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Introduction 

Over the last 100,000 years, modern humans 
have been exposed to environmental condi-
tions different from those experienced by their 
African ancestors and characterized by a wide 
range of nutritional and climate backgrounds, 
which have left appreciable marks on their 
genome (Fumagalli & Sironi, 2014; Sazzini 
et al., 2014; Quagliariello et al., 2017). This is 
confirmed by several studies that found more 
evidence for the action of natural selection on 
non-African populations than on African ones 
(Kayser et al., 2003; Akey et al., 2004; Storz et 
al., 2004). For instance, some of the most out-
standing selective pressures acting on the human 
genome have been proved to be those imposed 
by high altitude, and especially by hypobaric 
hypoxia. In particular, human populations from 
the Himalayas, such as Tibetans and Sherpa, and 
to a lesser extent those from the Andean cordil-
lera (e.g. Aymara and Quechua), are known to be 
biologically adapted to a hypoxic environment 
because of their respectively long and medium 
time exposure to high-altitude conditions (Beall, 
2007; Gilbert-Kawai et al., 2014). However, the 
genetic bases of their complex adaptive pheno-
types are far from being completely elucidated 
(Beall et al., 2010; Gnecchi-Ruscone et al., 2018; 
Simonson et al., 2010; Xu et al., 2011; Yi et al., 
2010) and other, non-genetic, factors are sup-
posed to contribute to their successful adaptation 
to this extreme environment.

The human gut constitutes an important 
ecological niche for a variety of symbiotic micro-
organisms, namely the microbiota, which tuned 
out to influence several host physiological pro-
cesses. The relation between the microbiota and 
their respective host is so profound that recent 
evolutionary theories proposed to consider it 
as holobionts (Rosenberg & Zilber-Rosenberg, 
2018). Interestingly, gut microbial communi-
ties provide many biological functions, mainly 
related to host metabolism (Wu et al., 2015) and 
immune system regulation (Wikoff et al., 2009), 
thus having the potential to exert remarkable 
effects on host evolution and adaptation to new 

environmental conditions. Indeed, comparison of 
modern human microbiota ecology with that of 
ancient populations and African apes highlighted 
how gut bacterial communities have co-evolved 
in response to the major changes occurred during 
human evolution (Adler et al., 2013; Warinner et 
al., 2014; Moeller et al., 2016).

In particular, the effect of high-altitude 
exposure on gut microbiota has been investi-
gated so far especially in populations from dif-
ferent geographic locations across the Tibetan 
Plateau (Li & Zhao, 2015; Lan et al., 2017). 
Nevertheless, the recently attested East-West 
gradient of admixture between Tibetan and low-
altitude East Asian groups (Gnecchi-Ruscone et 
al., 2017; Jeong et al., 2017) may account, at 
least partially, for the differences in microbiota 
composition observed among the examined 
populations. Therefore, this has the potential to 
confound the identification of peculiar microbial 
profiles that may have played a remarkable role 
during the evolutionary history of high-altitude 
populations by facilitating their adaptation to 
such a harsh, energetically demanding and nutri-
tionally limited environment. 

To overcome this issue and to identify puta-
tive adaptive microbial signatures useful to cope 
with high-altitude stresses, thus not only associ-
ated to the individuals’ ancestry, in the present 
study, we evaluated the gut microbiota composi-
tion of a high-altitude Sherpa population from 
Nepal, which has been recently proved to do 
not have received recent gene flow from neither 
East Asian nor South Asian low-altitude groups 
(Gnecchi-Ruscone et al., 2017). We then com-
pared their gut microbiota with that of another 
Nepalese Tibeto-Burman ethnic group (i.e. the 
Tamangs), who likely share an ancient common 
origin with the Sherpa, but who have originated 
from a different branch of the ancestral Tibeto-
Burman gene pool and spent most of their evolu-
tionary history at low altitude (Gnecchi-Ruscone 
et al., 2017). Moreover, to validate the identified 
microbial signatures that are plausibly involved 
in high-altitude adaptation, we also examined 
samples from populations with completely dif-
ferent genomic backgrounds with respect to the 
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Nepalese ones. Accordingly, we studied the high-
altitude Aymara population living in the South 
Yungas Region/Altiplano of La Paz (Bolivia) 
and a low-altitude cohort of individuals with 
European ancestry, as a control group. 

Results

Characterization of the studied populations
In order to identify gut microbial signatures 

specific of Himalayan and Andean populations 
and to evaluate the impact of prolonged exposure 
to extreme conditions (i.e. high altitude and the 
related restriction of nutritional resources) on gut 
microbiota, we considered the Sherpa and Aymara 
populations living in two typical high-altitude 
geographical areas, such as the southern slopes of 
the Himalayan mountain range (Nepal) and the 
Bolivian Andes, respectively, and we compared 
them with low-altitude populations from Nepal 
(i.e. Tamangs) and Europe (Figs. 1A-C).

All individuals were selected because highly 
representative of their populations of ori-
gins according to their genomic backgrounds 
(Gnecchi-Ruscone et al., 2017, 2019). In par-
ticular, we previously proved that the studied 
Sherpa community is genetically adapted to high 
altitude (Gnecchi-Ruscone et al., 2018) and did 
not have received recent gene flow from neither 
East Asian nor South Asian low-altitude popula-
tions (Gnecchi-Ruscone et al., 2017). Conversely, 
Tamangs live at low-altitude and share a com-
mon Tibeto-Burman genomic ancestry with the 
Sherpa, but did not evolved high-altitude genetic 
adaptation (Gnecchi-Ruscone et al., 2017). We 
then considered the Aymara population living in 
Bolivia, a geographically distant area with respect 
to the Nepalese populations, and showing a lim-
ited ancestry proportion (~12%) ascribable to 
recent European admixture (Gnecchi-Ruscone et 
al., 2019). Aymaras are known to be adapted to 
the high altitude environment (even if at a lesser 
extent than Himalayan people).

