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Abstract

Background: The relationship between human gut microbiota and high-altitude
hypoxia acclimatization remains highly controversial. This stems primarily from uncer-
tainties regarding both the potential temporal changes in the microbiota under such
conditions and the existence of any dominant or core bacteria that may assist in host
acclimatization.

Results: To address these issues, and to control for variables commonly present

in previous studies which significantly impact the results obtained, namely genetic
background, ethnicity, lifestyle, and diet, we conducted a 108-day longitudinal study
on the same cohort comprising 45 healthy Han adults who traveled from lowland
Chongging, 243 masl, to high-altitude plateau Lhasa, Xizang, 3658 masl, and back.
Using shotgun metagenomic profiling, we study temporal changes in gut microbiota
composition at different timepoints. The results show a significant reduction in the spe-
cies and functional diversity of the gut microbiota, along with a marked increase

in functional redundancy. These changes are primarily driven by the overgrowth

of Blautia A, a genus that is also abundant in six independent Han cohorts with long-
term duration in lower hypoxia environment in Shigatse, Xizang, at 4700 masl. Further
animal experiments indicate that Blautia A-fed mice exhibit enhanced intestinal health
and a better acclimatization phenotype to sustained hypoxic stress.

Conclusions: Our study underscores the importance of Blautia A species in the gut
microbiota’s rapid response to high-altitude hypoxia and its potential role in main-
taining intestinal health and aiding host adaptation to extreme environments, likely
via anti-inflammation and intestinal barrier protection.

Keywords: Hypoxia exposure, Time-series, Blautia A, Intestinal health, Phenotype
acclimatization
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Background

Gut microbiota, known as the “second human genome’, plays an important role in
promoting host adaptation to high-altitude hypoxia environment [1, 2]. Compared
to Han Chinese individuals living in lowland areas, high-altitude residents exhibit
unique species diversity and community composition (e.g., more abundant phylum
Firmicutes [3-5] and genus Prevotella [6]) which endure adaptive capacity in high-
altitude regions [7]. However, our understanding on the contribution of the bacte-
ria in human high-altitude hypoxia acclimatization remains highly controversial. For
instance, while a previous study reported similar alpha diversity in the gut micro-
biota of Tibetans and Han Chinese living on the Qinghai-Tibet Plateau (QTP) [5],
a recent investigation found significantly higher alpha diversity in Tibetans than in
Han Chinese from the same town on the QTP [8]. Inconsistencies also exist regarding
dominant intestinal bacteria in Tibetans, with one study reporting an abundance of
Acinetobacter, Pseudomonas, and Sphingobacterium [9], while another study reported
enrichment in Prevotella, Faecalibacterium and Blautia [6].

As gut microbial composition can be easily influenced by multiple factors, such as
genetic background, ethnicity, lifestyle, diet, and environment [10—12], these conflict-
ing observations in gut microbiota dynamics in humans exposed to high altitudes
could be attributable to factors such as host genetic background or population strati-
fication. Therefore, longitudinal studies of the gut microbiota within the same cohort
would be indispensable to reconstruct the temporal dynamics of intestinal changes
(composition and function) during high-altitude exposure, thereby facilitating the
identification of potential core microbiota that may contribute to host adaptation to
hypoxia extreme environments.

In the current study, we conducted a time-series metagenomic investigation of the
gut microbiota in a cohort of 45 adult males (Han Chinese) from the lowland plains
(243 masl) who moved to the QTP (3658 masl) for 73 days, after which 20 partici-
pants returned to the lowland areas. We also obtained the gut metagenomic data of
163 additional adult males (Han Chinese) living in Shigatse, Xizang (4700 masl), with
different duration times (from 5 to 60 months) as an independent validation cohort.
Based on whole-genome shotgun metagenomic sequencing of fecal samples collected
at (1) short-term: one cohort in seven timepoints and (2) long-term: different popula-
tions in six timepoints, we investigated dynamic changes in gut microbiota at differ-
ent stages of high-altitude exposure. The results indicated that short-term hypoxia
significantly altered the gut microbiota composition, especially in the early exposure
stage. This change was primarily modulated by the increased abundance of Blautia A
species, which was also prevalent in Han Chinese and Tibetan cohorts acclimatized to
high altitudes for 5-60 months. Animal experiments confirmed the role of Blautia A
in facilitating host fitness to hypoxia environments, likely via anti-inflammation and
intestinal barrier protection to maintain intestinal health. Overall, the study under-
scores the rapid adaptability of human gut microbiota to hypoxic stress and the piv-
otal role of core bacteria (e.g., Blautia A species) in enhancing hypoxic adaptability
and maintaining gut health, laying the groundwork for gut microbiota-based inter-
ventions in hypoxia-related disorders.
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Results

