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Gut microbiota in geographically isolated host populations are often distinct.
These differences have been attributed to between-population differences
in host behaviours, environments, genetics and geographical distance. How-
ever, which factors are most important remains unknown. Here, we fill this
gap for baboons by leveraging information on 13 environmental variables
from 14 baboon populations spanning a natural hybrid zone. Sampling
across a hybrid zone allowed us to additionally test whether phylosymbiosis
(codiversification between hosts and their microbiota) is detectable in
admixed, closely related primates. We found little evidence of genetic effects:
none of host genetic ancestry, host genetic relatedness nor genetic distance
between host populations were strong predictors of baboon gut microbiota.
Instead, gut microbiota were best explained by the baboons” environments,

especially the soil’s geologic history and exchangeable sodium. Indeed, soil
effects were 15 times stronger than those of host—population Fsr, perhaps
because soil predicts which foods are present, or because baboons are terres-
trial and consume soil microbes incidentally with their food. Our results
support an emerging picture in which environmental variation is the domi-
nant predictor of host-associated microbiomes. We are the first to show that
such effects overshadow host species identity among members of the same
primate genus.
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1. Introduction

The mammalian gut microbiome plays a central role in host physical functioning
by helping hosts digest complex carbohydrates, synthesize vitamins, metabolize
toxins and resist pathogens [1]. The last decade of research on mammalian gut
microbiota has uncovered considerable heterogeneity between conspecific hosts,
especially when those hosts live in geographically distinct populations [2-5].
However, we do not yet understand which processes create between-population
differences in gut microbiota. Several factors may be important, including host
behaviours and environments, biogeography and host genetic effects (e.g. host
genotype effects on feeding behaviour, gut motility or immunity). Disentangling
these factors is important for understanding the processes that govern gut
microbiome assembly and how mammals respond to environmental variation.

Electronic supplementary material is available
online at http://dx.doi.org/10.6084/m9.
figshare.c.4464299.
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To date, three broad factors are commonly linked to between-
population heterogeneity in gut microbiota: (i) host behaviours,
diets and environments; (ii) biogeography; and (iii) host genetic
effects. Each factor reflects one or more microbiome assembly
processes [2,3,5-8]. First, between-population differences in
host behaviours, diets and environments can lead to microbial
species sorting, both inside and outside of hosts, with conse-
quences for microbiome composition [1,9]. Species sorting is
an ecological process in which local environmental conditions
shape which species survive in a given habitat [10]. For instance,
different host populations may consume distinct diets, leading to
differences in gut contents and different microbes inside the gut
[4]. Outside the host, the microbes that hosts encounter on food
or on conspecifics are shaped by other environmental forces,
including climate, soil and water [8,11-13].

Second, gut microbial differences between host populations
could be driven by isolation by distance (IBD), a nearly univer-
sal biogeographic pattern in which community dissimilarity
increases with geographical distance between host populations
[14]. IBD is driven by microbial demographic stochasticity (i.e.
ecological drift) and between-population dispersal of microbes
or their hosts. This balance between drift and dispersal deter-
mines the degree of microbiome community differentiation
between populations.

Third, between-population differences in gut microbiota
have been linked to a range of host genetic factors, including
host genotype, genetic ancestry and population genetic struc-
ture. These factors likely reflect several underlying processes,
including genetic contributions to host control of the micro-
biome (e.g. genes involved in immune responses against
microbes), genetic effects on host feeding behaviour and diet
(e.g. dietary preferences, lactose tolerance in adulthood) or
gut physiology (e.g. gut motility, insulin secretion), and
vertical transmission from parents to offspring [15,16].

Disentangling the relative influence of host behaviours and
environments, IBD and genetics in shaping mammalian gut
microbiota is challenging. Doing so requires complementary
information on host behavioural and environmental factors,
geographical distance and genetic differences between several
populations. To date, most such studies include information on
just two of these data types [2,5,6,17]. Only a few have infor-
mation on three, and the environmental data tend to be
coarse-grained, with habitat differences binned into broad cat-
egories such as forest type [7,18], salt versus fresh water [8],
season [19] or climate zone [3]. Hence, we still do not under-
stand how host environments, geography and genetics work
together to shape population- and species-specific microbiotas.