Regarding lifestyle, economic activities of the 
Sherpa are based on trade and to a very lesser 
extent on agriculture (predominantly cultivation 

of potatoes), where conditions allow farming. At 
highest altitudes, the Sherpa breed the “yak”, a 
domesticated bovid, which is adapted to hypo-
baric hypoxia as well (Qiu et al., 2012). Generally, 
the Sherpa sell or barter wool and milk of Yak 
and dairy products. During the winter, activities 
are limited, especially agriculture that starts again 
at the onset of spring, when people move to sum-
mer villages. 

The recruited Tamangs live at considerably 
lower altitudes (i.e. no more than 2,000 m a.s.l.) 
than the Sherpa, and often they work as porters 
for trekking expeditions, or are engaged as farm-
ers, breeders and day labour. 

Aymara is an ethnic group that lives between 
2,000 and 4,200 m of altitude in the valleys and 
the Altiplano of the Andes. In the last century, 
Aymaras have been suffered by Western influ-
ences (i.e. European), especially in the cities. 
However, in rural and isolated areas, their life-
style and diet are still traditional. They farm (i.e. 
tubers) and raise livestock in extreme environ-
ments characterized by low temperatures and 
high-altitude.  

Information about dietary habits of these 
populations were collected by dietary question-
naires and interviews. We calculated daily food 
intake (Fig. 1D) by estimating average quantities 
of food ingested per day, food energy (kcal/day), 
grams of proteins, fats, carbohydrates, including 
simple sugars, and fibres (Supplementary Tab. 1).

As expected, the dietary habits of Nepalese 
and Bolivian populations appear to be considera-
bly poor in terms of food variety when compared 
to that of Europeans (Fig. 1D). In fact, they eat 
mainly starchy foods (i.e. potatoes for the Sherpa, 
and other variety of tubers, such as chuño, caya, 
and camote, for the Aymara) and cereals (i.e. 
rice and millet for Sherpa and Tamangs; quinoa, 
rice and amaranth for Aymara), supplemented 
by spices (Sherpa and Tamangs) or vegetables, 
such as carrots, chili peppers, tomatoes, and 
onions (Aymara), and eggs. Meat (i.e. chicken 
and yak for the Sherpa, chicken and buffalo 
for the Tamangs, freeze-dried camelid meat, i.e. 
charque, steer, sheep, chicken for the Aymara) is 
consumed a few times a week. 
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Fig. 1 - A) Geographical distribution of the populations considered in this study. B) Pictures of the 
Taca’s village and of Aymara daylife (photos by Patrizia Di Cosimo). C) Pictures of the Na Sherpa vil-
lage and of a fireplace in a Sherpa house (top of the plot), as well as of the Simigaon Tamang village 
and of the surrounding millet crops (photos by Marco Sazzini). D) Results from diet analysis based 
on food questionnaires. Pie charts represent the food intake for each ethnic group considered. The 
colour version of this figure is available at the JASs website.
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Aymaras usually drink coffee, coca leafs tee, 
chocolate, industrial beer, and alcoholic (1-3% 
alcohol) beverages derived from grains, maize, 
amaranth or fruit.

Interestingly, both Sherpa and Aymara peo-
ple usually drink fermented beverages, although 
they are derived from different components 
(i.e. chang, a typical Sherpa beverage obtained 
from millet and yak’s milk, and chicha a typi-
cal Bolivian fermented beverage obtained from 
maize or amaranth).

Differential microbial richness and biodiversity 
among the examined populations

When considering their country of origins, 
the Nepalese, Bolivian and European popula-
tions showed a trend of variability in microbial 
richness (Fig. 2A and Supplementary Tab. 3A), 
although the observed differences were not statis-
tically significant according to a Mann-Whitney 
test. Differential microbial richness was observed 
also between the two Nepalese populations, 
with the Sherpa showing higher microbial bio-
diversity than Tamangs (Supplementary Tab. 
3A). By means of beta diversity analyses (Figs. 
2B,C; Supplementary Tab. 3B), we observed that 
microbial community of Western subjects clus-
tered together and separately from those of non-
Western populations, as expected, and irrespec-
tively from the high-altitude or low-altitude set-
tings of the latter. Among the Nepalese samples, 
the Sherpa showed a strong dispersion within the 
group, while Tamang samples clustered together, 
similarly to Western ones (Figs. 2B,C and 
Supplementary Fig. 1). Among the considered 
indexes, Weighted UniFrac showed a significant 
separation between the two Nepalese populations 
(Supplementary Fig. 1 and Supplementary Tab. 
3B). As regards the distribution of the samples 
from Bolivian Aymaras, a statistically significant 
difference (PERMANOVA test; p-value < 0.001) 
was observed with respect to the Western ones, 
but not when compared to the samples from 
Nepalese populations (Supplementary Tab. 3B). 

The strong differentiation in terms of micro-
biota profiles of native Himalayan and Bolivian 
populations with respect to that of European 

ancestry was further supported by random for-
est classifier analysis, which allows to assign and 
classify each sample according to its microbial 
profile (Fig. 2C). Samples from Western subjects 
were assigned to their source population with 
100% accuracy (global OOB error = 31.7%, 
Supplementary Tab. 4). Classification accuracy for 
Sherpa and Aymara samples also maintained high 
values (75% and 80%, respectively), while that for 
the Tamang ones dropped to 50% of assignation.

