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Abstract

The gut microbiomes of human populations worldwide have many core microbial species in
common. However, within a species, some strains can show remarkable population specificity. The
question is whether such specificity arises from a shared evolutionary history (codiversification)
between humans and their microbes. To test for codiversification of host and microbiota, we
analyzed paired gut metagenomes and human genomes for 1225 individuals in Europe, Asia, and
Africa, including mothers and their children. Between and within countries, a parallel evolutionary
history was evident for humans and their gut microbes. Moreover, species displaying the strongest
codiversification independently evolved traits characteristic of host dependency, including reduced
genomes and oxygen and temperature sensitivity. These findings all point to the importance of
understanding the potential role of population-specific microbial strains in microbiome-mediated
disease phenotypes.

Across populations, humans share many of the same bacterial and archaeal species in their
gut microbiomes (1-3). Within these cosmopolitan species, different strains can dominate
in different populations (4—7). Strain variation can arise in several ways, from the uptake

of new strains to their in situ evolution (8). When strains and their hosts evolve in parallel,
they codiversify, and as a result, their phylogenies are congruent. Codiversification provides
opportunities to develop intimate host-microbial relationships across multiple generations

(9).

Previous work showed that a small subset of gut bacterial lineages speciated with hominid
ancestors (10), but whether such patterns of codiversification extended within host species,
and specifically within humans, remained to be demonstrated. There are reasons not

to expect to see codiversification with humans: Our diets have changed with time, our
populations have expanded across the world, and modern lifestyles may have blurred any
signals (11). The identification of species that codiversified with humans has important
implications for understanding how humans evolved with their microbiomes and how strains
within species may interact with specific host populations (12).

Several human gut microbes are thought to have followed patterns of human migration

out of Africa. A notable example is the stomach-dwelling bacterium Helicobacter pylori,
the causative agent of gastritis and stomach cancer. Cultured isolates of H. py/lori show
spatial patterns of strain diversity consistent with human migration patterns (13). A few
prevalent gut microbial species, including Prevotella copri, are also thought to have tracked
human migration, given how patterns of metagenome-derived strain variation mapped onto

Science. Author manuscript; available in PMC 2024 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Suzuki et al.

Page 3

continents (4-6). Strain distributions that map onto human migration patterns are suggestive
of codiversification, as geographic origins tend to reflect human genetic origins, especially
at the continental level (14, 15). But on finer geographic and population scales, such as
within countries, the assumption that geography can stand in for genotype weakens (15). A
host phylogeny is required to directly test for codiversification by comparison to microbial
phylogenies. Such comparative phylogenetic analyses would also allow microbial taxa to be
ranked by the degree of cophylogeny they display.

Given the paucity in the public domain of matched human genotype and gut metagenome
datasets required for testing for codiversification, especially for undersampled regions (16),
we generated new paired datasets from individuals that we sampled in Gabon, Vietnam, and
Germany. We also leveraged existing datasets for subjects from Cameroon, the Republic of
Korea (South Korea), and the UK by generating fecal metagenomes and/or host genotype
data (17-20) (Fig. 1A and table S1). In addition, we collected fecal metagenomes from
children whose mothers were study participants in Gabon, Vietnam, and Germany (Fig. 1A
and table S2). Altogether, our combined dataset of 839 adults and 386 children allowed us to
assess codiversification between humans and gut microbial species shared across and within
populations.

Using 20,506 single-nucleotide polymorphisms, we created a maximum likelihood
phylogeny to represent the genetic relatedness of the human subjects. As expected, humans
clustered into three robust major groups matching their geographic origins (21), where
individuals from Asia and Europe formed sister clades nested within individuals from Africa
(Fig. 1B). We selected bacterial and archaeal species present in the guts of =100 adults with
=10 individuals per major human group and =1 individual per country (see methods in the
supplementary materials and table S3). We then created phylogenies for the resulting 59
species using two methods: (i) species-specific marker genes with StrainPhlan3 (7) and (ii)
metagenome-assembled genomes (MAGS) using PhyloPhlAn (22). MAG-based trees were
obtained for 33 of 59 taxa in adults.

Among the 59 taxa assessed for codiversification, 36 taxa have phylogenies that are more
similar to the human host phylogeny than to a permuted host phylogeny [g < 0.05, PACo
positive effect size (ES); see methods]. Eubacterium species showed the largest ES (¢
<0.003; Fig. 1, C and D, and table S4). Similar results were obtained using two other
methods, Parafit (23) and Phytools (24) (tables S4 and S5). Seven species that showed
significant codiversification across all three tests included Collinsella aerofaciens (Fig.

1E), Catenibacterium mitsuokai (Fig. 1F), Eubacterium rectale, and P. copri (table S4).