Study overview

Forty-five adult male participants were recruited in this study (age 24.3+£1.75 years
(mean +standard deviation (SD)), body mass index (BMI) of 22.17+1.94 kg/m?).
In total, 256 fecal samples were collected from the cohort at 7 timepoints and whole-
genome shotgun metagenomic sequencing (WGSMS) of each sample was performed
(Fig. 1A). We generated 3.35 Tb of high-quality sequencing data (average 13.4 Gb per
sample) (Additional file 2: Table S1). According to the 95% average nucleotide iden-
tity (ANI) threshold [13], a non-redundant genome set consisting of 4312 species-level
genome bins (SGBs) was constructed based on these data and a previously published
human microbial genome [14]. Finally, 1079 SGBs (considered as the presence of each
SGB per sample if at least 40% genome coverage was found) were used for subsequent
analyses (Additional file 1: Figure S1; Additional file 2: Table S2) [15].
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Fig. 1 Overview of high-altitude hypoxia exposure cohort and gut microbiota diversity characteristics. A
Overview of study design, including longitudinal analysis of human fecal samples at seven timepoints. B-C
Alpha diversity (Shannon and richness indices) of gut microbiota shows dynamic changes. D Intragroup
Bray—Curtis distance at different timepoints. E Partial least squares discriminant analysis (PLS-DA) reveals
significant differences in microbial community at different timepoints. F-H Alpha taxonomic diversity
(TDa, via the Gini-Simpson index), alpha functional diversity (FDa, via Rao’s quadratic entropy), and alpha
functional redundancy (FRa, as TDa minus FDa) were quantified at each timepoint using 1079 SGBs. For B-D
and F-H, data represent the mean = SE. Differences between specific timepoints and baseline are indicated
with red lines. *P < 0.05, **P<0.01, ***P<0.001 by Wilcoxon rank sum test
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In addition, we supplemented 163 WGSMS data from 6 cohorts of Han Chinese
who lived in Shigatse, Xizang (4700 masl), for ~5-60 months. The age (23 +3.11 years
(mean =+ SD)) and BMI index (21.71£2.071) of these participants were similar to those
of the short-term time-series cohort (Additional file 2: Table S3). Using the same analysis
strategy, we obtained a total of 4262 SGBs. Finally, 1166 SGBs with genome coverage
greater than 40% were retained for abundance calculation and analyses at the phylum
and genus levels (Additional file 1: Figure S2; Additional file 2: Table S4).

Gut microbiota diversity varied temporally with high-altitude hypoxia exposure

To investigate whether gut microbial diversity varies temporally during exposure, we
analyzed alpha diversity (Shannon and richness indices) (Fig. 1B and C; Additional file 2:
Table S5) of the gut microbiota over time. To exclude the influence of low-prevalence
SGBs, only SGBs in at least 10% of samples were included [16]. Compared with base-
line, gut microbial diversity showed non-significant changes within the first 2 days of
exposure (LS1; P>0.05). Afterwards, a significant decrease in the Shannon and rich-
ness indices was observed in the LS2 stage (P<0.05). In the later stages (exposed for 45
and 66 days, defined as LS3 and LS4, respectively), the richness index recovered, while
the Shannon index remained lower than baseline at the end of exposure (LS4; P<0.05),
indicating that the rapid decline in bacterial species occurred primarily during the ini-
tial period of exposure. Although late adaptation to the plateau was accompanied by
an increase in low-abundance bacterial species, Shannon diversity index of the entire
microbial community did not recover to baseline levels. Interestingly, gut microbial
diversity levels increased to baseline when returned to the lowland plains (7 and 25 days
after the end of exposure, defined as CQ2 and CQ3, respectively), supporting a close
relationship between altitudinal changes and gut microbial diversity.

We also compared beta diversity at different timepoints (Fig. 1D; Additional file 2:
Table S6). In the early stages of exposure, intragroup beta diversity distances became
significantly decreased (Pg; 1s,<1e—7), implying that the microbial community com-
position among participants was increasingly similar with each other. However, intra-
group beta diversity distances increased at the later stages of exposure (LS3 and LS4;
P, >0.05), suggesting recovery of microbial differences among participants. Further-
more, the community composition also differed significantly (P=0.001, PERMANOVA)
across timepoints (Fig. 1E; Additional file 1: Figure S3).

Functional redundancy of intestinal microbial community increased during exposure

To investigate the functional consequences of altered gut microbiota diversity, we
assessed functional redundancy in our cohort using genomic content network (GCN)
matrix analysis [17] to estimate the role of microbiota diversity in ecosystem function
[18]. Alpha taxonomic diversity (TD,), alpha functional diversity (FD,), and alpha func-
tional redundancy (FR,) were calculated at each timepoint (Fig. 1F-H; Additional file 2:
Table S7). Despite fluctuations, a general trend of elevated FR and TD, contrasted with
diminished FD, was noted under exposure (LS1-LS4). In the early stages (LS1-LS2), the
relative stability of TD, was disrupted, as reflected by the significant decrease in micro-
bial species and entropy, suggesting that the core status of CQ1-dominant bacteria was
weakened. The changes in FD_ showed that the function of the remaining microbiota
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tended to converge after LS1, with several gut microorganisms depleted with exposure.
Furthermore, principal coordinates analysis (PCoA) also supported a more concen-
trated functions during exposure (Additional file 1: Figure S4). This functional conver-
gence resulted in an increase in functional redundancy, which greatly reduced functional
diversity loss due to the loss of specific bacterial species [19]. With gradual adaptation to
high-altitude, TD, and FD, finally reached equilibrium, but FR, remained higher than
baseline at the end of the return stages (CQ3; pFDR =0.04). These results suggest that
the gut microbiota exhibits a rapid response to hypoxia exposure, with a marked and
persistent increase in FRa. Compared to baseline, the elevated FRa during exposure and
its sustained increase upon returning to the plains indicate a robust and enduring driv-
ing force of the gut microbiota in healthy adults to maintain community stability under
hypoxic conditions [17, 20].

Blautia A abundance increased significantly with high-altitude hypoxia exposure

The observed increase in the functional redundancy of the gut community during
continuous high-altitude hypoxia exposure suggests that the microbiota composition
might have changed as well. We thus explored the dynamic changes in the community
composition of different taxa levels (phylum, genus, and indicator species) (Fig. 2A-C;
Additional file 2: Tables S8 and S9). As shown in the taxonomic annotations of the 1079
SGBs (Additional file 2: Table S2), Firmicutes A became the dominant phylum during
the exposure stages, followed by Bacteroidetes, Actinobacteria, Firmicutes, Proteobacte-
ria, and Firmicutes C. Among these phyla, only Firmicutes A demonstrated a significant
increase in abundance at the end of the exposure period (LS4; pFDR <0.05; Additional
file 2: Table S10). Similarly, Firmicutes A also displayed the highest abundance in the six
different populations of long-term Han residents in Shigatse, Xizang (Additional file 1:
Figure S2A).