Microbial signatures shared among populations 
living at high altitude

To identify the principal taxa driving gut micro-
biota differentiation across the studied populations, 
abundance and distribution of bacterial phyla 
were compared. Accordingly, Spirochaetes and 
Elusimicrobia phyla were found to be significantly 
enriched in samples from high-altitude popula-
tions, and to a lesser extent in those from Tamangs 
(Fig. 3A). Although the relative abundances were 
variable, Proteobacteria were enriched in all tra-
ditional populations (10%-18% range of relative 
abundance vs. <5% in Western samples). We also 
considered Firmicutes/Bacteroidetes ratio (F/B) 
(Fig. 3B). Samples from the Sherpa and Western 
populations were characterized by a high ratio (i.e. 
predominance of Firmicutes), while those from 
Aymara and, especially, from Tamangs showed a 
lower ratio (i.e. predominance of Bacteroidetes). 
The Mann-Whitney Wilcoxon test indicated a sig-
nificant difference when comparing Aymara and 
Tamangs, with respect to the Western population, 
while both Sherpa and Aymara showed a signifi-
cant different F/B ratio with respect the Tamang 
group (Supplementary Tab. 5).

Within the Firmicutes phylum 
(Supplementary Fig. 2), a great bacterial biodiver-
sity was observed among the studied populations 
(Fig. 2B). In particular, Faecalibacterium was the 
most abundant, especially in the microbiota of 
Western people. Conversely, some genera, such 
as Catenibacterium, Lactobacillus, Anaerovibrio 
characterized the microbiota of traditional popu-
lations. Within the Bacteroidetes phylum (Fig. 
3D), the abundance of Prevotella characterized 
the microbiota of traditional rural populations, 
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Fig. 2 - A) Alpha diversity indices calculated by considering Observed OTUs, Chao1 index and 
Shannon entropy. For each country (reported on the x axis), ethnic groups are reported with dif-
ferent shapes. B) Unweighted UniFrac distance across the studied populations. PERMANOVA test 
reported p < 0.001. C) Hierarchical cluster plot based on Random Forest classifier analysis: 5,000 
trees were used to classify samples with an out-of-bag (OOB) error rate of 31%.
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while Bacteroides and Parabacteroides were more 
abundant in the Western population when com-
pared to the other groups. Interestingly, the 
microbiota of Tamangs, which presented pre-
dominance of Bacteroidetes with respect to the 
other populations, was enriched in Prevotella 

(either of Prevotellaceae or Paraprevotellaceae 
families; Fig. 3D). 

At the genus level, 23 genera were differently 
distributed across populations (Fig. 4). Among 
them, some characterized the non-Western 
populations, such as Bulleidia, Succinivibrio, 

Fig. 3 - Overview of microbial profiles of traditional and European populations. A) Relative abun-
dance distribution of the significant phyla across populations, as resulted from the DESeq2 analysis. 
B) The boxplots indicate values of Firmicutes/Bacteroidetes ratio: the p-values have been estimates 
through Mann-Whitney test. (C) and Bacteroidetes (D) phyla. The colour version of this figure is 
available at the JASs website.
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Lactobacillus ruminis and Prevotella. Western pop-
ulation samples were instead strongly enriched 
for bacteria belonging to either the Bacteroidetes 
phylum (i.e. Butyricimonas and Bacteroides 
plebeius) or Firmicutes (Acidaminococcus, 

Ruminococcus gnavus and Holdemania). Among 
the non-Western populations, differential micro-
bial profiles were then strongly associated to 
each ethnic group, independently from their 
geographical location. For example, Treponema, 

Fig. 4 - Representation of relative abundances of significant taxa, obtained through the DESeq2 
analysis performed across the examined ethnic groups. The colour version of this figure is available 
at the JASs website.
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Butyrivibrio and the unidentified rumen bac-
terium RFN20 characterized the microbiota 
of high-altitude populations (i.e. Sherpa and 
Aymara). Interestingly, Basic Local Alignment 
Search Tool (BLAST) alignment of Treponema 
sequences confirmed that samples from both 
Aymara and Sherpa populations showed a signif-
icant sequence identity (99%; E-value 0.0) with 
Treponema succinifaciens, while low abundance of 
this species was observed for the Tamang group. 
On the other hand, the microbiota of both the 
Nepalese populations (i.e. Sherpa and Tamangs) 
were enriched of Anaerovibrio and CF231 (a 
member of Paraprevotellaceae), when compared 
to those of the Aymara and Western popula-
tions. However, Prevotella, Bulleidia, Lactococcus 
and Sarcina were more abundant in the Tamang 
group, while Sphaerochaeta was more abundant 
in the Sherpa (Fig. 4).  

To deepen the impact of environment, diet, 
culture and lifestyle on gut bacterial communities 
of the two Nepalese populations, a direct com-
parison between Sherpa and Tamang microbiota 
was performed. A great difference in Operational 
Taxonomic Units (OTUs) distribution between the 
two populations was detected at the phylum level 
(Supplementary Fig. 2). Notably, samples from 
Sherpa were enriched in Bifidobacterium adolescen-
tis, Rikenellaceae, Treponema and Elusimicrobiaceae. 
On the other hand, the microbiota of Tamangs 
was characterized by Enterobacteriaceae, Blautia 
producta, Eggerthella lenta, Lactococcus garviae and 
Bacteroides plebeius (Fig. 4).

