from 1,000 to 4,331 m (Figure 3c). Using
caecal samples, they found that the strongest associations with
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FIGURE 3 Convergent associations between relative abundances of Prevotella and high-altitude environments in different species of
mammals. Significant positive correlations were observed between altitude and the relative abundance of Prevotella in wild house mice
from Ecuador transect (a) and Bolivia-Brazil transect (b). A similar correlation between altitude and relative abundance of Prevotella was
found in Pika (n = 102) (figure generated from data in Li, Li, Yao, et al., 2016) (c). The relative abundance of Prevotella was higher in Yaks
compared to cattle collected from the same farm (elev. 3,000 m) (d) and in Tibetan sheep (elev. 3,000 m) compared to sheep (elev. 2,200 m)
(e) (figure generated from data in Zhang et al., 2016). The relative abundance of Prevotella was higher in Tibetans (3,600-4,500 m) living in
high altitudes compared to Han (500-3,600 m) living in low altitudes (figure generated from data in Li, Dan, et al., 2016) (f). In controlled
laboratory settings, intermittent hypoxic exposure in laboratory mice resulted in higher relative abundance of Prevotella compared to

controls (figure generated from data in Moreno-Indias et al., 2015) (g)

altitude were seen for Prevotella and, furthermore, that this pat-
tern was independent of soil- and plant-associated microbial com-
munities (Li, Li, Yao, etal., 2016). In addition, high-altitude Yaks
and Tibetan sheep show a greater relative abundance of Prevotella
compared to their lowland relatives (Figure 3d,e). Finally, a similar
association between Prevotella and high altitude has been observed
in humans in some studies (Lan et al., 2017; Li, Dan, et al., 2016), but
not in others (Li & Zhao, 2015). For example, Li, Dan, et al., (2016)
found that Tibetan populations at high altitudes had a higher rela-
tive abundance of Prevotella compared to Han populations at low
altitudes (Figure 3d). Thus, the association between Prevotella and
high-altitude environments has been reported in house mice, pikas,
cattle, sheep and humans.

The observation that the relative abundance of Prevotella in-
creases with altitude could be explained by differences in diet, cli-

mate, atmospheric oxygen or any other variable that correlates with

altitude. At least in house mice, differences in diet are unlikely to be
driving this pattern because the correlations between altitude and
stable isotope measurements (which reflect diet) tended to be in op-
posite directions in the two transects (Supporting Information Table
S3). In contrast, we cannot exclude the possibility that climate is
driving the observed patterns because climate and altitude are gen-
erally tightly correlated (Grindlay & Regensteiner, 1983). However, a
recent study of sleep apnoea in laboratory mice provides good evi-
dence that reduced atmospheric oxygen alone can cause an increase
in Prevotella (Moreno-Indias et al., 2015) (Figure 3e). Moreno-Indias
et al. (2015) compared the gut microbiota of laboratory mice under
intermittent hypoxia or normoxia treatments. They found that six of
23 genera differed significantly in their relative abundances between
the two treatments. In particular, Paraprevotella and Prevotella were
enriched under intermittent hypoxia compared to controls (Moreno-

Indias et al., 2015). These results provide experimental evidence that
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the increase in Prevotella at high altitudes may be driven by lower

atmospheric oxygen levels.

3.4 | Predicted metagenome functions suggest gut
microbiota-mediated regulation of blood pressure

To explore the potential physiological influences of the gut microbiota
in high-altitude environments, we looked for predicted KEGG path-
ways that were correlated with altitude using PICRUSt (Langille et al.,
2013). Among the 273 KEGG pathways (level 3) that were identified
in both transects, 183 showed slopes in the same direction in both
transects. Nineteen of the 183 pathways showed significant Fisher’s
combined p-values without correcting for multiple testing (raw p-
value <0.05) (Supporting Information Figure S4). The top two KEGG
pathways that showed positive correlations with altitude were “renin-
angiotensin system” (Ecuador; rho = 0.34, p = 0.02; Bolivia-Brazil;
rho = 0.51, p = 0.0005; Fisher's combined p-value = 0.0001) and “hy-
pertrophic cardiomyopathy” (Ecuador; rho = 0.20, p = 0.17; Bolivia-
Brazil; rho = 0.53, p = 0.0003; Fisher’s combined p-value = 0.0006)
(Supporting Information Figure S4). In contrast, the top KEGG path-
way that negatively correlated with altitude was “Glycosphingolipid
biosynthesis—lacto and neolacto series” (Ecuador; rho =-0.40,
p = 0.004; Bolivia-Brazil; rho = -0.41, p = 0.006; Fisher's combined
p-value = 0.0003) (Supporting Information Figure S4).