In contrast, Bacteroides, Alistipes, and Parabacteroides species generally showed the least
evidence of cophylogeny (Fig. 1, G and H, and table S4). Results were robust to sample size
(tables S6 and S7 and fig. S1) and to bootstrap support for 36 to 50% of taxa (tables S4 and
S8). Overall, species within the Firmicutes phylum showed more evidence of cophylogeny
(Wilcoxon rank sum test, P= 7.6 x 1075) than others, and Bacteroidetes species showed
least (Wilcoxon rank sum test, = 1.5 x 1075).

We also searched for a codiversification signal within each country. For a subset of taxa,
we observed codiversification in multiple countries independently (table S9). Within-country
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tests included fewer individuals, so the codiversification signal tended to be weaker. Overall,
20 of 59 taxa showed positive ES with uncorrected £< 0.05 in at least one country, but

only one taxon remained significant after false discovery rate (FDR) correction: P. copri
within Gabon (g = 0.042; table S9). Notably, three species (P copri, Coprococcus eutactus,
and E. rectale) had uncorrected P < 0.05 in three countries independently (table S9). These
within-country results indicate that codiversification is robust to hosts living in a shared
environment and suggest that codiversification is not driven by continental-scale processes
alone.

We sampled the gut metagenomes of children (average age = 7.4 months) of the genotyped
participants in Gabon, Vietnam, and Germany. Using the mothers’ genotypes allowed us
an unprecedented opportunity to test for codiversification of the child gut microbiome.
Among the 20 most prevalent child taxa tested (table S10), nine showed evidence of
codiversification (¢ < 0.05) (table S11). All four Bifidobacterium species tested showed
significant PACo ES (¢ < 0.05) (Fig. 2, A to D, and table S11). According to MAG-based
phylogenies, Bifidobacterium longum showed the strongest evidence of codiversification in
children (table S12). The signals of codiversification for several taxa also extended within
countries in children in Gabon and Germany, but not in Vietnam (table S11). These results
show that microbes common to the gut in early childhood have also codiversified with
humans.

There is little overlap in species composition between adult and child microbiomes;
nevertheless, of the overlapping 12 species detected, 2. copri (Fig. 2, E and F) and Blautia
wexlerae showed evidence of codiversification in both adults (¢ < 0.01; table S4) and
children (¢ < 0.01; table S11). In addition, we observed that mothers and their children
share the same strains of 2 copri (Fig. 2G and fig. S2). For mother-child pairs, strain
sharing is often interpreted as vertical transmission, but acquisition of strains from a
shared environment cannot be excluded (8). Indeed, our data also support strain sharing
between community members: Within sampling locations in Gabon and Vietnam, we
observed instances of the same strains in the microbiomes of mothers and unrelated children
(fig. S2 and tables S13 and S14). Strain sharing is known among families and socially
engaging individuals in the human species (25) and other social animal species (26, 27).
Although vertical transmission from parents to offspring over long time periods can result
in patterns of codiversification, strain transmission between related individuals in the same
communities may also contribute to these patterns (28).

Modern humans emerged in Africa before colonizing the rest of the world (29). Microbial
species that migrated with their human hosts may also show signatures of out-of-Africa
patterns, and, indeed, some bacterial species exhibit such patterns (4-6). To test for an
African origin for the species tested here for cophylogeny, we quantified the number and
direction of strain transfer events by applying stochastic character mapping. Consistent with
out-of-Africa migration events, when the 10 most highly and 10 least highly ranked taxa
(by PACo ES) were compared, the top 10 had significantly greater proportions of transfer
events from Africa to the rest of the regions compared with the bottom 10 (Wilcoxon rank
sum test, £=10.029) (fig. S3). Because this analysis does not require host genotype data, we
added data from 1219 public fecal metagenomes derived from other human populations and
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from wild primates (tables S15 and S16). Trends were the same with the expanded dataset
(Wilcoxon rank sum test, = 0.089) (Fig. 3, A to D, and fig. S4). Additionally, the top taxa
also showed significantly more transfer events from Asia to other regions (Fig. 3, A, E, and
F) and fewer transfer events from America to other regions (Fig. 3A). Our results underscore
the fact that each species has its own story. Caveats include inaccurate assumptions of host
genetic origin based on sampling locations, or a complex history of strain transmission
events among different human populations. As expected from codiversification patterns
observed in some bacterial families with hominids (10), for the top taxa, primate strains tend
to be basal in relation to all human strains (Fig. 3, D and F). In contrast, taxa with least
evidence of cophylogeny had primate strains nested within human strains (fig. S5).