Furthermore, network analysis was per-
formed in order to further investigate the influ-
ence of single OTUs in the global microbial com-
munities in each population (Supplementary 
Fig. 3). After filtering the core microbiota for 
each ethnic group by using 80% threshold of 
relative abundance, Pearson’s correlation was 
calculated between OTUs. The four distinctive 
networks showed different microbiota profiles 
across the populations, not only in terms of spe-
cies presence, but also according to relationships 
among bacterial species in the communities. 
Specific OTUs could be considered as milestone 
bacteria of the intestinal communities in each 

population due to their highest node degree and 
highest betweenness centrality with respect to 
the whole bacterial community. For instance, 
in the Sherpa network betweenness centrality 
of Prevotella, Oscillospira and Faecalibacterium 
pointed to these genera as important for shap-
ing the microbial community. In the Tamang 
network, Faecalibacterium showed a central 
role in the intestinal community. The micro-
biota profile of Aymara instead seems to be 
more influenced by Parabacteroides, Dorea and 
Prevotella, while in the Western population net-
work, Bifidobacterium and Phascolobaterium 
were the two driving taxa.

Detecting the influence of high-altitude life conditions 
on the functional potential of gut microbiota 

Finally, we evaluated the potential of the gut 
microbial functions of the two high-altitude pop-
ulations in comparison with that of the low-alti-
tude Western and non-Western groups through 
the identification of specific Kyoto Encyclopedia 
of Genes and Genomes (KEGGs) profiles (func-
tional inference by 16S rRNA dataset). 

Interestingly, both Sherpa and Aymara 
microbiomes showed several common functional 
pathways that distinguish them from that of 
the Western population (Supplementary Figs. 
46A,B). Among the enriched metabolic func-
tions, in the microbiome of high-altitude popula-
tions we observed the synthesis and degradation 
of ketone bodies, vitamin B6 metabolism, degra-
dation of caprolactam, as well as the biosynthe-
sis of terpenoid backbone and unsaturated fatty 
acids. Moreover, the Aymara microbiome was 
enriched even for other predicted KEGGs path-
ways involved in amino acids metabolism (e.g. 
lysine, valine, leucine and isoleucine degradation, 
as well as D-arginine, D-Alanine, D-glutamine 
and D-ornithine metabolism), energy produc-
tion (i.e. oxidative phosphorylation) and vita-
mins metabolism (i.e. Riboflavin). In parallel, 
the microbiome of Western people were enriched 
in differential pathways when compared to both 
Sherpa and Aymara, especially those related to 
glycan degradation, carbohydrate metabolism, 
lipid metabolism and vitamins metabolism.
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Comparing the two Nepalese populations, 
the Sherpa microbiome was mainly character-
ized by functions involved in the metabolism of 
amino acids, fatty acids and glycerophospholip-
ids (Supplementary Fig. 6C). The microbiome of 
Tamangs was instead enriched in KEGGs path-
ways involved in lipopolysaccharide, polyketides 
and N-glycan biosynthesis.

Discussion

Since their expansion out of Africa approxi-
mately 100,000 years ago, modern humans have 
experienced considerably different environmen-
tal conditions that forced them to adopt a wide 
range of lifestyles and diets, as well as to bio-
logically adapt to challenging ecological settings 
(Brown, 2012; Sazzini et al., 2014). Comparison 
of the gut microbiome across several traditional 
and rural populations geographically isolated 
with respect to urban populations has showed 
how these changes could have affected the 
human microbiota profile during our recent evo-
lutionary history (Adler et al., 2013; Moeller et 
al., 2016). In particular, the present study aims 
to evaluate whether gut microbial communities, 
which are shaped by dietary habits and environ-
mental conditions, in turn may contribute to 
the adaptation of the host to peculiar ecological 
and cultural settings. Therefore, we focused on 
the “high-altitude” case study by characterizing 
the gut microbiota of two populations with dif-
ferent genetic backgrounds, dietary habits and 
lifestyles, but exposed to similar and highly 
challenging high-altitude environments in the 
Himalayas (the Sherpa) and the Bolivian Andes 
(the Aymara), respectively. We then compared 
the observed microbial profiles with those of low-
altitude populations, one (the Tamangs) who 
shares an ancient common genetic ancestry with 
the Sherpa (Gnecchi-Ruscone et al., 2017), and 
another being instead representative of Western 
populations of European ancestry.  

By comparing traditional rural populations 
adapted to high-altitude with Western people, 
alpha diversity analysis showed a trend of higher 

microbial richness in Aymara samples and, on 
average, lower diversity in Nepalese samples, 
even with respect to Western ones. Recently, Jha 
and colleagues (Jha et al., 2018) reported a trend 
of lower values of alpha diversity in traditional 
Nepalese populations (but significant only for 
the Tharu ethnic group) when compared to peo-
ple of European ancestry from the United States. 
A similar trend is observable according to our 
data,  thus being in contrast with previous results 
on traditional populations, in which higher lev-
els of bacterial richness are generally found when 
compared to European populations (Yatsunenko 
et al., 2012). However, the samples of traditional 
populations analysed in most of the previous 
studies were collected from countries located 
at tropical latitudes (Yatsunenko et al., 2012; 
Schnorr et al., 2014; Martínez et al., 2015), which 
are generally characterized by high endemic bio-
diversity. Our results support the hypothesis of 
the existence of a relationship between micro-
biota richness and geographical location of host 
populations (Jha et al., 2018), and thus that 
environmental richness could affect microbial 
biodiversity. Indeed, the ecological context of the 
Bolivian Yungas, in which the Aymara popula-
tion lives, presents higher endemic biodiversity 
than all the other geographic areas considered 
in this study (Kier et al., 2009). On the other 
hand, the Himalayan valleys are characterized by 
a lower endemic biodiversity (Kier et al., 2009) 
and this may explain the lower bacterial rich-
ness observed in Nepalese people than Aymara. 
Interestingly, a previous observation showed an 
increased trend of endemic richness in Nepal 
along an altitude gradient and even this finding is 
in agreement with the alpha diversity values cal-
culated for the Sherpa and Tamang microbiotas 
(Vetaas & Grytnes, 2002). Therefore, diversity of 
the microbial communities examined in the pre-
sent study seems to reflect the overall ecological 
diversity experienced by their host populations. 

