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The gut microbiomeis crucial for health and is affected strongly by lifestyle’. Many
microorganisms commonly found in non-industrialized populations are disappearing

or have become extinct in industrialized populations?® ¢, Studying which microorganisms
have been long-term residents of the human gut and may have co-evolved with
humans*”8 could provide insights into how microbial biodiversity loss affects human
health. However, the genetic complexities of microbial evolution and the plasticity of
gut microbiome composition have made it challenging to resolve the evolutionary
history of these long-term associations. Here we performed deep metagenomic
sequencing of the Tsimane horticulturalists of Boliviaand compared their gut
microbiomes with those of the Hadza hunter-gatherers of Tanzania®. These two
populations, whose ancestors have been separated for tens of thousands of years,
share 1,231 microbial species, most of which are rare in or absent from industrialized
populations. Population genetic analyses of 636 of the shared species revealed
patterns of microbial divergence and gene flow consistent with prehistoric human
co-migration, with estimated split times that approximately align with human
migration out of Africa and into the Americas. Our findings indicate that a diverse gut
microbiome co-migrated with humans worldwide and has persisted over millennia.
However, many of these species are now vanishing from industrialized populations
and the consequences for human health remain uncertain.

Commensal gut bacteria play a complex part in human biology’, but
the evolutionary history of these microbial relationships remains
poorly characterized®. Identifying long-term associations between
humans and microorganisms is important for understanding their
co-evolution”®", and this could reveal microbial species and functions
integral to human health and physiology.

Direct observations of historical microbial relationships have been
obtained by sequencing palaeofaeces™. This study suggested that
ancient gut microbiomes were more similar to those of contemporary
non-industrialized populations than to those of industrialized ones
(the term industrialized here refers to post-industrial populations as
well as those in advanced and ongoing stages of industrialization).
However, the comparatively recent ages of existing palaeofaeces
(around1,000-2,000 years old), combined with the challenges of ana-
lysing degraded ancient DNA, makes it difficult to determine whether
these microbial lineages have been faithfully transmitted over long

evolutionary timescales (of around 10,000-100,000 years) or were
acquired or transmitted more recently.

Comparative genomics methods provide an alternative approach
to inferring evolutionary history from the patterns of genetic diver-
sity among contemporary microbial genomes®*"®. Building on previ-
ous work in non-human primates*®*?!, advances in strain-resolved
metagenomics have madeit possible to use this approach on gut micro-
bial species sampled from human populations worldwide. Previous
work has identified phylogenetic correlations between gut microbial
genomes and their human populations of origin’, potentially consistent
withlong-term associations'®?*?*, However, interpreting these correla-
tions remains challenging because they require genome comparisons
at the subspecies, or strain, level. Conventional phylogenetic meth-
ods? often fail in such settings because intra-species gene transfer
and homologous recombination between strains produce mosaic pat-
terns of ancestry that cannot be represented by asingle phylogenetic
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tree” 28, These high rates of recombination make it difficult to distin-
guishancient co-migration from other sources of population structure,
such as geography or host lifestyle variation®>*, Moreover, existing
strain-level analyses have been biased towards gut microbial species
inindustrialized populations®. These sampling biases have hindered
our ability to infer the evolutionary history of the microbial taxa that
are the most likely candidates for ancestral co-migration.

To address these challenges, we conducted deep metagenomic
sequencing on faecal samples from the Tsimane horticulturalists of
Bolivia (previously characterized using 16S ribosomal RNA sequenc-
ing®) and compared their microbiomes with those of the Hadza
hunter-gatherers of Tanzania®. These two cohorts represent unique
and geographically distant contemporary populations whose ances-
tors separated thousands of years ago, providing a rare opportunity
for examining human-microorganism co-migration patternsacrossa
wide range of candidate ancestral microbial taxa. We identified more
than1,200 microbial species shared between the two populations, most
of which (60%) were rarein or absent fromindustrialized populations.
Using population genetic analyses that explicitly account for micro-
bial recombination, we provide evidence of strain-level reproductive
isolation that is stronger than that observed in microorganisms from
comparable industrialized populations. These findings suggest the
transgenerational maintenance of gut microbial communities through-
out ancient human migrations, providing insights into the roles of
horizontal gene transfer and host-microorganism co-evolutionin the
long-term structuring of the human microbiome.

Sequencing and genomerecovery

The Tsimane people are Indigenous forager-horticulturalists living in
the Bolivian Amazon. The individuals in this cohort live in six villages
along the Maniqui River and three villages in a nearby forest region®.
We performed deep metagenomic sequencing on 133 faecal samples
collected from 85 Tsimane adults in 2009 and 2012-2013 (median
depth =31.9 gigabases; Extended Data Fig. 1a). We recovered 12,746
metagenome-assembled genomes (MAGs) representing 1,408 bacterial
and archaeal species (Fig.1a, Methods and Supplementary Table1). We
then compared these genomes with an analogous collection 0of 32,034
MAGs previously obtained from deeply sequenced microbiome sam-
ples of 137 Hadza hunter-gatherers in Tanzania® (Extended Data Fig. 1b)
to quantify how the gut microbial species of these populations have
diverged over the past 100,000 years.

The Tsimane and Hadza share many species

Despite their large geographical separation and lack of historical direct
contact, 87.4% (1,231) of the species in the Tsimane cohort were also
foundinHadzaindividuals (Fig.1b). Some of these shared species (for
example, Ruminococcus bromii) are also prevalent worldwide, but most
(60.2%; 848 species) arerare in or absent from the faecal microbiomes
of industrialized populations (Extended Data Figs. 2 and 3 and Sup-
plementary Table 2). Similar results were obtained when controlling
for sequencing depth outliers between populations (Extended Data
Fig. 2d) or when using a mapping-based analysis to rule out com-
mon assembly biases (Extended Data Fig. 3). However, differences
in strain-level heterogeneity and/or sequencing depth distributions
between cohorts may have contributed to the differential recovery of
some rare MAGs. Species sharing between distant populations could
result fromancient co-migration or more-recent acquisition from the
environment or human contact. We sought to distinguish between
these scenarios by examining the genetic variation in each of these
shared species and comparing these patterns with expectations from
historical human migrations.