At the genus level, Blautia A, Faecalibacterium, and Prevotella were the dominant
bacteria during the exposure period. Among them, the relative abundance of Blautia
A showed the greatest increase (Additional file 2: Table S8), from a low level at base-
line (median=+ SD, 4.80% £ 3.45%) to the highest relative abundance across the whole
exposure period (21.1% +14.7%) (pFDR=3.80E — 06; Additional file 2: Table S11). Its
abundance was consistent with that of the phylum (Firmicutes A) to which it belongs,
indicating that it may be the main contributor to the increase in Firmicutes A abun-
dance. Interestingly, compared to baseline, the relative abundances of Firmicutes A and
Blautia A both declined after the participants returned to the lowland plains (CQ2;
Tables S10 and S11). Specifically, the abundance of Blautia A declined rapidly to baseline
levels (pFDR =0.14; Additional file 2: Table S11). In the independent validation cohorts
from Shigatse, Xizang, who lived in high-altitude hypoxia environments for a longer
time (~5-60 months), we also observed that the abundance of Blautia A stayed as the
highest (Additional file 1: Figure S2B), strongly supporting a close association between
Firmicutes A, especially its genus Blautia A, and high-altitude hypoxia exposure, e.g.,
rapid and sustained response.

Indeed, at the species level, the abundance of 13 species from Blautia A increased
during the early stage of exposure (LS1 and LS2), with the relative abundance of two
SGBs (SGB5 and SGB7; Additional file 2: Table S2) remaining significantly higher
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eat map showing detailed characteristics of 29 indicator species. Black box highlights details

of 9 indicator SGBs from Blautia A genus. First column of left panel shows SGB IDs and corresponding genera

of 29 indicator

SGBs; second column shows group in which the indicator is enriched; third column shows

significance of indicator SGBs (*P<0.05, **P<0.01, ***P < 0.001); last seven columns show fold changes in
median abundance at each timepoint compared to baseline. Baseline group is set to 1. Middle panel shows
log10(relative abundance) of each sample at 7 timepoints.“Indvl”in the right panel represents indicator

values

than baseline at the end of exposure (LS4; P<0.05; data not shown). Apart from

these SGBs,
dance durin

nine additional SGBs exhibited significant increases in relative abun-
g the initial stages (LS1-LS2; P<0.05; data not shown) of exposure and

sustained the elevations until the culmination at LS4 (P<0.05). Eight of the nine

SGBs were

members of Lachnospiraceae, e.g., Anaerostipes hadrus (SGB130 and

SGB131), Agathobacter rectalis (SGB29), Agathobacter sp900546625 (SGB83) and
Blautia A sp000436615 (SGB31). These observations collectively indicated although
the abundance of Blautia A species started to decline during the later exposure

stages (likely due to structural changes of gut microbiota); their roles in response to

high-altitude hypoxia exposure sustained until the end of the exposure stage.
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Blautia A potentially mediates the decrease of gut microbial diversity

Indicator species are based on the degree of endemicity of bacterial species in different
environments and can be used to assess ecosystem health [21, 22]. To determine which
core SGBs are potential gut microbial markers associated with high-altitude hypoxia
exposure, we performed indicator species analysis (ISA) using SGBs’ abundance pro-
file [23]. Altogether, 29 indicator species were distinguished across various timepoints,
among which 22 SGBs (SGB2-SGB23) demonstrated discernible responses to the expo-
sure (Fig. 2C; Additional file 1: Figure S5; Additional file 2: Table S9). Among these, 20
SGBs were indicator species of LS2 and 2 SGBs were of LS3 (Additional file 1: Figure S5).
Of the 20 indicators in LS2, 9 (9/20, 45%) were from the Blautia A genus. The elevated
indicator values exhibited by these nine SGBs, coupled with their predominant abun-
dances, strongly indicate that the Blautia A genus potentially serves as the pivotal bac-
teria orchestrating structural alterations within the gut microbiota during high-altitude

hypoxia exposure.

Blautia A is extensively involved in multiple functional modules during exposure

To explore the functions corresponding to the changes in community composition
reflected by the 29 indicator SGBs, we conducted Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis to predict their functional profiles of module level (Fig. 3;
Additional file 2: Table S12). We predicted significantly enriched functional modules at
four timepoints (CQ1, LS2, LS3, and CQ2; pFDR<0.05). Among the enriched pathways
of the 20 SGBs (SGB2-SGB21) that were more abundant during the exposure period,
the top two were “cofactor and vitamin metabolism” and “energy metabolism’, with
multiple functional modules concentrated in “cobalamin biosynthesis (map00860: por-
phyrin metabolism)” and “methanogenesis (map00680: methane metabolism)” Interest-
ingly, these 2 terms remained to be the most enriched functional modules in single-SGB
enrichment analysis of the 20 indicator SGBs, with the 9 SGBs from Blautia A present-
ing strong signals (Additional file 1: Figure S6).

To determine how the gut microbiota participates in the “cobalamin biosynthesis” and
“methanogenesis” functional modules in response to exposure, we supplemented KEGG
ortholog (KO) enrichment of differential SGBs between the baseline (CQ1) and expo-
sure (LS1-LS4) (pFDR <0.05; Fig. 4). In addition, the self-enrichment of Blautia A SGBs
was also performed (pFDR <0.05; Additional file 1: Figure S6). The findings underscored
the consistent predominance of these two functional modules throughout the exposure
period, concomitant with an escalated abundance of species within the Blautia A genus
(Fig. 4A and B). In the “cobalamin biosynthesis” module, L-glutamate participates in
porphyrin metabolism by multi-step reactions to produce adenosylcobalamin (vitamin
B12 coenzyme) (Fig. 4A). In the “methanogenesis” module, Acetyl-CoA decarbonylase/
synthase (ACDS) is closely related to the production of methane and acetyl-CoA and
transmitted to pathways related to carbohydrate, energy, and amino acid metabolism
(Fig. 4B). Of note, Blautia A species, containing most enzymes needed for these reac-
tions, participated extensively in the above two modules during the exposure period.