Beta diversity analysis and random forester 
classifier also showed that the traditional non-
Western populations were characterized by a dif-
ferent gut microbial structure when compared to 
Western people. This result is in agreement with 
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the general pattern of microbiota differentiation 
between Western and non-Western human groups, 
as reported in literature (De Filippo et al., 2010; 
Yatsunenko et al., 2012; Schnorr et al., 2014).

As emerged from the analysis of dietary 
habits of the Sherpa and Aymara populations, 
the poor variety and restrict typology of nutri-
tional resources on which they rely are unavoid-
ably conditioned by their settlement in extreme 
environments. Particularly, high-altitude, arid 
soils and low temperatures limit farming to a 
few cereals and tubers cultivations, as well as to 
livestock breeding of Yak (in the Himalayas) or 
alpaca (in the Bolivian Andes) that are adapted to 
hypobaric hypoxia (Qiu et al., 2012; López et al., 
2018), together with traditional food prepara-
tion, such as the use of fermented foods (i.e. the 
Sherpa Chaang beer and the Aymara Chicha) and 
poor hygienic conditions. These environmental 
settings and lifestyles are thus supposed to heav-
ily affect the gut microbiota composition of these 
traditional populations. 

Metataxonomic analyses pointed to signifi-
cant differences in the gut microbiota of these tra-
ditional populations with respect to Western peo-
ple. Concerning the F/B ratio, Tamangs showed 
a microbial profile enriched in Bacteroidetes, in 
agreement with previous observations for other 
traditional populations (De Filippo et al., 2010). 
Interestingly, the two high-altitude populations 
showed a high F/B ratio similarly to Western 
people. However, within the Firmicutes phylum, 
a great bacterial biodiversity was observed among 
high-altitude populations and Europeans. In 
particular, bacterial genera able to degrade fibers 
(i.e. Butyrivibrio, Bacterium RFN20) and associ-
ated to dairy products and milk fermentation 
(i.e. Lactobacillus) differentiated the traditional 
groups from the Western one. This finding plau-
sibly reflects the different dietary habits of the 
examined populations, in particular in relation 
to the consumption of cereals and fiber-rich 
foods, as well as of fermented foods, which are 
typical in the diets of traditional populations. 

Within the Bacteroidetes phylum, differen-
tial abundances of Prevotella (in general enriched 
in all traditional populations, but prevalent in 

Tamangs) and Bacteroides (more abundant in 
Western people) were observed among the stud-
ied populations. 

Consumption of fiber-rich foods, such as 
millet or corn, respectively by the Nepalese 
and Bolivian populations, could again explain 
the enrichment of Prevotella, Succinivibrio and 
Treponema among the examined non-Western 
populations due to the ability of these bacteria 
to degrade plant polysaccharides, such as cellu-
lose and xylans (De Filippo et al., 2010, 2017). 
Previous studies have already disclosed the pres-
ence of Treponema succinifaciens and porcinum 
across different traditional rural populations, 
despite they use different subsistence strategies 
(Schnorr et al., 2014; De Filippo et al., 2017; 
Jha et al., 2018). It was thus hypothesized that 
the higher amount of this bacterial genus in non-
Western and rural populations is related to their 
higher consumption of plant fibres with respect 
to Western groups.

Prevotella, Treponema and Butyrivibrio and 
other degrading-fibres bacteria are also known 
to produce high levels of short-chain-fatty-acids 
(SCFAs) (Flint et al., 2008), which are impor-
tant for energy yield and play a key role in the 
host gastrointestinal homeostasis (Pluznick, 
2017). In particular, SCFAs were found to be 
associated with low blood pressure (Raizada et 
al., 2017). Thus, SCFAs production potentially 
represents an important advantage for the fitness 
of high-altitude living populations, because they 
may further contribute to reduction of acute 
mountain sickness susceptibility, as previously 
suggested by evidence from Tibetan popula-
tions (Li & Zhao, 2015). It is noteworthy that 
in all non-Western populations, network analysis 
pointed to a central role of the Prevotella genus 
in the bacterial community, together with other 
SCFAs-producer bacteria (i.e. Faecalibacterium 
for Sherpa and Tamangs, Dorea for Aymara). 
This evidence supports the fact that SCFAs-
producing bacteria are fulfilling functions essen-
tial for the host physiology in these populations. 
The high-altitude life conditions, especially due 
to hypobaric hypoxia and low temperatures, 
indeed require high energy demands that could 
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be satisfied by contribution of bacterial metabo-
lism deputed to ferment polysaccharides (i.e. 
Prevotella, Treponema and Butyrivibrio found to 
be abundant in the Sherpa and Aymara). 

Tubers are a typology of food that can be eas-
ily cultivated in poor and extreme environments, 
such as the high-altitude one, and represent a 
staple food for Sherpa and Aymara. In line with 
this evidence, a trend towards the enrichment 
of Catenibacterium, a bacterial genus involved 
in starch degradation and sugar fermentation 
(Kageyama & Benno, 2000), was found in both 
Himalayan and Bolivian high-altitude groups. 
Further diet-induced bacterial markers were infer-
able when comparing the microbiota composi-
tion of Sherpa and Tamangs. In fact, despite the 
close genetic and geographical proximity of these 
populations (Gnecchi-Ruscone et al., 2017), 
they showed differences in dairy product sources 
that could be at the base of their differences in B. 
adolescentis and Lactococcus garvieae abundances. 
This finding may be particularly relevant since 
both of these groups were found to do not pre-
sent adaptive alleles at the MCM6/LCT locus, 
which are known to confer lactose tolerance in 
adulthood, when genome-wide genotype data 
were ad hoc investigated (Gnecchi-Ruscone et 
al., 2017). In detail, the Sherpa consume mainly 
yak milk-based products, which are rich in poly-
unsaturated fatty acids (PUFA), conjugated lin-
oleic acid (CLA), antioxidant elements (e.g. vita-
min C) and a number of probiotic bacteria (Guo 
et al., 2014). Moreover, yak k-casein has been 
demonstrated to increase Bifidobacterium spp. 
overgrowth (Tang et al., 2013). On the other 
hand, Tamang samples were characterized by 
the presence of L. garviae, which is associated to 
the consumption of dairy products, usually con-
sumed by this population (Fortina et al., 2007), 
and whose presence is often associated to tradi-
tional populations in close contact with cattle, as 
is the case of Tamangs. 