As afirst step, we calculated the average nucleotide identity (ANI)
between all pairs of MAGsin each of the 636 shared species with at least
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Fig.1|Alargefraction of gut microbial species foundin the Tsimane are
alsofoundinthe Hadza. a, The taxonomic diversity of microbial species
recovered from Tsimane and Hadza microbiomes, coloured according to
bacterial phylum. b, Microbial species shared between populations. ¢, The ANI
for pairs of conspecific genomes from the same versus different populations,
aggregated across the 636 shared species with atleast four MAGsineach
population (n=1,012,124 intra-species pairwise genome ANI comparisons).
Inset, the corresponding distributions for ANI values greater than 99.75%
(n=10,927 intra-species pairwise genome comparisons). H-H, Hadza-Hadza;
T-H, Tsimane-Hadza; T-T, Tsimane-Tsimane. The centre line represents the
median; theboxbounds represent the 25thand 75th percentiles (interquartile
range, IQR); whiskers extend to the most extreme values within1.5 xIQR; points
areindividually plotted outliers. The results foreach species are shownin
Extended DataFig. 6.

four MAGs each in both the Hadza and Tsimane cohorts (Extended
Data Fig. 4). These ANI values provide an upper bound on the time to
the most-recent common ancestor for each MAG pair. Estimates of the
molecular clockingut bacteriasuggest that mutations accumulate at
arateofatleast107 per site per year (Extended DataFig. 5 and Supple-
mentary Methods1). The typical ANl between Tsimane and Hadza MAGs
(around 98%; Fig. 1c) therefore suggests that they shared acommon
genetic ancestor in the past 100,000-200,000 years (Extended Data
Fig.5). The fact that most species present in Tsimane samples share a
common ancestor with those in the Hadza in this timeframe (Extended
Data Fig. 6) places strong constraints on their previous evolutionary
history and suggests that the ancestors of the Tsimane did notacquirea
completely new suite of gut microorganisms during or after the popula-
tion’s migration to the Americas.

Further insights can be obtained by comparing the ANI values
between Tsimane-Hadza genome pairs and their corresponding
within-population counterparts (Tsimane-Tsimane, Hadza-Hadza).
As expected, these data revealed that pairs of conspecific genomes
from the same human population were, on average, more similar
to each other than to genomes in different populations (P < 0.001,
analysis of variance, Fig. 1c). However, the effect sizes were smaller
than the variation within each population (mean fixation index
(Fs) =0.10; Extended Data Fig. 6). The broad overlap between these
distributions indicates that most of the strain-level diversity in the
Tsimane microbial populations pre-dates the onset of geographical
isolation.
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Fig.2|Mostspeciesshared between the Tsimane and Hadza are genetically
isolated, except for some globally dispersed species. a,b, Relationship
between ANIand identical gene sharing between MAG pairs for the species
Bulleidia sp90519470S5 (a) and for the 636 abundant bacterial species shared
between the Tsimane and Hadza (b). The grey dashed lines represent the
10%identical gene threshold used to define recently separated lineages;
thethreshold varies across species, from approximately 4,000 years for
Bulleidia sp905194705to amedian of around 2,000 years (95% interpercentile
range:500-5,000 years) for the species group inb (Extended Data Fig. 8).

The percentage of MAG pairs that fall above the grey dashed lines is shown.
Theasterisksindicate that the percentage of MAGs that share more than10%
identical genesis significantly higher than expected by chance for both
Bulleidia sp90519470S5 (adjusted P< 0.001, one-sided permutation test

with Benjamini-Hochberg correction) and all species (P<10™*, one-sided
permutation test). c, Location of the five cohorts used for a global analysis of

Reduced recent strain sharing

Although the average ANI values showed little geographical differen-
tiation, we observed a much stronger trend in the high-ANI tail of the
distribution (>99.75%), indicating a marked enrichment of pairs within
populations compared with between populations (P<2.2 x 107, Wil-
coxon rank-sum test; Fig. 1c, inset). This within-population enrichment
suggests that there was restricted strain transmission between these
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inter-population strain sharing. Data from Asia®’, Europe*’, North America*
and the Hadza people®are from previously published studies. Grey circles and
grey dashed linesrepresent the recent lineage-sharing rates within populations
(H-Hand T-T) and between populations (T-H), respectively. d, Number of
species (total n=636) with T-H strain-sharing rates of 0%, 0-5% and 5-100%.
Thenumber of species with T-H strain-sharing rates of 0% is significantly
higher thanexpected by chance (P<107*, one-sided permutation test). Inset,
thestrain-sharing rates for all inter-population comparisons of species inwhich
5-100% of lineages were shared recently. Dataare mean + s.e.m. across species.
e, Thewithin-and between-populationsharing rates for eight species witha
range of different behaviours. Top, four species with T-H strain sharing rates of
0%.Bottom, four species with T-H strain sharing rates of >5%. Dot size indicates
the number of MAGsin each population, with dots positioned asin ¢ (no dot
meansno MAGs); line thicknessindicates therecentlineage-sharing rate.