As butyrate-producing bacteria [24, 25], we further used KEGG Mapper tool (https://
www.kegg.jp/kegg/mapper/) to conduct pan-genomic analysis of Blautia A genus (based
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Left panel corresponds to KEGG metabolism categories. Dot size represents the number of enriched genes in
functional modules. Dot color gradient reflects the magnitude of -log10(pFDR) value (Fisher's exact test)

on 12 high-quality SGBs; Additional file 2: Table S2). The results showed that Blautia
A expressed abundant enzymes of butyric acid production routes, likely via utilizing
multiple oligosaccharides through ABC transporters and then synthesizing butyric acid
through a series of reactions (Fig. 5). It is worth mentioning that the synthesis capac-
ity of six SGBs (with increased abundance during the exposure) is mainly achieved by
regulating pyruvate-related metabolism pathways, which is also reflected in the “metha-
nogenesis” module mentioned above: pyruvate metabolism is enhanced during exposure
(Fig. 4B).

Gavage feeding of B. wexlerae in mice ameliorated intestinal injury and maladaptation
induced by prolonged hypoxia

We next tested the potential role of Blautia A under hypoxia exposure by using a mouse
model. We chose B. wexlerae as the target species due to the following reasons: (1)
among the nine indicator species derived from Blautia A genus, B. wexlerae had the
highest relative abundance throughout the entire exposure period. (2) The dynamics of
B. wexlerae showed the highest consistency with Blautia A genus and Firmicutes A phy-
lum (Fig. 2A and B; Additional file 1: Figure S5). Furthermore, we identified B. wexlerae
DSM19850 (Bw) as a target strain by strict filtering criteria, as detailed in “ Methods”.
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We conducted a 8-week PBS/Bw gavage supplementation to mice (Fig. 6A). The results
showed that the changes in erythrocyte parameters and peripheral oxygen saturation
(SpO,) of HYP + PBS mice were consistent with the aforementioned results from popu-
lation-based short-term and long-term high-altitude hypoxia exposure surveys, indicat-
ing that hypoxia exerted a similar effect on both humans and mice (Fig. 6B; Additional
file 1: S7A and S7B). Although there was no significant difference in several hemato-
logic parameters closely related to hypoxia exposure, including hemoglobin (HGB), red
blood cell (RBC), mean corpuscular volume (MCV), and hematocrit (HCT), between
HYP + Bw and HYP + PBS mice under hypoxia condition (Additional file 1: Figure S7B),
significant improvements were observed in SpO, (Fig. 6B), pulmonary artery pressure
(PAP) in HYP + Bw mice exposed to long-term hypoxia, e.g., significant decreases in
right ventricular systolic pressure (RVSP; Fig. 6C) and lung injury score (Fig. 6D), and
the decreased deposition of collagen fibers as indicated by less blue staining in lung tis-
sue (pulmonary edema characteristics; Fig. 6E). These indicated an amelioration of the
hypoxia-induced symptoms after Bw treatment.

Since hypoxia exposure can also cause intestinal edema [26], we then explored
the effects of Bw on the intestinal health under hypoxia exposure. We observed
intestinal status changes mainly occurred in the ileum. In detail, HYP 4+ Bw mice

Page 9 of 22
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showed a visible improvement of the ileal edema and less gas accumulation than the
HYP + PBS mice under hypoxia (Fig. 6F; Additional file 1: Figure S7C). Meanwhile,
compared with HYP 4+ PBS mice, HYP + Bw mice exhibited a mild disease process
in the ileum, including a significant decrease level of histological injury score (Fig.
6G and H). Pathological sections of the ileum revealed an increasing trend in villus
length and crypt depth (Additional file 1: Figure S7D). Accordingly, the expression
levels of pro-inflammatory factors IL-la and IL-1PB were elevated in the ileum of
HYP + PBS mice compared to NOR + PBS mice, but were significantly suppressed in
HYP + Bw mice, suggesting that Bw significantly reduced hypoxia-induced inflam-
mation (Fig. 6I). Intestinal permeability is governed by specific tight junction pro-
teins, with ZO-1 serving as the key marker of tight junction integrity. An increase
in intestinal permeability can compromise gut barrier function, leading to potential
health issues [27]. Results showed a significant increase in ZO-1 mRNA expression
levels ( p =0.01) in HYP 4+ Bw mice compared to HYP + PBS mice (Fig. 6]), sug-
gesting that Bw feeding may help restore and maintain the integrity of the intestinal
barrier.

Moreover, we analyzed fecal metagenomic data from mice at different sampling time-
points to determine gut microbiota dynamics. The results indicated that the abundance
of Bw remains unchanged (Additional file 1: Figure S8A), consistent with previous stud-
ies suggesting that gavage supplementation with Bw cannot establish colonization in the
gut [28], and there were no significant differences in beta diversity between groups at
any sampling timepoints (Additional file 1: Figure S8B). However, under hypoxic expo-
sure, the alpha diversity, particularly the Shannon index and evenness index, significantly
decreased in HYP + Bw mice compared to HYP 4 PBS mice (Additional file 1: Figure S9).