Our inference of strain transfer events is based on present-day strains, yet ancient DNA
analysis can provide a snapshot directly from the past. We added high-quality ancient MAGs
recovered from 1000- to 2000-year-old paleofeces of Native North American tribes (30) to
the phylogenies of five gut microbial species (Fig. 3, G and H, and fig. S6). Consistent with
the known migration history of the Americas (31), the ancient MAGs were most closely
related to strains from modern East Asians, with high bootstrap values for species with
significant codiversification (Methanobrevibacter smithii and Anaerostipes hadrus, Fig. 3, G
and H); this was not the case for taxa that did not show significant codiversification (fig. S6).

We hypothesized that species that codiversified with their hosts are better adapted to the
host environment than those that did not. Therefore, we predicted codiversified species
(high PACo ES) to be enriched in features characteristic of host adaptation, including
genome reduction, enrichment in AT content and essential functions, and depletion of
nonessential functions (32). To test for these traits genomically, we collected publicly
available genome sequences for the 59 species (table S17). As expected, the degree of
codiversification was inversely correlated to genome size (Fig. 4A) and positively correlated
with genomic AT content (fig. S7A). The relationship with genome size, but not with AT
content, remained significant after correcting for phylogenetic relatedness (see methods),
indicating that genome size reduction arose independently in codiversified taxa.

To further explore the genomic signatures of codiversification, we tested for differences

in 67 genomic features, including 23 functional categories [clusters of orthologous groups
(COGs)], in addition to pseudogenes, antibiotic resistance markers, plasmid markers, and 41
traits predicted from genomic content (see methods and table S18). Overall, ES correlated
with 24 of 67 genomic features (FDR-adjusted £ < 0.05), and five retained significance after
correction for phylogenetic relatedness (table S18). A random forest model including these
genomic characteristics accurately predicted ES (PACo ¢ < 0.01), with a mean area under
the curve of 0.83 £ 0.22 (SD) across a fivefold cross-validation.

PACo ES was significantly correlated with the proportion of the genome dedicated to
essential functions such as replication, transcription, and translation (Fig. 4B, fig. S7B, and
table S18). In contrast, greater ES was associated with fewer pseudogenes (fig. S7C) and
antibiotic resistance markers Fig. 4C, and a smaller proportion of the genome dedicated for
nonessential functions, such as secretion and cell wall biogenesis (fig. S7D and table S18).
Gram-positive species were enriched for higher ES overall (Fig. 4D). A number of predicted
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traits related to environmental survival, including oxygen sensitivity (Fig. 4E), inorganic
phosphate scavenging (Fig. 4F), and the use of diverse energy sources (fig. S7, Eto I, and
table S18), were reduced on average in species with high ES.

To directly test the functions predicted from genome-based observations, we assessed in
vitro phenotypes of a representative set of 18 culturable species (see methods and table
S19). Consistent with the reduction in antibiotic resistance markers, codiversified species
exhibited significantly reduced antibiotic resistance in a previously published drug screen of
144 antimicrobial compounds (Fig. 4G) (33). Consistent with the predicted loss of catalase
activity, species with higher ES were significantly more likely to die upon exposure to
atmospheric oxygen (Fig. 4H). Increased temperature sensitivity has been associated with
coevolved insect symbionts and is expected in gut microbes that enjoy a temperature-stable
niche (34). Accordingly, we observed that ES was significantly correlated with poor relative
growth at below-host temperature (27°C) (Fig. 41). All in vitro phenotypic associations
retained significance after correction for phylogenetic relatedness, even in cases where the
corresponding genomic prediction did not (table S18).

Taken together, the features that associate with cophylogeny are highly reminiscent of

those commonly seen in host-associated microbes (35-37) and coevolved insect symbionts
(32). Patterns of host-microbial codiversification alone do not necessarily imply interactions
or adaptations between hosts and microbes (9, 28). However, together with the observed
functional attributes, such as smaller genomes and oxygen and temperature sensitivity,
codiversified species likely evolved host dependency.

By expanding metagenome collections into poorly characterized populations, and pairing
metagenome and host genomic data obtained from the same individuals, we have identified
common members of the human gut microbiota that have independently codiversified

with human populations. These codiversified species have repeatedly and independently
acquired traits that suggest limited survival capabilities outside of the host (2, 28, 35).

Loss of an environmental reservoir can facilitate dependence on resources produced by
other gut microbes and/or the host and lead to reduced genome size (35-37). The selection
pressure on efficient host-to-host transmission could result in strain sharing between related
individuals, or those living in proximity, such as we observed in our populations. Many of
the traits characteristic of codiversified species likely adapted to the niche of the animal
gut (not necessarily human), and whether humans reciprocally adapted to these microbial
species or strains remains to be investigated. The list of codiversified species provides a
starting point to investigate host-microbial coevolution in humans (12).