- 100

populationsinrecent evolutionary history, consistent with divergence
drivenby historical separation rather than ongoing exchange. However,
estimating the timing of this separation can be challenging, because
these high ANI values are often strongly influenced by recombination
with other strains®?*°, Previous work has shown that these high-ANI
pairsrepresent nearly clonal strains, which have genomes that have not
yet been overwritten by recombination®?®* (Extended Data Fig. 5 and
Supplementary Methods 3). Their clonal ancestry can be inferred from
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the large stretches of nearly identical DNA sequences, which are inter-
spersed with recombined segments from other strains. We estimated
the totalamountof clonalancestry for each pair of MAGs using the frac-
tion of core genes withidentical DNA sequences (Fig.2a). By calibrating
these estimates with the rate of mutation accumulationin the vertically
inherited genomeregions, we determined that pairs of MAGs with more
than10%identical genes correspond to clonal strains that shared arecent
common ancestor within the past approximately 5,000 years (Fig. 2a,b,
Extended DataFig.7, Supplementary Table 4 and Supplementary Meth-
ods 3). Using this threshold, we identified all such pairs of clonal strains
among the 636 shared species in Fig. 1c to investigate the landscape of
recent strain transmission between the Tsimane and the Hadza.

Aggregated comparisons across all 636 species revealed that, intotal,
78,746 MAG pairs (7.8%) were clonally related by this criterion, imply-
ing that they shared a most-recent common ancestor at most around
5,000 years ago (5 ka; Fig. 2b,c). Most of these clonally related pairs
(93.8%) were found in the intra-population comparisons, indicating
that mostrecent relationships occurred in the same human population
(P<10™, permutationtest). Moreover, the few clonal strain pairs shared
between the Tsimane and Hadza were unevenly distributed across
species, with 545 of the 636 species (85.6%) showing no recent strain
sharing between the two populations (Fig. 2d; P <107, permutation
test). These results indicate that, in most shared species, very limited
strain sharing has occurred between the Tsimane and Hadza over the
past approximately 5,000 years.
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pair. Dashed linesindicate the L99 lengths. Adjusted P (P,q) values correspond
toone-sided permutation test results (with Benjamini-Hochberg correction,
Supplementary Methods 4). c, Comparison of the L99 metrics for several
population pairs (Tsimane-Hadza, Asia-North Americaand North America-
Europe). Pvaluesindicate the results of Wilcoxon rank-sum tests comparing
theresults of between-and within-population L99 values for each pair of
populations.d, The estimated population split time for each species. The 95%
confidenceintervals for each species (Supplementary Methods 4) are listed in
Supplementary Table 3.***P <10 for the comparisons of the Tsimane-Hadza
split time estimates with those of both Asia-North Americaand Europe-North
America (two-sided Mann-Whitney U-test).

However, there were some notable exceptions to this trend of lim-
itedinter-population strain sharing. Some of the species had levels of
Tsimane-Hadzastrain sharing comparable to their within-population
baselines, consistent withamorerecent spread. These species, which
include Akkermansia muciniphila and Bacteroides ovatus (Fig. 2e, bot-
tom), tend tobe enriched inindustrialized populations. To explore this
pattern further, we expanded our analysis toinclude an additional 8,855
MAGs from Europe, Asia and North America®>*. Theresults revealed
that these recently shared Tsimane-Hadza species also had closely
related MAGs distributed globally (Fig. 2c-e and Extended Data Fig. 8).
This suggests that species with high Tsimane-Hadza strain-sharing
rates have been introduced into the Tsimane and Hadza through
more-recent interactions with other human populations.

Notably, the comparison with industrialized MAGs also revealed
another class of species that is prevalent across lifestyles but showed
littlerecent strain transmission between the Tsimane and Hadza (Fig. 2e
and Extended DataFig. 8). These taxa, which include common species
suchas Agathobacter rectalis and Ruminococcus bromii, indicate that
Tsimane and Hadza strains can remainisolated despite the global preva-
lence and recent sharing of these species inindustrialized populations.

Reduced gene flow via horizontal gene transfer

One limitation of strain-sharing metrics is that the total number
of clonal pairs is shaped by several factors, such as host contact
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b, Comparisonof demographic scenarios for one example species (Vescimonas
sp900551995). The plot shows part of the two-population SNV frequency
distribution (Supplementary Methods 5), illustrating the relationship between
SNV population frequency and the fraction of SNVs unique to one population.
Observed datafrom the Tsimane and Hadza cohorts (yellow dots) are compared
with predictions from two scenarios: the inferred demographic model (yellow
curve; the 95% confidenceinterval represents uncertainty in 7,,;,) derived
using the complete SNV frequency dataand ano-separation scenario assuming
free migration (black curve; Supplementary Methods 5). ¢, Right, inferred

networks®?¢ and genome-wide selective sweeps¥, that can be dif-

ficult to compare across populations. To further corroborate our
observation of microbial isolation between the Tsimane and Hadza
(Fig. 2), we used an orthogonal approach that included information
from the remaining pairs of MAGs (that is, those with <10% identical
genes). Although their original clonal ancestry has been overwritten
by recombination with other strains, recent recombination events
between the ancestors of these more-distantly related strains gen-
erate shorter segments of nearly identical DNA against a backdrop
of lower genome-wide ANI (95-99%) (Fig. 3a). Subsequent mutation
and recombination events gradually degrade these segments over
time, creating arelationship between thelength of anidentical stretch
of DNA and the age of the transfer event. The timing of these events
can be used to measure the rates of historical microbial gene flow
within versus between human populations (Fig.3a)—the conventional
genetic signature indicating that they were part of the same microbial
population.