Page 10 of 22
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Fig. 6 Gavage feeding of B. wexlerae suppresses intestinal inflammation and promotes high-altitude
acclimatization.A Design of animal experiments. The three groups are as follows: (1) PBS-fed in normoxia for
8 weeks (NOR+PBS); (2) PBS-fed in normoxia for 4 weeks and hypoxia for another 4 weeks (HYP+PBS); (3)

B. wexlerae-fed in normoxia for 4 weeks and hypoxia for another 4 weeks (HYP+Bw). B Peripheral oxygen
saturation (SpO,) of mice (n = 8 per group). C The quantification of pulmonary artery acceleration time (PAT)
is converted by the formula [29] (detailed in “Methods”) (n = 6-7 per group). D Lung histological injury score
of mice (n =5 per group). E Representative H&E and Masson trichrome-stained of the mice lung sections

(n = 5 per group). F Gross images of the mice distal ileum (n = 5 per group). G Representative H&E-stained
sections of the mice distal ileum (n = 5 per group). H Statistical analysis of histological injury score of the
mice distal ileum (n = 5 per group). I The relative mRNA expression levels of IL.-1a and IL-1( in the ileum

(n = 8 per group). J The relative mRNA expression level of ZO-1 in the ileum (n = 8 per group). Data are
representative of at least three independent experiments (mean = SE). *P < 0.05; **P < 0.01; ***P < 0.001; ns
not significant (one-way ANOVA with Dunnett’s multiple comparisons test)

The abundance of Lactobacillaceae (e.g., genus Ligilactobacillus ) significantly increased
(pFDR<0.05) and persisted until the last sampling (Additional file 1: Figure S10). These
findings highlight that Bw gavage may influence gut microbial diversity and community
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composition, thereby alleviating hypoxia-induced gut injury and inflammation and
enhancing hypoxia adaptation.

Discussion

Our 108-day longitudinal survey of 45 healthy participants, who were exposed to high
altitude (> 3600 masl) for over 2 months, helps to reconstruct the dynamics of gut micro-
biota under high-altitude exposure and provides a catalog of reference genomes from
the human microbiome exposed to hypoxia extreme environments. Our results showed
that species and functional diversity of the gut microbiota decreased significantly dur-
ing the exposure period, suggesting that high-altitude hypoxia exposure has a marked
effect on gut microbiota. Interestingly, community composition at the phylum and genus
levels changed significantly during exposure, especially in the first month (LS1 and LS2),
but recovered upon return to the lowland plains, highlighting the rapid response of gut
microbiota to high-altitude hypoxia exposure and the strong regulatory capacity of com-
munity homeostasis [7].

Importantly, we determined that the reduction in gut microbiota diversity (indicated
by Shannon and richness indices), as well as the marked changes in community com-
position during high-altitude hypoxia exposure, were largely attributable to the signifi-
cant increase of Blautia A abundance (in both relative (Additional file 2: Table S8) and
absolute (Additional file 2: Table S13) abundance). This genus has been reported with
high abundance in Han Chinese (who lived on the Tibetan plateau for over 4 years) [5],
Tibetans [6], and even wild yak [30], although it has not been identified as the core or
the dominant bacterial group in the previous studies, possibly due to the different expo-
sure durations between ours (2—3 months) and the previous studies (over 4 years) or
to the distinct research strategies (longitudinal versus cross-sectional). Interestingly, the
six additional Han Chinese cohorts living in Shigatse, Xizang (4700 masl), with different
durations also exhibited the highest abundance of Blautia A (Additional file 1: Figure
S2B).

The observation of high Blautia A abundance in our short-term and long-term
exposed cohorts, as well as the indigenous Tibetans and native animals (i.e., yaks) [30],
suggests this genus is most likely the beneficial high-altitude bacterial group that plays
an important role in promoting high-altitude acclimatization/adaptation. Indeed, we
found that Blautia A species widely participated in the “cobalamin biosynthesis” module
(Fig. 4A) and butyric acid production (Fig. 5). Cobalamin and butyric acid, with cobala-
min being able to promote the production of butyric acid [31], are both beneficial to
microbial ecosystems and intestinal epithelial cells and involved in the maintenance of
intestinal health and immunomodulation at high-altitude hypoxia environments [32,
33]. In addition, several core species of Blautia A (e.g., B. faecis), also known to exert
anti-inflammatory activities [34], displayed relatively high abundance in our cohort after
they were exposed to the high altitude until the end (LS4). Meanwhile, several species
of Lachnospiraceae that persist to be higher than the baseline level also have the ability
of SCFAs production and anti-inflammation [25, 35], further suggesting that the above
functions may be conducive to the high-altitude hypoxia adaptation of the human body.

These findings suggest that Blautia A may facilitate adaptation of the gut to high-
altitude hypoxia environments by exerting an anti-inflammatory effect. Indeed,
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anti-inflammatory function is important for adaptation to extreme environments [36]
and intestinal protection of the host. Previous studies indicated that the role of probiotics
in the gut mainly presented in the ileum where inflammation and damage occurred dur-
ing high-altitude hypoxia exposure [37-39]. These anti-inflammatory functions, exerted
by Blautia A, were further confirmed in our mice experiments, as evidenced by lower
levels of intestinal ileal edema, less gas accumulation, and suppressed expression of pro-
inflammatory factors in B. wexlerae gavage mice. Moreover, Blautia A supplementation
also can significantly alleviate discomfort symptoms such as decreased SpO,, pulmonary
edema, and increased PAP caused by hypoxia exposure. These results indicate a high
potential probiotic role of Blautia A under high-altitude hypoxia exposure. However, we
also found that Blautia A produced methane as a by-product, which can lead to energy
loss [40], thus suggesting a side effect of gaining high-altitude acclimatization.

Overall, our study reveals that Blautia A may function in anti-inflammation and intes-
tinal barrier protection to maintain intestinal health and enhance host hypoxia adapt-
ability (including significantly improved SpO, and lung characteristics). Interestingly,
an anti-inflammatory role of the dominant gut microbiota is also the core function in
many animals native to the QTP, such as the Tibetan antelope [41], Tibetan pig [9], and
Tibetan ass [42], albeit achieved by different microbiota [43]. These observations lend
support to the importance of anti-inflammatory functions of gut microbiota in facilitat-
ing host adaptation to hypoxia extreme environments such as high altitude, both short-
term (acclimatization) and long-term (adaptation).