After correcting for multiple testing (Bonferroni corrected
alpha = 0.05/183 = 0.0003), the only pathway that remained sig-
nificant was the “renin-angiotensin system,” a pathway that plays a
major role in blood pressure homeostasis (Sparks, Crowley, Gurley,
Mirotsou, & Coffman, 2014). The significant positive correlation
between altitude and “renin-angiotensin system” was driven by
three predicted bacterial proteins that have homologs in diverse
organisms including vertebrates, angiotensin | converting enzyme
(K01283), prolyl endopeptidase (K01322) and thimet oligopepti-
dase 1 (KO1392) (Supporting Information Figure S5). Computational
and biochemical studies suggest that these enzymes may have sim-
ilar functions in bacteria and vertebrates (Kaushik & Sowdhamini,
2014; Riviere et al., 2007; Sugihara, Kawasaki, Tsujimoto, Matsui, &
Watanabe, 2007). All three predicted KEGG genes showed positive
correlations with altitude in both transects, and two of them had a
significant Fisher’s combined p-value (<0.05) based on Spearman’s
rho correlations (Supporting Information Figure S5).

4 | DISCUSSION

We tested whether altitudinal variation was associated with varia-
tion in the composition of the gut microbiota in wild house mice. We
found that altitudinal differences were associated with differences
in both alpha- and beta-diversity. Similar patterns have previously
been reported for alpha-diversity in other species (Lan et al., 2017,
Li & Zhao, 2015; Li, Dan, et al., 2016; Li, Li, Beasley, et al., 2016). In
house mice, the trend towards higher alpha-diversity with increas-
ing altitude was mainly driven by a significant positive correlation

between the alpha-diversity of Bacteroidetes and altitude. Indeed,
taxon-specific alpha-diversity measurements may shed light on the
relationship between altitude and bacterial species richness overall.
Beta-diversity was also significantly associated with altitude in house
mice as previously reported in pikas (Li, Li, Beasley, et al., 2016; Li,
Li, Yao, et al., 2016), ruminants (Zhang et al., 2016), macaques (Sun
et al., 2016) and humans (Lan et al., 2017; Li & Zhao, 2015; Li, Dan,
et al., 2016). In principal, these associations could be explained by
other factors that co-vary with altitude. However, differences in diet
appear to be unlikely as an explanation of the observed patterns in
house mice since stable isotope measurements showed trends in
opposite directions with altitude in the two transects (Supporting
Information Table S3, Figure S1). Population history also seems to
be an unlikely explanation for the observed patterns in house mice
since the Andes are major biogeographic barriers for many taxa
(Patterson & Costa, 2012) and the two transects occur on opposite
slopes of the Andes. Thus, parallel patterns in the two transects are
unlikely to reflect colonization history. This stands in contrast to pat-
terns seen in humans, where correlations between altitude and the
gut microbiota seem to be explained largely by population differ-
ences including differences in diet, culture and genetic background
(Lan et al., 2017; Li & Zhao, 2015; Li, Dan, et al., 2016).

To tease apart the specific role of hypoxia in generating the ob-
served correlations between microbial composition and altitude,
we classified bacteria according to their oxygen requirements (i.e.,
obligate anaerobes, facultative anaerobes, aerotolerant anaerobes,
microaerophiles and obligate aerobes). Overall, we found that 15
of 17 bacterial genera (for which we could assign oxygen require-
ments) showed correlations with altitude in the predicted direction
(Figure 2); anaerobic bacteria were positively correlated with alti-
tude, and facultative anaerobes, microaerophiles and aerotolerant
bacteria were all negatively correlated with altitude. For example,
the most negatively correlated bacterial genus with altitude was
Akkermansia, a bacterial genus that may benefit from oxygen in the
mucus layer of the gut (Ouwerkerk et al., 2016; Reunanen et al.,
2015). A similar negative association between Akkermansia and alti-
tude has been seen in lizards (Zhang, Li, Tang, Liu, & Zhao, 2018). At
the level of phyla, the only group that showed a positive correlation
with altitude in both transects was the Cyanobacteria (Supporting
Information Table Sé). This pattern was driven by the Order YS2,
a taxon that has recently been placed in the candidate phylum
Melainabacteria, a group of anaerobic and obligately fermentative
bacteria (Di Rienzi et al., 2013). Together, these results suggest that
obligate anaerobes may have a competitive advantage under hy-
poxic conditions compared to bacteria that require or use oxygen
(Moreno-Indias et al., 2015). The reduced partial pressure of oxygen
at high altitudes lowers oxygen levels in the blood and may result
in an insufficient supply of oxygen to epithelial cells (Zheng, Kelly,
& Colgan, 2015) particularly during acute hypoxia exposure (lvy &
Scott, 2015). This, in turn, may reduce the niche for aerobes in the
mucosal surfaces of the gut and concomitantly increase the niche
for anaerobes in the luminal portion of the gut. In fact, the oxygen-
rich mucus layer has a greater proportion of aerobes and a lower
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FIGURE 4 A proposed mechanism of
the microbiota-mediated regulation of
blood pressure in response to atmospheric
oxygen at high altitudes. “Anaerobes”
refer to obligate anaerobes, and “Aerobes”
refer to all other oxygen requirements
(i.e., facultative anaerobes, aerotolerant
anaerobes, microaerophiles and obligate
aerobes)