We quantified this signal by identifying the longest tract of iden-
tical synonymous sites between each pair of MAGs for each of the
636 shared species (representative species are shown in Fig. 3b). We
excluded clonal pairs (>10% identical genes) to focus on gene flow
rather than on DNA acquired through common ancestry (as analysed
in Fig. 2). Differences in tract lengths for within-population versus

populationsplit times of 15gut bacterial species shared between the Tsimane
and Hadza. Left, the inferred timings of two human population splits—the
out-of-Africamigration and the Asia-Americas split—are shown for comparison.
Thesesplits (shown with+2s.e.) are based onapreviously published study*®
thatused the same demographic modelling method*. The date of the Bering
Strait flooding is based on a previously published study*’. Each point represents
the maximum-likelihood split-time estimate for one species (centre value);
errorbarsshow+2s.e.Thes.e.foreachspecies was derived from the site-
frequency spectrum for that species as the asymptotics.e. obtained from the
Fisherinformation matrix of the Moments composite-likelihood fit (Methods);
theexact number of biologicallyindependent samples per species and the
number of synonymous SNVs are listed in Supplementary Table 6.

between-population comparisons were most pronounced in the longer
tracts, coinciding withrecent recombination events (Fig.3b and Supple-
mentary Methods 4). Thus, to quantify this trend systematically, we cal-
culated the 99th percentile of tract lengths (L99 length) for each of the
636 species.

Consistent with our other results, most species had shorter L99
lengths for comparisons between the Tsimane and Hadza than for
comparisons within populations, suggesting genetic isolation in
the recent past (Fig. 3c; P <107, Wilcoxon rank-sum test). However,
some exceptions—including Escherichia coli—had similar L99 lengths
across populations, reflecting their high levels of more recent strain-
sharing (Fig. 2). We repeated this analysis for MAGs from Asia, Europe
and North America (Fig. 3c). The differences in L99 lengths for within-
population versus between-population comparisons were smaller
for these industrialized populations than for the Tsimane and Hadza
populations (Wilcoxon rank-sum test; Asia-North America, P=0.01;
Europe-North America, P= 0.41). This suggests that there is a stronger
barrier to gene flow between the Tsimane and Hadza populations than
between the industrialized ones. The same trend was also observed
in species that were prevalent across lifestyles (Extended Data Fig. 9,
P=0.018, Wilcoxon rank-sum test), suggesting that it is not driven
by systematic differences in the underlying microbial taxa being
compared.
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Split times mirror human migration

Next we used the observed L99 lengths (Fig. 3¢) to estimate the timing
of genetic isolation between the Tsimane and Hadza microbiomes.
For each species, we added simulated mutations to pairs of within-
population MAGs until their L99 lengths matched their observed
between-populationlevels. By calibratingtheseinsilicopopulationsplits
with the estimated mutation rates of gut commensals®®, we can estimate
the number of years since the gut strains ina given pair of populations
last exchanged DNA (Fig. 3d, Supplementary Table 5 and Supplemen-
tary Methods 4). These estimates revealed that genetic exchange was
considerably morerecent between industrialized populations (Europe-
North America: median =1,109 years, s.e.m. = 377 years; Asia-North
America: median = 4,637 years, s.e.m. =1,267 years) than between non-
industrialized populations (Tsimane-Hadza: median =17,090 years,
s.e.m. =863 years, P<10™, two-tailed Mann-Whitney U-test). Notably,
the estimated onset of genetic isolation between the Tsimane and
Hadza microbiomes roughly aligns with the timeframe between the
initial migration of humans out of Africa (around 60-70 ka)***° and
the settlement of the Americas (around 16-23 ka)**?, considering
the uncertainties in our molecular clock estimates (Supplementary
Methods1).

To obtain an additional independent estimate of microbial split
times, we used an existing demographic inference method*. Rather
than using stretches of identical DNA, this method uses an entirely
orthogonal approach, analysing the distribution of single-nucleotide
variant frequencies across populations (Fig.4a,b, Supplementary Meth-
ods 5). Although applying this model to microorganisms has challenges,
such as small sample sizes and complex population structures (for
example, the presence of clades or subspecies), we identified 15 spe-
cies with sufficient data and an appropriate population structure to
estimate isolation times (Supplementary Table 6; see Supplemen-
tary Methods 5 for detailed selection criteria). For each species, the
inferred models broadly align with those based on L99 lengths (Fig. 3d
and Extended Data Fig.10) and clearly support an ancient population
splitin microbial demography rather than two populations with no
isolation (Fig. 4b,c and Supplementary Methods 5). Together, these
results indicate that many gut microbial species have cohabited with
humans for atleastaslongas humans have been migrating worldwide.

Discussion

Using several complementary analyses, we show that hundreds of
commensal speciesinhabited the human gut for tens of thousands of
years. These commensals have been transmitted across generationsin
Africaand duringhuman migration worldwide. The findings shed light
on some of the historical dynamics that have shaped the present-day
geographical distribution of gut microbiome species. Many of these
species were previously identified as VANISH taxa (volatile and/or asso-
ciated negatively with industrialized societies of humans) based on
their enrichmentin Hadza hunter-gatherers****, Our genetic analyses
demonstrate that many VANISH species were also presentinthe com-
mon ancestors of the Tsimane and Hadza, suggesting that widespread
losses might explain the absence of these species from industrialized
populations. We also observed examples of BloSSUM species (bloom or
selected insocieties of urbanization or modernization)* with extensive
strain-sharing across industrialized and non-industrialized popula-
tions; this probably resulted from species transmission from indus-
trialized populations to the Tsimane and Hadza. Finally, we identified
athird class of species (stable independent of lifestyle (StIL)) that is
prevalent across lifestyles but has signatures of Tsimane-Hadzaisola-
tion consistent with prehistoric co-migration. Notably, in this subset
of StlL species, the degree of Tsimane-Hadza isolation was generally
stronger thanthat observed between similarly separated industrialized
populations (Fig. 2e and Extended Data Fig. 8). These observations
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suggest that ongoing exchange inindustrialized populations has prob-
ably degraded signals of co-migration; this may partly explain why
previous observations of these signals have been limited.