Results by pathways prediction analysis fur-
ther supported the hypothesis that a peculiar gut 
microbiota structure coevolved with Sherpa and 
Aymara populations adapted to high-altitude 
and limited nutritional resources. For instance, 

despite their considerably different genomic and 
cultural backgrounds, these populations were 
both found to be enriched in microbial genera 
involved in the metabolism of vitamin B6, which 
is essential for glycogen conversion into glucose 
and for conversion of amino acids into oxaloace-
tate (Rosenberg et al., 2017). Vitamin B6 plays an 
important role in energy yield, and its deficiency 
induce a decreased level of glucose conversion, 
thus leading to a loss of energy fuel. Moreover, 
the two forms of vitamin B6 (i.e. pyridoxal 
5’-phospate and pyridoxal) influence the oxygen 
binding affinity of erythrocytes (Reynolds and 
Natta, 1985), having the potential to contribute 
to adaptive processes in response to hypobaric 
hypoxia. It has been observed that vitamin B6, 
together with folate, can influence the one-car-
bon pool metabolism, which is another common 
signature between Sherpa and Aymara microbi-
ome, and it has been recently proved to exert a 
neuroprotective effect in hypoxic conditions (Yu 
et al., 2016).  

In line with these findings, enrichment 
of microbial profiles involved in unsaturated 
fatty acids metabolism was also observed in the 
microbiome of both high-altitude populations, 
being potentially associated to their adapta-
tion to hypobaric hypoxia. Indeed, a study has 
reported that unsaturated fatty acids are manda-
tory for hypoxia-inducible transcription factor 
3α (HIF3A) stability and thus for modulation 
of HIF processes in response to hypoxia (Fala et 
al., 2015).

Interestingly, in both the Sherpa and Aymara 
microbiotas, enrichment of the pathway related 
to synthesis and degradation of ketone bodies 
suggests a potential role in conferring an advan-
tage in high-altitude environments. It is known 
that when humans are exposed to a sustained 
cellular oxygen reduction due to high altitude, 
there is an alteration in oxygen use, which drives 
hypoxia-related genes expression (Semenza, 
2007; Wheaton & Chandel, 2011). These genes 
influence the human metabolism by inducing 
loss of weight due to a decrease of muscle mass, 
decrease of energy and oxygen expenditure and 
catabolism with the production of ketone bodies 
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through amino acids breakdown (Boyer & Blume, 
1984; Westerterp & Kayser, 2006; Sanchez et al., 
2012). In particular, the synthesis of ketone bod-
ies from endogenous resources would be a major 
advantage under hypoxic conditions as they can 
act as an energy substrate instead of glucose, espe-
cially to sustain brain metabolism (Hasselbalch 
et al., 1995; Veech, 2004). Moreover, the use of 
ketone bodies, instead of glucose, require a lower 
oxygen cost for ATP biosynthesis, improves 
mitochondria efficiency, and help in modulating 
HIF response to hypoxia (Masuda et al., 2005; 
Puchowicz et al., 2008; Semenza, 2011). Amino 
acids conversion to ketone bodies is performed 
by the liver (Murray & Montgomery, 2014), but 
very few information are available so far about 
the activation of this metabolic function by the 
microbiota under hypoxic conditions. Therefore, 
the obtained results could suggest the hypothe-
sis that the gut microbiota has the potential to 
contribute to host physiological functions useful 
for adaptation to high-altitude and to life con-
ditions characterized by poor nutritional and 
energy resources. 

Furthermore, other signatures associated to 
vitamins and ketogenic amino acids pathways 
were found exclusively in the Aymara popula-
tion. This may be related to an even more rel-
evant role of microbiota-mediated high-altitude 
adaptation in such a group with respect to the 
Sherpa, due to their less optimized and geneti-
cally fixed adaptive phenotype resulted from 
a less prolonged evolutionary history at high 
altitude (Beall, 2007). Among these signatures, 
Riboflavin has been reported to increase in sol-
diers working in Bolivia and during Operation 
Everest II (Rose et al., 1988). Moreover, sup-
plementation of Riboflavin/B6/Folate showed 
ameliorate hypoxia-induced memory deficits in 
mice (Yu et al., 2016). In parallel, enrichment 
of microbial profiles associated to other vita-
mins and amino acids pathways was observed 
in the Sherpa, thus giving further support to the 
hypothesis that environmental conditions (e.g. 
diet and high altitude) exert a strong influence 
on the gut microbiota ecology irrespectively of 
the genetic background of the host population. 