Conclusions

By conducting a 108-day longitudinal study of the same cohort under high-altitude
hypoxia exposure, we studied temporal changes in gut microbiota composition at 7
timepoints using shotgun metagenomic profiling. This study demonstrated how the
human gut microbiota rapidly responds to hypoxia stress and identified core gut bacte-
ria (e.g., Blautia A species) in response to high-altitude hypoxia exposure. Additionally,
the highest abundances of Blautia A genus were further validated in additional cohorts
living in higher altitude (lower hypoxia) with different duration (~5-60 months). In vivo
animal experiment supports a crucial role of Blautia A species in facilitating host fitness
to hypoxia environments, likely via anti-inflammation and intestinal barrier protection
to maintain intestinal health, suggesting a high translational potential of Blautia A spe-
cies as a candidate probiotic agent for the prevention or treatment of hypoxia-associated
maladaptation or disorders. These results altogether revealed a role of Blautia A in facil-

itating host fitness to hypoxia environments.

Methods

Study design and sample collection

Forty-five male students from Chongqging who went to Lhasa Hospital for health
examination were recruited, all of whom traveled from Chongqing to Lhasa by plane
on the same day. All of the participants provided informed consent to participant in
this study under the approval the Institute Research Medical Ethics Committee of the
Army Medical University (Approval number: 2020 No. 011-1) and the Ethics Commit-
tee at Kunming Institute of Zoology, Chinese Academy of Sciences (Approval number:
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KIZRKX-2021-010). All participants stopped using antibiotics within 30 days or pro-
biotic products within 14 days before the first sample collection (10 days before expo-
sure, treated as baseline). Nine days after the baseline, these participants traveled from
Chongging to Lhasa, Xizang within 1 day. Exclusion criteria for individuals included any
history of cardiopulmonary disease, metabolic syndrome, dyslipidemia, and gastrointes-
tinal disease. During the whole sampling process, participants ate in the unit canteen and
kept a similar schedule with a unified arrangement of accommodation, which to a large
extent eliminated the influence of lifestyle. Finally, 45 participants (BMI, mean=s.d.,
22.23+1.97 kg/m?) aged 21 to 27 years were included in the study. Fresh fecal samples
were collected from subjects in a fasting state in the morning at seven timepoints over
a period of 108 days. These included baseline (CQ1), day 2 (LS1), day 24 (LS2), day 45
(LS3), day 66 (LS4), day 80 (CQ2), and day 98 (CQ3) (Fig. 1A). Sampling of 256 sam-
ples was completed from July 11 to October 26, 2019, and these samples were trans-
ported back to the laboratory using liquid nitrogen on the day of collection, and then
stored at — 80°C until further processing. DNA of all samples was extracted together in
the sample laboratory within 1 week after the sample collection. Complete blood counts
(Sysmex Corporation, Kobe, Japan) and SpO, measurements (Yu well, Jiangsu, China)
were performed at 7 timepoints for 45 participants.

Metagenomic DNA extraction

Bacterial DNA from fecal samples (200 mg) was extracted using the QIAamp DNA
Stool Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions. The
DNA purity (OD 260/280) was determined using the Nanodrop® spectrophotometer
(IMPLEN, CA, USA) and 1% agarose gels, and the DNA concentration was measured
using the Qubit® dsDNA Assay Kit in Qubit® 2.0 Fluorometer (Life Technologies, CA,
USA). Microbial DNA extraction was performed within 2 months.

Whole-genome shotgun sequencing and data preprocessing

About 2 pg of qualified DNA per sample was used to construct DNA sequencing librar-
ies using the NEBNext® Ultra DNA Library Prep Kit (NEB #E7370L). Libraries were
sequenced for 150 bp paired-end model on the Illumina NovaSeq 6000 platform (lllu-
mina, USA). Adapter sequences and low-quality reads in raw data were trimmed using
fastp (v0.21.0, options “~trim_poly_g -q 20 -W 4 -M 20 -u 30 -n 5 -y -Y 30 -1 70 -w 10”)
[44]. Host sequence removal was performed using Bowtie2 (v2.4.4) alignment software
[45] and Human Reference Genome (Hg19). Finally, 1.61 Tb of high-quality host-free
clean data (average 6.31 Gb per sample) was obtained.

Metagenome assembly and contig binning

Host-free clean reads were assemblied by two strategies using MEGAHIT (v1.2.9,
option “—min-contig-len 500”) [46]: (i) individual assembly (single sample assembly)
and (ii) co-assembly (merge sequencing data and assemble them according to each
timepoint, respectively). These contigs obtained from both individual assembly and
co-assembly were binned using two binning tools, Metabat2 and Maxbin2 integrated
in MetaWRAP (v1.2.1) to construct metagenomic-assembled genomes (MAGs) [47].
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Notably, we employed co-assembly strategy, which facilitates the retrieval of more
genomes in relatively long (> 5) subject-specific time series [14].

The completeness and contamination of MAGs or species-level genomes (SGBs)
were assessed using CheckM (v.1.0.12, options “lineage_wf”) [48]. Medium-/high-
quality MAGs (with completeness greater than 50% and contamination less than
5%) were retained for subsequent analysis; 10,865 and 1266 medium/high MAGs
were obtained from individual and co-assembly binning strategies, respectively. In
addition, we have integrated a previously published human SGB set [14]. All 12,131
medium/high MAGs and 4930 published SGBs were deduplicated together using
dRep (v3.0.0) [49] with 90% primary clustering and 95% secondary clustering ANI,
and the highest scoring (using the default scoring calculation formula) MAGs were
retained from each secondary cluster as representative genomes. Finally, a total of
4312 SGBs were obtained, 234 of which were from individual assemblies, 37 from
co-assemblies, and 4041 from a previous study [14] (Additional file 2: Table S2). To
obtain a more accurate SGB abundance profile, 1079 SGBs with genome coverage
greater than 40% were reserved for subsequent analysis [15].