Our results highlight that, by focusing on the microbiomes of con-
temporary populations with limited exposure to industrialization, we
can better understand long-term human-microbiome associations
thatextend to early human history. Although these are contemporary
populations, the geneticrelationships between their gut bacteriacan
shed light on their past evolutionary history, similar to the benefits
of including diverse populations in human genome studies*. As we
expand our knowledge of microbiomes in rural and Indigenous popu-
lations, it is crucial to adhere to ethical research practices and foster
collaboration with local communities, respecting their autonomy
throughout the research process while ensuring mutual benefit, fos-
tering open dialogue and building trust. Notably, the loss of VANISH
taxa with industrialization, which is linked to an increased risk of sev-
eral chronic metabolic and inflammatory disorders, raises the possi-
bility that reintroducing these species may help to restore microbial
functions that co-evolved with human biology and improve people’s
health*. This endeavour will require thoughtful and inclusive dialogue
between researchers, ethicists and Indigenous communities.
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Methods

Ethics and inclusion statement

Informed consent was obtained from the Tsimane at three levels: the
Gran Consejo Tsimane (Tsimane governing body), community lead-
ers and study participants. All study protocols were approved by the
institutional review boards of the University of California Santa Barbara
(3-21-0652) and the University of New Mexico (07-157,15-133,17-230).In
Bolivia, study protocols were approved by the Universidad Mayor de
SanSiménin Cochabamba, Bolivia, and the Gran Consejo Tsimane. For
specimen export, approval was provided by the Gran Consejo Tsimane,
the Universidad Mayor de San Simén Medical School (Cochabamba,
Bolivia) and the National Center for Tropical Diseases (CENETROP) in
Santa Cruz, Bolivia. The binational (Bolivia-US) Tsimane Health and
Life History Project (THLHP) team has worked in Bolivia for more than
two decades and has trained dozens of Tsimane research assistants
employed by the team. All of our research was conducted in collabora-
tion with local Tsimane communities and the Gran Consejo Tsimane.
Theoriginalimpetus for collecting faecal samples was to analyse their
microbial composition. However, as abenefit to participants, samples
were also analysed by field microscopy for applicable parasitic species
that could be treated with antihelminthic or anti-protozoan medica-
tions. The aim of the study was explained verbally to the participants.
The THLHP has also engaged in capacity building through educa-
tion (partnering with the One Pencil Project, a US non-governmental
organization that provides educational supplies to primary schools
and scholarships for Tsimane students pursuing university or medi-
cal school). The THLHP has invested in health infrastructure at the
municipal hospital, has employed more than a dozen Bolivian physi-
cians over the years, providing direct medical care during more than
65,000 patient visits, and has trained local health officials, built an
official medical and dental clinic and provided expertise, personnel
and equipment to two local hospitals.

We also analysed previously published metagenomic data® from
stool samples that were collected from Hadza hunter-gatherers in
2013-2014. The samples were legally and ethically collected in consulta-
tionwith Tanzanian field guides after obtaining informed consent from
Hadza participants who were given a translated verbal description of
theresearch project. A material transfer agreement with the National
Institute for Medical Research in Tanzania specifies that the collected
stool samples will be used solely for academic purposes. Permission for
the study was obtained from the National Institute of Medical Research
and the Tanzania Commission for Science and Technology (MR/53i
100/83 and NIMR/HQ/R.8a/Vol.IX/1542). The results of arecent study>
were converted into an infographic using the local language and con-
veyed to the Hadza by an anthropologist and a Tanzanian field guide.

Sample collection

The Tsimane stool samples were part of a previously published study®
and, as part of the current work, were subjected to additional sequenc-
ing. In brief, the two sets of samples (2009 and 2012-2013) were col-
lected from participants across nine villages under the auspices of the
THLHP®, which collects health and demographic data from Tsimane
participants and provides primary health care to their communities.
The set of stool samples used in this study was from Tsimane individuals
who were at least 3 years old (mean age = 28.4 years, s.d. =13.2 years).
Field specimen collection protocols were devised considering the
logistical challenges and were consistent across the 2009 and 2012-
2013 cohorts. During data collection, none of the families in the par-
ticipating villages had plumbing, used pit toilets or nappies, or had
accesstorefrigeration®. Faecal samples were collected insterile urine
specimen cups given to the participants the day before sample col-
lection. Researchers visited the participants’ homes between 7 a.m.
and 9 a.m. to collect the specimens. Samples were transported to
afield laboratory in coolers with reusable ice packs within 1-2 h of

collection. Samples were homogenized in the collection cup and then
divided into 2-ml sterile cryotubes using non-sterile wooden tongue
depressors. Cryotubes were immediately stored in liquid nitrogen
and then transferred to —20 °C freezers before being transported to
theUSAondryice.Samples werestoredin—80 °Claboratory freezers
in the USA until analysis. Sample collection information for the Hadza
cohortis providedinthe previous study®. Inbrief, at the time of sample
collection, when available, we recorded the age (either provided by
theindividual or estimated based on their recall), gender, weight and
related information. After retrieval from the participants, the samples
were immediately placed into liquid-nitrogen containers in the field,
transported frozen to Arusha and then mailed by air on dry ice to the
USA, where they were maintained at —80 °C until further processing.

Library preparation and sequencing

DNA was extracted from stool samples using MoBio PowerSoil kits
(Qiagen) following the manufacturer’s instructions. Libraries were
prepared using NexteraFlex kits with a target of 10 ng of DNAwith12 bp
unique dual-indexed barcodes for 12 cycles to minimize amplification
bias. Paired-end sequencing (2 x 140 bp) was performed on aNovaSeq
6000 using S4 flow cells at the UCSD Microbiome & Metabolomics
Core. Samples were randomized across runs and sequenced repeat-
edly untilthe target depth was reached. The minimum target depth for
eachsample was100 million paired-end reads (around 28 gigabases).
Atotal of 5.25 tera-base pairs of metagenomic data were generated.