In conclusion, although being performed 
on a limited number of samples per group, this 
preliminary study showed how the high-altitude 
environment affects nutritional sources, conse-
quently impacting on the gut microbiota struc-
ture of populations exposed to such a selective 
pressure for most of their evolutionary history. 
Despite considerable genetic, geographic and 
cultural differences, the two examined high-
altitude populations were found to share impor-
tant aspects of their gut microbial composition 
and metabolic profiles. Overall, our results sug-
gest that the gut microbiota has the potential 
to mitigate the effect of nutritional restrictions 
and environmental pressures induced by high 
altitude, by providing metabolic functions able 
to supply compounds, such as vitamins, ketone 
bodies and amino acids, which are useful for the 
host to cope with the challenging physiological 
stresses and energy demand imposed by life in 
this extreme environment (Fig. 5). 

Material and Methods	

Populations studied and samples collection. 
A total of 19 faecal samples were collected 

from subjects (n = 10 males and n = 9 females, 
age range 20-41 years old; Supplementary Tab. 
2) belonging to three populations with diverse 
ancestries and living at different altitudes in Asia 
(Nepal) and South America (Bolivia). Sampling 
and logistic conditions were not always easy to 
deal in such remote geographical areas. Several 
factors have to be considered during the sam-
pling collection, in particular the environmental 
and hygienic conditions to assure the adequate 
level of sterility, the transportation and storage of 
samples in order to preserve the integrity of DNA 
(e.g., to avoid temperature fluctuation, frozen-
thaw cycles, and shorten the transportation time) 
(Wu et al., 2019). Moreover, during the bacterial 
genomic DNA extraction, two samples belonging 
to the Nepalese populations have been discarded 
due to the poor quality of the DNA that would 
not have allowed the microbiota sequencing. All 
these variables constituted a strong limitation to 
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the collection of numerous faecal samples, thus 
only a limited number of samples has been col-
lected, but strictly checking for the biological 
ancestry of the recruited people.

Indeed, individuals belonging to the Sherpa 
ethnic group (n = 4), which did not pre-
sent genomic signatures ascribable to recent 
gene flow from neither East Asian nor South 
Asian low-altitude populations (Gnecchi-
Ruscone et al., 2017), were recruited at the 
village of Na (4,180 m a.s.l.) in the Rolwaling 
Himal (Gaurishankar Conservation Area, 
Dolakha District, Nepal). Tamang samples (n 
= 4) were instead collected in the same region 
(Gaurishankar Conservation Area) at Simigaon 
(2,000 m a.s.l.). In particular, we have recently 
proved that Tamangs belong to an ethnic group 
that shares Tibeto-Burman genomic ancestry 
with the Sherpa, but who undergone a com-
pletely different adaptive evolution (i.e. they 
are not genetically adapted to high-altitude) 
(Gnecchi-Ruscone et al., 2017).

People from the Aymara ethnic group (n = 
10) were sampled from the Taca and Santiago 
de Taca Communities (Irupana Municipality, 
South Yungas Region of La Paz, 2,800 m a.s.l.) 
on the Bolivian Andes. This Aymara population 
often moves to the Altiplano of La Paz (4,000 m 
a.s.l.) for working, studying or for residing with 
family members for short time during the year. 

All the sampled individuals were selected 
because highly representative of their popu-
lation of origins according to their genomic 
backgrounds, which were evaluated by char-
acterization of ~720,000 genome-wide SNPs 
and by the implementation of ADMIXTURE 
analysis, haplotype-based estimate of ancestry 
proportions, linkage disequilibrium decay-
based methods, and local ancestry inference 
within the framework of two previous popula-
tion genomics studies focusing on the Sherpa, 
Tamang and Aymara ethnic groups (Gnecchi-
Ruscone et al., 2017; Gnecchi-Ruscone et al., 
2019). As representatives of a low-altitude con-
trol population of European ancestry, Italian 
subjects (n = 11, n = 4 males and n = 7 females) 
from the Emilia-Romagna region were also 
recruited. Moreover, in order to avoid possible 
bias in the observed microbiota composition 
due to the health conditions of individuals, sub-
jects were selected basing on the absence of any 

Fig. 5 - Scheme of the effects of the high-alti-
tude environment on the host and role of the 
gut microbiota in adaptation to such a selec-
tive pressure. Murray & Montgomery (2014) 
reported that exposure to hypobaric hypoxia 
leads to cachexia (red lines). Fatty acids are 
released by adipose tissue, while amino acids 
are released from muscle breakdown. These 
are converted into ketone bodies by the liver 
and act as metabolic substrates. According to 
the scheme of Murray & Montgomery, results 
obtained for the considered high-altitude pop-
ulations (i.e. Aymara and Sherpa) have shown 
how environmental conditions (i.e. high alti-
tude) and diet (i.e. usual consumption of 
starchy and fermented foods) may influence 
the gut bacterial ecology and functions (blue 
lines). It is also plausible to hypothesize that 
the microbiota of these populations provides an 
important support to the catabolic response to 
altitude by metabolism of fatty acids, ketones 
bodies, ketogenic amino acids and vitamins. The 
colour version of this figure is available at the 
JASs website. 
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chronic, gastrointestinal or extra-intestinal dis-
ease and according to the absence of any infec-
tion. Furthermore, no antibiotics or probiotics 
intake was allowed in the four weeks before the 
enrollment.

During the collection, all faecal samples 
were preserved in RNAlater kits (Qiagen, 
Hilden, Germany) and then maintained in 
RNAlater and stored at −80 °C until the extrac-
tion of genomic DNA. Dataset information are 
reported in Supplementary Table 2. 

For all subjects, data on lifestyle and dietary 
habits were obtained by means of an interview 
and the completion of a dietary questionnaire 
to gather information about their usual food 
consumption. Nutritional values were obtained 
by quantifying the amount of food consumed, 
by calculating the daily portion on average 
and intakes of Energy (Kcal), Carbohydrates 
(including fibres), Fats, Proteins, Sugar, and 
Minerals (Supplementary Tab. 1). For this pur-
pose, the food composition tables for Nepal 
and Bolivia, as reported by the International 
Network of Food Data Systems (INFOODS; 
http://www.fao.org/infoods/infoods/tablas-y-
bases-de-datos/bolivia/es/; http://www.fao.org/
fileadmin/templates/food_composition/docu-
ments/regional/Nepal_Food_Composition_
table_2012.pdf ) were consulted. 