proportion of anaerobes compared to the luminal region of the gut
in mice, macaques and humans (Albenberg et al., 2014; Espey, 2013;
Yasuda et al., 2015). Several recent studies have shown that changes
to the availability of oxygen in the gut can have profound effects
on microbial communities; for example, antibiotic treatments can
deplete some bacterial species and lead to an increase in epithelial
oxygen, facilitating the spread of aerobic pathogens (Byndloss et al.,
2017; Rivera-Chavez et al., 2016). Thus, atmospheric oxygen levels
may affect anaerobes and aerobes differently by directly influencing
their oxygen niche (Figure 4). Future studies on other species would
help test the generality of these results and assess whether different
patterns exist among the four oxygen-requirement categories that
we have lumped together as “nonanaerobes” in this study. Combining
descriptions of the gut microbiota with physiological measurements
of oxygen levels in epithelial tissue would also help to clarify the link
between oxygen availability and specific bacterial niches in the gut.

We found that Prevotella was the top bacterial genus correlated
with altitude. This pattern was seen independently in both transects
(Figure 3). Prevotella is a saccharolytic anaerobe whose major meta-
bolic end products include SCFAs such as acetic acid (Shah & Collins,
1990). Interestingly, pikas (Li & Zhao, 2015), ruminants (Zhang et al.,
2016) and humans (Lan et al., 2017; Li, Dan, et al., 2016) living in high
altitudes also show an enrichment of Prevotella. However, two studies
have reported negative correlations between Prevotella abundance
and altitude, one in humans (Li & Zhao, 2015) and one in macaques
(Zhao et al., 2018). The basis for these differences is unclear. However,
the strongest evidence for the association between oxygen levels
and Prevotella abundance comes from laboratory experiments with
mice under hypoxic conditions (Moreno-Indias et al., 2015). In these
experiments, Prevotella was one of the few genera that showed an
increase under intermittent hypoxia exposure compared to normoxia
controls (Moreno-Indias et al., 2015). The combination of laboratory
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experiments and field observations across multiple species of mam-
mals suggests that atmospheric oxygen levels affect the abundance
of some members of the gut microbiota such as Prevotella.
High-altitude environments impose thermoregulatory chal-
lenges and hypoxic stress on animals, and these stressors may affect
both survival and reproduction (Cheviron et al., 2012; Grindlay &
Regensteiner, 1983; Hochachka et al., 1996). Two major beneficial
physiological influences of the gut microbiota at high altitude have
been proposed. One is the role of the gut microbiota in increased
energy harvest, particularly at high altitude, by fermenting complex
carbohydrates (Lan et al., 2017; Li & Zhao, 2015; Li, Dan, et al., 2016;
Zhang et al., 2016; Zhao et al., 2018). A causal role of gut microbiota
in increased energy harvest has been demonstrated in laboratory
mice (Backhed et al., 2004; Turnbaugh et al., 2006). Many anaerobic
gut bacteria produce SCFAs as end products of polysaccharide fer-
mentation, and these SCFAs serve as an energy source for the host
(den Besten etal., 2013). Previous studies involving high-altitude
mammals have supported this hypothesis by reporting direct and in-
direct evidence of greater production of SCFAs by anaerobic bacte-
ria at higher altitudes (Lan et al., 2017; Li & Zhao, 2015; Li, Dan, et al.,
2016; Zhang et al., 2016; Zhao et al., 2018). Our results are also con-
sistent with this hypothesis. We observed an increase in obligate
anaerobes at higher elevations, including Prevotella and an unclas-
sified genus of Lachnospiraceae. These taxa are known to produce
SCFAs (Biddle, Stewart, Blanchard, & Leschine, 2013; Strobel, 1992).
In particular, Prevotella-dominated gut communities are known to
have an increased ability to ferment polysaccharides (Kovatcheva-
Datchary et al., 2015) and an increased production of SCFAs (Chen
et al.,, 2017). Predicted metagenomic functions also provide some
support for this hypothesis, since starch and sucrose metabolism
were positively, though nonsignificantly, correlated with altitude
(Supporting Information Figure S4). Greater reliance on anaerobic
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energy harvest by the gut microbiota at high altitudes may be bene-
ficial to the host by conserving oxygen.