Metagenome quality control and assembly

Raw sequencing reads were demultiplexed and processed using
a custom processing pipeline (https://github.com/MrOIlm/nf-
genomeresolvedmetagenomics). In brief, adapters were trimmed using
FastP*2. Reads that aligned with the human and PhiX genomes were
removed using Bowtie2 (ref. 53). FastQC was used to ensure read qual-
ity**. Metagenomes were assembled using SPAdes>, and reads were
mapped against the assemblies using Bowtie2. Contig coverage was
determined using CoverM>. Assembly size and contig metrics were
evaluated using QUASTY, and assemblies were filtered to contigs of
>1,500 bp for all downstream analyses.

Metagenome-assembled genome recovery

Genome binning was performed using METABAT2%, and genome bin
quality was assessed using CheckM*. Genomes with >50% complete-
ness and <10% contamination according to CheckM were retained,
in accordance with MIMAG standards®®. Genomes with >50% com-
pleteness and <10% contamination were classified as medium-quality
genome bins, and those with >90% completeness and <5% contami-
nation as high-quality genome bins. We next used GTDB-Tk® (r220)
to determine the taxonomic classification of each medium- and
high-quality genome bin. Genome bins derived from publicly available
studies**were also re-run using GTDB-Tk r220 to ensure up-to-date
taxonomic classification.

Mapping-based prevalence calculations

Todetermine species presence across samples, quality-filtered meta-
genomic reads were mapped against the species-level representative
genome database using Bowtie2. Alignment files were processed
using inStrain quick_profile (v.1.2.14) and CoverM (v.0.4.0) to calcu-
late per-genome coverage statistics. A species was considered present
inagiven sample ifit achieved a breadth of coverage of >0.5 (at least
50% of the representative genome was covered by mapped reads).
Prevalence for each species was then calculated as the percentage of
metagenomes in which it was detected.

Sequence divergence and clonal strain-sharing analyses
To determine the all-versus-all ANIin each GTDB-assigned species, we
used dRep®*** (v.3.5.1) with the following parameters: (dRep compare
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--S_algorithm goANI --SkipMash). This command ensures that all
genomes in a GTDB-assigned species are compared using the goANI
algorithm®*%, In brief, goANl identifies open reading frames using
Prodigal (v.2.6.3)%, aligns their nucleotide sequences with NSimScan®
and calculates ANl as the average sequence identity of all aligned genes.
We used these ANI values to estimate an upper bound on the corre-
sponding divergence times using molecular clock analysis described
inSupplementary Methods 1.

To evaluate the statistical significance of the ANI differences within
versus between populations, we performed a one-way analysis of vari-
ance for each species comparing the ANI distributions of intra- and
inter-population strain pairs. We then applied Benjamini-Hochberg
correctionsto the Pvalues for each species to obtain afalse discovery
rate-corrected g value for each species. We next used Fisher’s sumlog
method to combine these g values across species into a single final
Pvalue. We also calculated the fixation index Fs; (a standard measure
of population differentiation) using the procedure described in Sup-
plementary Methods 2.

To perform the strain-sharing analysis (Fig. 2), we first calculated
the number of identical genes shared by each genome pair. The set of
genes aligned between each genome pair was filtered to include only
those with at least 500 bp aligned. The percentage of identical genes
was then calculated as the number of gene pairs with100% nucleotide
identity divided by the total number of aligned gene pairs with at least
500 bpaligned.

We defined strains as clonally related when they shared more than
10% identical genes. To estimate the divergence time between such
clonal pairs, we used ahidden Markov model-based method® toidentify
recent recombination events and obtain recombination-corrected
divergence time estimates. Further details on this analysis and the
corresponding inference procedure are provided in Supplementary
Methods 3.

We used apermutation test to determine whether within-population
genome pairs are more clonally related than are between-population
genome pairs. For each species, we computed the test statistic
(Pun* Pr1)/2 — Pyt Where pyy denotes the proportion of genome pairs
with>10%identical genesin each population combination. We gener-
ated anull distribution by permuting population labels across genomes
within each species (n=10,000 permutations) and calculated empirical
Pvaluesas (n*+1)/(n +1), where n*is the number of permutations with
atest statistic of at least the observed value. For species-specific per-
mutation tests, Pvalues were corrected for multiple comparisons using
the Benjamini-Hochberg procedure. For the global test, we permuted
labels within species and pooled pairs across all species to calculate a
single test statistic and Pvalue.

SNV catalogues and gene flow analysis

For each species sufficiently represented in the Hadza and Tsimane,
we generated a catalogue of SNVs presentin the core genomes of that
species (core genomes are defined as the core genes present in >90%
of MAGs in a species). To create an SNV catalogue for a given species,
we firstchose one genomeinthe species as the representative genome
based on the highest score determined using the following formula:
Completeness — 5 x Contamination + 3 x log,,(Ns,) + Length/10° (N5,
is the contig length at which 50% of the total assembled sequence
length is contained in contigs of that length or longer). We then used
apreviously published pipeline to annotate the sitesin the representa-
tive genome that had SNVs compared with all of the other genomesin
the species®® (https://github.com/zjshi/snv_analysis_almeida2019).
We next filtered this whole-genome SNV catalogue to include only
sites located in core genes. To identify core genes in the pangenome
of each species, we called open reading frames for all genomes in the
species using Prodigal (v.2.6.3)%, clustered all open reading frames
in the pangenome at 90% identity using MMseqs2® and determined
whichgene clusters were presentin atleast 90% of the genomes. Onthe

basis of these core genes, we created an additional mask that selected
fourfold degenerate sites, thus focusing on sites where all mutations
would be synonymous. The resulting SNVs were used to perform the
gene flow analysis shown in Fig. 3. Further details of these analyses,
including the underlying assumptions and motivations, are provided
in Supplementary Methods 4.