Microbial taxonomy, function redundancy analysis, KEGG functional enrichment,

and prediction

Taxonomy was assigned to 4312 SGBs using GTDB-tk 1.5.0 [50] and the GTDB
(Genome Taxonomy Database) release 207, and a taxonomy dendrogram (Additional
file 1: Figure S11) was constructed using GraPhlAn (v1.1.3) [51].

Functional redundancy refers to the portion of alpha taxonomic diversity (TDa)
that cannot be explained by alpha functional diversity (FDa) [17]. This concept is cru-
cial for investigating the stability of gut microbiota under high-altitude stress con-
ditions. The calculation method of weighted jaccard similarity matrix is referred to
the website https://rpubs.com/Igadar/weighted-jaccard. Then, the matrix is used to
calculate the functional redundancy indices. For each group, the Gini—Simpson index
was used to characterize the alpha taxonomic diversity (TD,), and the Rao’s quadratic
entropy was used to characterize alpha functional diversity (FD,). The calculation of
alpha functional redundancy (FR,) was as follows [17]:

N N

FRo=> > (1-dy)ppy

i=1 j#i

All genes from 1079 SGBs were aligned to the KEGG database using DIAMOND
(v2.0.9.147, options “blastp —outfmt 6 —sensitive —evalue le-5 —id 30”), and the gene
with the best hit score was retained [52]. Functional profile was constructed based on
the number of genes annotated to each KEGG ortholog (KO) in each sample. Fisher’s
exact test was used for enrichment analysis (both module level and KO level) (Fig. 3).

We used KEGG Mapper tool (https://www.kegg.jp/kegg/mapper/) to analyze the
pan-genome map of “Butanoate metabolism” pathway based on 12 high-quality SGBs
of Blautia A genus (Additional file 2: Table S2) and explore its butyric acid produc-
tion route.


https://rpubs.com/lgadar/weighted-jaccard
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Validation populations for long-term residence at high-altitudes

To validate the Blautia A signal discovered based on short-term time-series cohort,
we supplemented 163 WGSMS data in 6 independent cohorts of Han Chinese who
lived in Shigatse, Xizang (4700 masl), for different durations, i.e., 6+ 1 month, 11+1
month, 184+1 month, 254+ 1 month, 30+ 1 month, and > 60 months. Sampling of
163 samples was completed from 20 May to 15 June, 2022. Their age and BMI index
were similar to those of the time-series cohort (Additional file 2: Table S3). The sam-
ple collection and processing methods were consistent with the time-series cohort.
The analysis strategy adopted for metagenomics kept the same with that described
above. A total of 7221 medium/high MAGs were obtained from individually binning
strategies. After deduplicated, a total of 4262 SGBs were obtained, of which 303 were
individually assembled and 3943 were from previous study [14] (Additional file 2:
Table S4). At last, 1166 SGBs with genome coverage greater than 40% were reserved
for further analysis [15, 53].

Bacterial strain selection and culturation

We selected 13 SGBs of Blautia A with significantly increased abundance during the
exposure period and downloaded the complete genome sequences of 20 Blautia A
members recorded by NCBI. Filter criteria for strains include (1) SGB with a similar-
ity of >95% with 20 Blautia A genomes from NCBI (n=6). (2) Above 33 sequences
were deduplicated at the strain taxa (-S_ani 0.99) using dRep (v3.0.0) [49], and 10
SGBs were identified, followed by species annotation using GTDB-tk 1.5.0 [50].
Finally, we selected B. wexlerae, a species that met the filtering criteria (1) and (2),
and the type DSM19850 was used for our subsequent mice experiments. The detailed
information were shown in Additional file 2: Table S14.

B. wexlerae (DSM19850) and peptone-yeast-glucose modified broth (PYGm) were
purchased from Mingzhoubio (Ningbo, China). As an anaerobic strain, B. wexlerae
was cultivated in PYGm in an anaerobic chamber (Bactron EZ-2, Shellab, USA) at
37°C for 48 h. DSMZ protocol was followed during PYGm medium preparation [54].
Cultures were stored as 0.2-ml aliquots in an anaerobic air pouch (Mitsubishi Gas
Chemical, Tokyo, Japan) at 4°C until use for gavage feeding into mice.

The peripheral oxygen saturation measurement

At the end of the seventh week, the mice were stabilized using a collar clamp for at
least 20 min, and then the peripheral oxygen saturation (SpO,) was measured using
a ring neck oximetry (MP160, Biopac Systems, Goleta, CA, USA) in the cabin. Each
mouse was measured for four times and the average value was taken.

Chocardiography measurement

At the end of the 8th week, all of the 24 mice were anesthetized with sevoflurane
and their body weight was recorded. Subsequently, the pulmonary artery accelera-
tion time (PAT) was measured by ultrasonic cardiogram (UCG) and right ventricu-
lar systolic pressure (RVSP) was quantified using the formula y= —1.5x463.7 [55],
where RVSP is the gold standard for diagnosing pulmonary artery pressure (PAP). In
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detail, hair removal cream was used to remove hair from the chest of mice, and then
a high-resolution small animal ultrasound imaging system (Vevo 3100 Fujifilm, Visual
Sonics) was used to detect PAT. All steps comply with the requirements of ultrasonic
criteria [56]. All measured values were averaged over three cardiac cycles.