The list of human health conditions linked to the microbiome ranges from mulnutrition to
allergies and cardiovascular disease. The incidence of these diseases is population specific,
and the diversity of microbiomes is also population specific. Several of the species that
codiversified with humans, such as P, copri (4), E. rectale (5), and B. longum (38), are
known to vary in their functional capacity according to population. An awareness of
differences in gut microbial strains between populations has already led to the notion that
probiotics for treating malnutrition should be locally sourced (38). The microbiome is a
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therapeutic target for personalized medicine, and our results underscore the importance of a
population-specific approach to microbiome-based therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The human phylogeny and selected bacterial phylogenies.
(A) Sampling locations and sizes. (B) A maximum likelihood phylogeny of human subjects

based on 20,506 single-nucleotide polymorphisms. Tree branch colors indicate continental
origins. Outer strip colors indicate finer geographic locations, and labels refer to sampling
locations. (C to H) Maximum likelihood phylogenies for six bacterial species based on
species-specific marker genes. PACo effect size (ES) and g values (q) are shown. Bootstrap
values >50% are plotted on branches, and all phylogenies are rooted at the midpoint. Colors
of branches and outer strips correspond to sampling locations shown in (B). The scale bars
show substitutions per site for all phylogenies
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Fig. 2. Bacterial phylogenies derived from children’s microbiomes and strain sharing with their
mothers.

(A to D) Four species of Bifidobacterium show evidence of cophylogeny based on mothers’
genotypes. (E) Phylogeny of P copristrains in adults and (F) in children. The colors in (E)
correspond to those in Fig. 1B. Bootstrap values =250% are shown as black dots on branches,
and the phylogenies are rooted at the midpoint. The scales show substitutions per site. (G)
Prevotella strain sharing between mothers and their own children (“related,” blue boxplots)
compared with sharing between women and unrelated children (“unrelated,” gray boxplots).
(Left) Strain comparisons using SynTracker (39). (Right) Strain comparisons using inStrain
(40). Dashed red lines indicate the thresholds for strain sharing events [0.96 for synteny;
0.99999 for popANI (population-level average nucleotide identity)]. *~< 0.05 and **P< 5
x 1075 using Wilcoxon-Mann-Whitney test. Codiversification test results for all 20 common
child taxa are reported in table S11.
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Fig. 3. Strain transfer events and microbial phylogenies including data from public
metagenomes.

(A) Results from stochastic character mapping on microbial phylogenies including six
countries from this study and public metagenomes. The boxplots compare the occurrence of
transfer events between sampling regions between the top 10 and bottom 10 taxa identified
by PACo ES. Pvalues are based on the Wilcoxon rank sum test. (B) Sampling locations
and color keys correspond to the panels that follow. The colors of the branches and

outer color strip indicate the estimated host genetic structure based on sampling locations
(21). Black dots next to the color strip indicate samples from the original six countries.
Example phylogenies: (C) Butyrivibrio crossotus, where African strains are basal; (D)
Coprococcus comes, where primate strains are basal, followed by African strains; (E)
Phascolarctobacterium succinatutens, where Asian strains are basal; (F) Faecalibacterium
prausnitzif, where strains from primates are basal, followed by strains from Asia. (G and
H) Examples of microbial phylogenies with ancient MAGs recovered from paleofeces of
Native Americans. Bootstrap values 250% are shown on branches. All trees were rooted at
the midpoint. The scale bars show substitutions per site
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Fig. 4. Genomic and functional features correlated with codiversification.
PACo effect size correlated with: (A) Median genome size per species. (B) Percentage of

total genes in the genome annotated to COG D for cell cycle and replication. (C) Number
of antimicrobial resistance (AMR) markers annotated per genome. (D) Predicted Gram stain
per species. (E) Predicted catalase activity per species. (F) Predicted alkaline phosphatase
activity. (G) Percentage of antibiotics to which the species was resistant in vitro in a panel
of 144 common antimicrobials. (H) Survival in vitro after 48 hours of O, exposure for a
subset of culturable species. (1) Relative growth of each species in vitro at 27°C compared
with 37°C. (A) to (F): n=59 species; (G) to (I): 7= 18 species. Statistical significance was
determined by Spearman’s correlation [(A) to (C), (G), and (I)] or by Wilcoxon rank sum
test [(D) to (F) and (H)]. Exploratory analyses were corrected using FDR across all gene
categories and predicted traits [q value; (B) to (F)]. pos, positive for the given trait; neg,
negative for the given trait. **£ < 0.01, ***P < 0.001, ****P < 0.0001. Exact P values are
reported in table S18.
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