Demographicinference using Moments

We used the SNV catalogues to perform the demographic inference
shown in Fig. 4. For each species, we computed the frequency of
each SNV in the Tsimane and Hadza populations to obtain a joint fre-
quency spectrum across all fourfold degenerate sites. We then used
the Moments software package* to fit these data to a demographic
model of a historical populationsplit. Further details of these analyses,
including the quality-control criteria used to select the speciesin Fig.4,
are provided in Supplementary Methods 5.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Individual-level data are stored in the European Genome-Phenome
Archive (EGA), governed by the Tsimane Health and Life History Project
(THLHP), and available through restricted access for ethical reasons.
The highest priority of the THLHP is to protect the study participants
and minimizerisk. The THLHP adheres to the CARE Principles for Indige-
nous Data Governance (collective benefit, authority to control, respon-
sibility and ethics), which ensure that the Tsimane people (1) have
sovereignty over how the dataare shared; (2) are the primary gatekeep-
ersdeterminingethical use; (3) are actively included in datacollection;
and (4) benefit from the datagenerated and shared whenever possible.
The THLHPis also committed to the FAIR Guiding Principles for scien-
tificdatamanagement and stewardship (findable, accessible, interoper-
ableandreusable).Requests forindividual-level data must be submitted
as an application detailing the exact uses of the data and the research
questions to be addressed, the procedures that will be used for data
security and privacy, potential benefits to the study communities and
procedures used to assess and minimize stigmatized interpretations
oftheresearchresults (the data-sharing policy and data-request forms
can be found at https://tsimane.anth.ucsb.edu/data.html). Requests
for individual-level data may require approval from the EGA under
Data Access Committee EGAC50000000982; the Data Access Policy
isaccessible publicly fromthe EGA (EGAP50000000936). The authors
and THLHP leadership are committed to openscience and are available
to assist interested investigators in preparing data-access requests.
Processed data files for population genetics analysis and other data
areavailable at Zenodo (https://doi.org/10.5281/zenodo.21765848)°.
AllHadzadataare publicly available at Zenodo as described previously
(https://doi.org/10.5281/zenod0.8072245). Source data are provided
with this paper.

Code availability

All custom code used for data analysis and figure generation is avail-
able at GitHub and indexed at Zenodo (https://github.com/Sonnen-
burglab/comigration-metagenomics and https://doi.org/10.5281/
zenodo.21206858)™ or at GitHub (https://github.com/MrOIm/nf-
genomeresolvedmetagenomics).
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Data collection DNA was extracted using MoBio PowerSoil kits (Qiagen). Library preparation used Nextera Flex kits. Paired-end sequencing (2x140bp) was
performed on a NovaSeq 6000 using 54 flow cells at the UCSD Microbiome & Metabolomics Core.

Data analysis Custom metagenomics pipeline (https://github.com/MrOIm/nf-genomeresolvedmetagenomics). numpy v1.19.2, scipy v1.10.0, fastp v1.0
(adapter trimming), Bowtie2 v2.14.1 (read mapping), FastQC v0.11.5 (quality control), SPAdes v3.14.1 (metagenome assembly), CoverM
v0.4.0 (contig coverage), QUAST v5.0.2 (assembly QC), MetaBAT2 v2.15 (genome binning), CheckM 1.1.3 (genome quality), GTDB-Tk r220
(taxonomic classification), dRep v3.5.1 (ANI calculations, goANI algorithm), Prodigal v2. 6.3 (gene calling), NSimScan v1.1.84 (nucleotide
alignment), MMseqs2 v15.6 (gene clustering), inStrain vl.2.14 (coverage profiling), Moments software package (no version number, https://
github.com/MomentsLD/moments, demographic inference), rnaturalearthdata v1.0.0 (map plotting), custom SNVanalysis pipeline (https://
github.com/zjshi/snv_analysis_almeida2019). All custom analysis code and figure generation scripts available at https://github.com/
Sonnenburglab/comigration-metagenomics (DOI: 10.5281/zenodo.21206858)
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Individual-level data are stored in the European Genome-Phenome Archive (EGA) and governed by the Tsimane Health and Life History Project (THLHP), and are
available through restricted access for ethical reasons. THLHP's highest priority is the safeguarding of human subjects and minimization of risk to study participants.
The THLHP adheres to the “CARE Principles for Indigenous Data Governance” (Collective Benefit, Authority to Control, Responsibility, and Ethics), which assure that
the Tsimane 1) have sovereignty over how data are shared, 2) are the primary gatekeepers determining ethical use, 3) are actively engaged in the data generation,
and 4) derive benefit from data generated and shared for use whenever possible. The THLHP is also committed to the “FAIR Guiding Principles for scientific data
management and stewardship” (Findable, Accessible, Interoperable, Reusable). Requests for individual-level data should take the form of an application that details
the exact uses of the data and the research questions to be addressed, procedures that will be employed for data security and individual privacy, potential benefits
to the study communities, and procedures for assessing and minimizing stigmatizing interpretations of the research results (see the following webpage for links to
the data sharing policy and data request forms: https://tsimane.anth.ucsb.edu/data.html). Requests for individual-level data will require approval through the
European Genome-Phenome Archive (EGA) under Data Access Committee EGAC50000000982 ("The Tsimane Health and Life History Project"), with a formal Data
Access Policy (EGAP50000000936) that is publicly visible on the EGA website. The study authors and the THLHP leadership are committed to open science and are
available to assist interested investigators in preparing data access requests.

Processed data files for population genetics analysis can be found on Zenodo (DOI: 10.5281/zenodo.21765848). All Hadza data is publicly available as specified in
the manuscript (DOI: 10.5281/zenodo.8072245)3.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex/gender of participants was recorded when available during sample collection. The study analyzes microbiome
composition and microbial population genetics; sex was not a variable in the primary analysis of microbial co-migration
patterns. Both male and female participants were included.