This study was designed and conducted in 
accordance with relevant guidelines and regu-
lations according to the ethical principles for 
medical research involving human subjects 
stated by the WMA Declaration of Helsinki. 
All participants were informed about the 
research, and informed consent was obtained 
by anthropologists during the conducted expe-
ditions in accordance with the sampling proto-
cols within the framework of the University of 
Bologna HUMAN project (for Nepalese and 
Italian populations), and UNIGEN (Unidad 
de Identificación Genética de la Universidad 
Mayor de San Andrés-UMSA) authorization 
(Dott. Sergio Quispe, Facultad de Ciencias 
Farmacéuticas y Bioquímicas, UMSA, for the 
Bolivian population), approved by the Ethical 
Committee of the University of Bologna (Italy).

 DNA extraction and targeted massive parallel 
sequencing experiments. 

Genomic bacterial DNA was extracted from 
faecal samples by using the QIAamp DNA Stool 
Mini Kit (Qiagen, Hilden, Germany), following 
manufacturer’s instructions. DNA quality was 
assessed by gel electrophoresis and spectropho-
tometry, by measuring OD 260/280. The bacte-
rial 16S ribosomal RNA (rRNA) gene was ampli-
fied following the 16S rDNA gene Metagenomic 
Sequencing Library Preparation Illumina pro-
tocol (Cod. 15044223 Rev. A). Gene‐specific 
primers (PCR1_f: 5’-TCGTCGGCAGCGTCA 
GATGTGTATAAGAGACAGCCTACGGGNG 
GCWGCAG-3’; PCR1_r: 5’-GTCTCGTGGG 
CTCGGAGATGTGTATAAGAGACAGGACT 
ACHVGGGTATCTAATCC-3’) targeting V3-V4 
region  according to Klindworth et al. (2013) 
and the obtained PCR amplicons were purified, 
quantified and pooled together in a final ampli-
con library that was sequenced on an Illumina 
MiSeq platform at the facilities of the FISABIO 
Sequencing and Bioinformatics Service (Valencia, 
Spain). All Illumina sequencing raw reads and asso-
ciated metadata are available at NCBI: Bioprojects: 
PRJNA488981.

Illumina MiSeq sequencing and data analyses. 
The generated sequence reads were analyzed 

for quality, length and chimera presence by using 
the qiime v1.8 pipeline (Caporaso et al., 2010b). 
Then, sequences were organized into OTUs 
with a pairwise identity clustering threshold of 
97%. Each representative sequence was classified 
using the VSEARCH-based consensus classi-
fier (Rognes et al., 2016) and multiple sequence 
alignment (MSA) was performed against the 
Greengenes 13_08 database using the PyNAST 
v.0.1. program (Caporaso et al., 2010a) and a 
97% of similarity for bacterial sequences. The 
MSA was used as well to build a phylogenetic 
tree (DeSantis et al., 2006).

Alpha diversity was estimated in terms of 
Observed OTUs, Chao1 index and Shannon 
entropy. Beta diversity (i.e. Bray-Curtis, 
Weighted and Unweighted UniFrac) was cal-
culated to evaluate differences in bacterial 
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communities between samples by use of the R 
phyloseq package (McMurdie & Holmes, 2013). 

Further statistical analyses were computed to 
identify differences in relative abundance of OTUs 
across samples by using the following R packages: 
phyloseq, vegan, ggplot2 and microbiome (Lahti et 
al., 2014; McMurdie & Holmes, 2013; Wickham, 
2016; Oksanen et al., 2018). In order to prevent 
bias in the obtained results due to OTUs with small 
mean, taxa present no more than three times in at 
least 20% of the examined samples were removed. 
To compare alpha diversity indexes across popula-
tions, the Mann-Whitney-Wilcoxon test was per-
formed for each metric, while the PERMANOVA 
test was computed on beta diversity values. 
Metagenomic data were also used to construct a 
one hundred random forest classifiers (RFC) using 
a range of 50-5,000 trees from the randomFor-
est package (Liaw & Wiener, 2002). Differences 
in taxa abundance across the studied populations 
were assessed by using the DESeq2 package, with 
the Wald test and by applying multiple testing 
correction via the computation of false discovery 
rates (FDRs) with the Benjamini-Hochenberg 
method (Anders & Huber, 2010). Only OTUs 
with adjusted p-values < 0.05 were considered as 
significant. Network analysis was performed on the 
core microbiota at the genus level for each popula-
tion (by identifying genera present at 80% in each 
population with the core function of the microbiome 
package). Edges were then calculated on Pearsons’ 
correlation and plotted through the igraph package. 
Sequences identified as belonging to the Treponema 
genera were specifically aligned using the  BLAST.

Furthermore, to gain more insights into the 
biological processes in which the identified bacte-
rial groups are involved, inferences on their func-
tions were drawn from the 16S rDNA dataset by 
means of the PICRUSt v.1.1.0 tool (Langille et al., 
2013). Functional predictions were then analyzed 
thought the HUMAnN v0.99 program to identify 
pathways already annotated in the KEGG data-
base (Abubucker et al., 2012). Finally, to identify 
KEGGs biomarkers, the linear discriminant effect 
size (LEfSe) was computed (Segata et al., 2011) 
with α value equal to 0.05 and a logarithmic LDA 
score threshold of 2.0.
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