A second potential beneficial role of the gut microbiota at high
altitude concerns the regulation of blood pressure (Pluznick, 2014;
Yang & Zubcevic, 2017). Pluznick et al. (2013) have demonstrated
microbiota-mediated controls on blood pressure in laboratory mouse
models. They found that SCFAs produced by bacteria signal to two
G-protein-coupled receptors (Gpr) that act in opposing directions to
modulate blood pressure. In particular, propionate (a type of SCFA)
acts as a signalling molecule on GPr41 to cause a dose-dependent
drop in blood pressure in mice (Pluznick et al., 2013). Similar vas-
orelaxation effects have been observed in rats (Nutting, Islam,
& Daugirdas, 1991) and humans (Mortensen, Nielsen, Mulvany,
& Hessov, 1990). In contrast, olfactory receptor 78 (Olfr78) in the
kidney can trigger an increase in blood pressure by SCFA-mediated
renin release (Pluznick et al., 2009, 2013). Renin is an enzyme that
converts angiotensinogen to angiotensin | in the renin-angiotensin
system, leading to a downstream effect of increased blood pressure
by vasoconstriction (Sparks et al., 2014). Our results suggest a hy-
pothesis whereby the gut microbiota may influence blood pressure
through two distinct mechanisms in high-altitude environments
(Figure 4). The first mechanism, previously suggested for humans
(Lan etal., 2017; Li & Zhao, 2015), involves increased production
of SCFAs due to an increased abundance of anaerobic microbes at
high elevations. These SCFAs then mediate blood pressure by act-
ing on SCFA receptors as described in laboratory experiments with
mice (Pluznick, 2014). A second potential mechanism, not previously
proposed, is that bacterial enzymes may act directly on the host
renin-angiotensin system to affect blood pressure. The bacterial an-
giotensin | converting enzyme has been shown to convert mamma-
lian angiotensin | to angiotensin Il in vitro (Riviére et al., 2007). Here,
we observed a positive correlation between predicted genes in the
renin-angiotensin pathway and altitude, suggesting that differences
in the abundance of these gene products at different altitudes may
have downstream effects on host blood pressure. Shotgun metage-
nomics will be useful to test whether bacterial angiotensin convert-
ing enzymes (ACEs) increase with altitude. Studying the physiological
effects of bacterial ACEs in vivo will further test this hypothesis.

It is unclear whether the observed differences in microbial
composition at different altitudes involve genetic adaptation of the
host. For example, when high-altitude adapted populations have
been compared with low-altitude populations at the same eleva-
tion, significant differences remained in the gut microbiota of the
two groups, both in humans and in ruminants (Qiu et al., 2012; Wei
et al., 2016). This suggests that the gut microbial composition is
not simply responding to the availability of atmospheric oxygen,
but that host genotype, vertical transmission or dietary factors
may contribute to observed differences. House mice are relatively
recent colonizers in the Americas, but have been present for a
sufficient number of generations for adaptive changes to have oc-
curred (e.g., Lynch, 1992). Nonetheless, some of the “high-altitude”
populations sampled here came from elevations below 3000 m, an
altitude above which many of the challenges of hypobaric hypoxia

are believed to occur in humans (Dempsey & Forster, 1982). Thus,
it is possible that mice in these populations have not experienced
strong selection associated with hypoxic stress. Further investiga-
tion of the physiological and genomic characteristics in high- and
low-altitude populations of house mice, including at elevations well
above 3,000 m, will help explain the role of the gut microbiome in
the plastic and adaptive physiological responses to high altitude.

In summary, we found that altitude has a significant effect on
the gut microbial composition of natural populations of house mice.
Convergent patterns observed across two transects of house mice as
well as in multiple species of mammals are consistent with laboratory
experiments in suggesting that a reduced partial pressure of oxygen
at high elevations provides an advantage for obligate anaerobes com-
pared to other gut bacteria. The enrichment of obligate anaerobes
which often produce SCFAs together with the predicted metagenomic
functions related to the renin-angiotensin system at high elevations
supports potential roles of the gut microbiota in greater energy harvest
and regulation of blood pressure in mice living in high altitudes.
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