Blood and tissue analysis

After euthanizing the mice, complete blood count (CBC) of mice were measured using
a hematological analyzer (Mindray BC-5000 Vet). The distal (ileum) segments of small
intestine were cleaned with cold PBS and fixed with 4% paraformaldehyde overnight,
followed by dehydration in an gradient series of ethanol solutions, embedding in paraf-
fin and sectioning into 4 pum for hematoxylin and eosin (H&E) staining. The lung was
harvested and fixed overnight in 4% paraformaldehyde at 4°C. Pareffin sections that with
4 pm thickness were stained with H&E staining and Masson’s trichrome staining (Baso,
Zhuhai, China). Subsequently, the pathological changes of lung tissue were identified
and scanned using an inverted fluorescence microscope (Axio Observer 3, Zeiss, Ger-
many). Semi-quantitative assessment of intestinal and pulmonary pathology was per-
formed in a blinded manner. The damage degree of ileum was evaluated [57], and the
height of intact villi and crypt depth were measured using ZEN 2.6 (blue edition). Each
slice counts at least five randomly selected regions to minimize slice differences.

Lung histological injury scoring was performed using the following system: the
absence or presence of cellular biochemistry received 0 and 1 point, respectively.
Regarding lymphocyte infiltration, normal or occasional leukocytes, inflammatory cells
were found to be widespread or clustered, and abscess lesions received 0, 1, and 2 points,
respectively. For alveolar morphology, the alveolar wall morphology was normal, thick-
ening of alveolar walls or slight dilation of alveolar capillaries, fibroplasia of the alveolar
wall and severe vasodilation and hyperemia received 0, 1, 2, respectively. For alveolar
exudation, there is no exudation in the alveolar, edema or bleeding, serous, and fibrous
and the suppurative luminal exudates that spread to the alveoli received 0, 1, 2, 3, respec-
tively. The scores of these parameters were summed to yield a total histological score
from O to 8.

Reverse transcription and quantitative PCR (RT-qPCR) analysis

Total RNA was extracted using TRIzol reagent (Invitrogen). The cDNA was prepared
using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, US). Real-
time PCR was performed using Fast SYBR Green Master Mix (Thermo Fisher), and
the primer sequences were listed in Additional file 2: Table S15. Relative expression to
GAPDH was calculated using the /\ /ACt method.

Mice and hypoxia exposure experiments

Twenty-four male C57BL/6 mice (8 weeks old) were purchased from Experimental
Animal Center, Yunnan University (Yunnan, China). All mice were maintained under
specific pathogen-free conditions and acclimatized for 1 week with free access to food
and water under 12-h light/dark cycle. These mice were then divided equally into three
groups by random selection (eight mice in each group), of which two groups were fur-
ther fed with PBS and one group with B. wexlerae. After 4 weeks of feeding under normal
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oxygen, one group of PBS mice continued to receive normoxic gavage for 4 weeks, while
the other group of PBS mice and B. wexlerae mice were fed under hypoxia conditions for
another 4 weeks (12% O,, equivalent to the oxygen level at ~4000 m).

We adopted the experimental protocol of mice gavage following previous studies
[28, 58, 59]. In detail, during the whole process of the experiments (totally lasted for 8
weeks), all mice were free to obtain food and water and received 0.2 ml of bacterial solu-
tion (1 x 10 9 CFU/ml) or PBS by gavage every 2 days. The weight of each mouse was
calculated weekly. At 8 weeks, mice were euthanized by cervical dislocation, followed by
tissue collection using surgical scissors. All animal procedures in our study were con-
ducted in accordance with the guidelines approved by the Ethics Committee of the Kun-
ming Institute of Zoology (Approval number: IACUC-RE-2023-05-010).

Metagenomic sequencing analysis in mice

Fecal samples from mice were collected at seven timepoints: baseline (0 days), 14, and
30 days under normoxia and 3, 7, 11, and 14 days under hypoxia. Increased sampling
frequency under hypoxia aimed to better capture the gut microbiota shifts. A total of
126 fecal samples (n=6 per group) were obtained. Consistent with the aforementioned
methods, we conducted whole-genome shotgun sequencing using the Illumina NovaSeq
6000 platform (Illumina, USA) at Biolinker Technology Co., Ltd. (Kunming, China)
and then performed the data preprocessing. Host sequence removal was performed
using Bowtie2 (v2.4.4) alignment software [45] and Mus musculus Reference Genome
(GRCm39). Using Metaphlan4 software, we generated abundance matrices [60]. The Bw
strain genome sequence, downloaded from NCBI, served as the reference for analyzing
the colonization dynamics of samples at different intervals. The results showed that all
126 samples met the standard of greater than 40% genome coverage and were subse-
quently used for the colonization analysis of Bw [15].

Statistical analysis
All statistical analyses were performed with R (v4.1.3) in RStudio platform or python
(v2.7.15/v3.8.10) in Linux platform. The alpha diversity (Shannon, richness, and even-
ness), Bray—Curtis distance, and principal coordinates analysis (PCoA) were investigated
using R-package vegan (v2.5.7) [29]. The adjusted R? in PCoA analysis was performed
using the function “RsquareAd;”. The permutation multiple analysis of variance (PER-
MANOVA) was calculated the p value using the “adonis2” function. Partial least squares
discriminant analysis (PLS-DA) was performed using R-package mixOmics (v6.18.1)
[61]. Here, we defined SGBs that exist in at least 50% of 256 samples (core 50) as core
species [62], and the indicator species analysis was performed using the function “ind-
val” in R-package labdsv (v4.1.3) [23] based on the abundance profile of core species.
The significance level between groups of SGBs’ abundance and functional redundancy
indices (FR, FD,, and TD,) were determined by Wilcoxon rank sum test (paired), and
the rest of the group difference tests were determined using Wilcoxon rank sum test
(unpaired). The enrichment analyses were performed by Fisher’s exact test. P values
were adjusted using the false discovery rate (FDR) approach with the function “p.adjust”.
Data analyses of mice experiments were performed using GraphPad Prism 8
(GraphPad Software Inc., San Diego, CA, USA). For each assay or phenotypic
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analysis, data from multiple experiments were averaged (mean =+ SD) and evaluated
for statistical significance through suitable tests. One-way ANOVA was applied for
multiple comparisons, with post-hoc analysis identifying P values.
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