Reporting on race, ethnicity, or Reporting on race, ethnicity, or other socially relevant groupings: The study compares gut microbiomes from two specific

other socially relevant non-industrialized populations (Tsimane of Bolivia and Hadza of Tanzania) with publicly available data from industrialized

groupings populations (Europe, Asia, North America). These groupings are based on geographic ancestry, subsistence strategy, and
degree of industrialization, which are directly relevant to the research question of microbial co-migration with human
populations. The terms "industrialized" and "non-industrialized" are defined in the manuscript.

Population characteristics Tsimane: 85 adults sampled across 9 villages along the Maniqui River and nearby forest region in the Bolivian Amazon. Mean
age = 28.4 years, s.d. = 13.2 years. All participants at least 3 years of age. The Tsimane are indigenous forager-
horticulturalists. Hadza: 137 hunter-gatherers from Tanzania (previously published cohort). Age (at least 3 years old), gender,
and weight recorded when available. We do not use these features as co-variates in our analysis. Industrialized comparators:
publicly available MAGs from European, Asian, and North American cohorts.

Recruitment Tsimane participants were recruited through the Tsimane Health and Life History Project (THLHP), which has operated in
Bolivia for over two decades. Informed consent was collected at three levels: the Gran Consejo Tsimane (governing body),
community leaders, and individual study participants. The aim of the study was explained verbally. Samples were collected as
part of a previously published study. Hadza participants provided informed consent through a translated verbal description of
the research project, facilitated by Tanzanian field-guides. No self-selection bias is anticipated as recruitment was
community-based; however, the study is limited to the villages and communities reached by the THLHP and Hadza field
teams.

Ethics oversight Informed consent among Tsimane was collected at three levels: the Gran Consejo Tsimane (Tsimane governing body),
community leaders, and study participants. All study protocols were approved by the Institutional Review Boards of the
University of California Santa Barbara (#3-21-0652) and the University of New Mexico (#07-157; #15-133; #17- 230). Within
Bolivia, study protocols were approved by the Universidad Mayor de San Simén in Cochabamba Bolivia, and the Gran Consejo
Tsimane. For specimen export, approval was provided by the main Tsimane governing body (Gran Consejo Tsimane), the
Universidad Mayor de San Simon Medical School (Cochabamba, Bolivia), and the National Center for Tropical Diseases
(CENETROP) in Santa Cruz, Bolivia. The binational (Bolivia-US) Tsimane Health and Life History Project (THLHP) team has
worked in Bolivia for more than two decades and trained dozens of Tsimane research assistants employed by the team. All of
our research is conducted in collaboration with local Tsimane communities and the Tsimane governing body. The original
impetus for collecting fecal samples was to analyze microbial composition. However, as a benefit to participants, samples
were also analyzed by field microscopy for applicable parasitic species, which could be treated with antihelminthics or anti-
protozoan medications. The aim of the study was explained verbally to participants. The THLHP has also engaged in capacity
building in terms of education (along with the One Pencil Project, a partnered 501(c)(3) NGO that provides educational
supplies for primary schools, and scholarships to Tsimane who go on to university or medical school), as well as investing in
health infrastructure at the municipal hospital. The THLHP has employed more than a dozen Bolivian doctors over the years
providing direct medical care during more than 65,000 patient visits, has trained local health officials, built an official medical
and dental clinic, and donated expertise, personnel, and equipment to two local hospitals.
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In this study, we also analyze previously published metagenomic data from stool samples that were collected from Hadza
hunter-gatherers in 2013/20143. The samples were legally and ethically collected in consultation with Tanzanian field-guides
and after receiving informed consent from Hadza participants who were provided a translated verbal description of the
research project. A material transfer agreement with the National Institute for Medical Research in Tanzania specifies that
stool samples collected are used solely for academic purposes. Permission for the study was obtained from the National
Institute of Medical Research and the Tanzania Commission for Science and Technology (MR/53i 100/83, NIMR/HQ/R.8a/
Vol.IX/1542). The results of a recent study3 were converted to an infographic using the local language and conveyed back to
the Hadza via an anthropologist and Tanzanian field-guide.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size 133 fecal samples from 85 Tsimane adults (median sequencing depth = 31.9 Gbp, minimum target 100 million paired-end reads per sample).
137 Hadza individuals (previously published). 8,855 additional MAGs from public European, Asian, and North American cohorts. Sample sizes
were chosen to achieve sufficient sequencing depth for metagenome-assembled genome recovery and strain-level population genetic
analyses across hundreds of shared microbial species. No formal power analysis was performed; sample sizes were determined by the
available cohorts and sequencing resources.

Data exclusions  Metagenome assemblies were filtered to contigs 21500 bp. Genome bins with <50% completeness or >10% contamination (per CheckM)
were excluded, following MIMAG standards. For population genetic analyses, only species with at least 4 MAGs each in the Hadza and
Tsimane cohorts were included (636 of 1,231 shared species). Gene alignments shorter than 500 bp were excluded from the identical gene
analysis. These criteria were pre-established based on standard quality thresholds in the field.

Replication Tsimane samples were collected across two independent time points (2009 and 2012—-2013). Population genetic analyses were performed
using two independent and orthogonal approaches: (1) identical DNA tract length analysis (L99 lengths, Fig. 3) and (2) demographic inference
from SNV frequency spectra using Moments (Fig. 4). Both yielded consistent split time estimates. Strain sharing and gene flow analyses were
performed across all 636 qualifying species, providing hundreds of independent replicates. Within-population comparisons served as internal
controls.

Randomization  This is an observational/comparative genomics study, not an experimental intervention. Samples were randomized across sequencing runs to
minimize batch effects. Population labels were permuted in permutation tests to generate null distributions (n = 10,000 permutations per

test).

Blinding Blinding was not relevant to this study as it is a computational analysis of metagenomic data. All analyses were performed using pre-
established, automated computational pipelines applied uniformly across all samples and populations.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
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Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-authentication procedures for-each seed stock used-ornovel-genotype generated. Describe-any experiments used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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