Here, we test the contributions of host genetic ancestry, host
environments and geographical distance to shaping gut micro-
biota in 191 baboons from 14 populations across a baboon
hybrid zone (figure 1) [20]. We leverage detailed data on
between-population environmental differences, including 13
measures of the physical environment, such as vegetation,
soil traits and elevation. All of these variables could influence
microbial species sorting, either via the composition of the
baboons” diets or via microbial exposures from the environ-
ment. Baboons are omnivores that consume a variety of
fruits, leaves, seeds, insects, roots and, more rarely, small
vertebrates; such dietary items are often directly eaten from
the ground and dusted with soil, providing a potential trans-
mission route for soil microbes to colonize baboon gut
microbiota [21]. The 14 study populations are spread over a
375 km transect across a natural hybrid zone between yellow
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Figure 1. Locations of 14 populations in Kenya, indicated by pie charts; pie
chart diameter represents the relative sample size at each population (elec-
tronic supplementary material, table S1). Colours indicate genetic ancestry of
baboons sampled at each population.

and anubis baboons (Papio cynocephalus;, Papio anubis) in
Kenya [20]. Hybrid zones offer a key advantage in understand-
ing the drivers of microbiome variation: because hosts with
distinct genetic ancestry co-reside at the same site, hybrid
zones help break up the correlation between host genetics
and host environments. In the hybrid zone studied here,
genetic ancestry (measured as a ‘hybrid score’ for each individ-
ual) is uncorrelated with major sources of host ecological
variation, including the environmental traits we consider
[20,22,23]. Further, there is an emerging paradigm of host
species-typic microbiomes, including primates, such that
each host species harbours a distinctive gut microbiota, and
between-species gut microbial similarity often recapitulates
host phylogenies [5,7,24]. These species-specific microbiota
have recently been implicated in hybrid lethality and specia-
tion [17,25]. However, whether species-specific microbiota
occur in closely related primate species—especially species
that are ecologically similar, sometimes sympatric, and hybri-
dize—is unknown. To disentangle genetic, environmental
and geographical predictors, we use a recently developed
Bayesian method for differentiating ecological and geogra-
phical effects called BEDASSLE (Bayesian estimation of
differentiation in alleles by spatial structure and local ecology),
applying this method for the first time to microbiome data
[26,27]. BEDASSLE allows us to simultaneously disentangle
the relative predictive power of geographical distance, host
genetic distance and multiple environmental variables while
avoiding the statistical problems to which Mantel tests are
prone, such as increased risk of type 1 error when variables
are spatially autocorrelated [28]. Together, our results reveal
the processes that shape primate gut microbiota across a land-
scape by simultaneously testing multiple explanations for
between-species and between-population differences.

2. Methods

(a) Study populations and sample collection
Faecal samples were collected from 14 geographically distinct sites
(or “populations’) in Kenya (figure 1). Samples were collected in
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June-July 2008 as part of a previous study on the population
genetics of this hybrid zone (electronic supplementary material,
table S1) [20]. For 13 populations (1 =177 samples), samples
were collected from the ground within a few hours of defaecation
[20]. Occasionally, samples were collected from locations fre-
quented by the baboons when they were not currently present; in
these cases, samples were up to a few days old, although the precise
time until collection for individual samples is not known. For the
14th population (Amboseli, n = 14 samples; electronic supplemen-
tary material, table S1), samples were collected from known
individuals during the same date range as the other 13 populations,
within a few minutes of defaecation. All samples were collected
using a single-use spatula to scoop 2-5 g of faecal material from
the leading edge of the sample (if possible), placed into 15-20 ml
of 95% ethanol, homogenized to permeate the sample with ethanol,
and stored at ambient temperature until export, when they were
stored at —80°C [29].

Our sampling protocols raise two potential confounds. First, we
did not avoid portions of the sample in contact with the ground;
hence, some samples could have been contaminated with soil
microbes from the environment. However, the quantity of soil
microbes relative to gut microbes would be very small in these
cases because mammalian faeces contains 1000 times the number
of microbial cells in a typical soil sample [30,31]. See the electronic
supplementary material, §1 for a full discussion of the effects of
s0il contamination; we find our results are robust to the removal
of rare taxa and/or the addition of small numbers of contaminat-
ing reads. Second, samples varied in the amount of time they
were exposed to the environment before preservation. To test the
effects of time to ethanol preservation on the gut microbiome,
we performed a time-series experiment in Amboseli to test
whether exposing faeces to the environment for 15 min—48 h after
defaecation altered observed microbiota (see electronic supplemen-
tary material, §2). Consistent with previous studies [32,33], time to
preservation had minor effects on microbial a- and B-diversity and
could not explain between-population differences (see Results;
electronic supplementary material, figure S1A,B).

(b) Measuring genetic variation between baboon hosts

and populations

All baboon faecal samples (n =191, mean +s.d. =14+ 7 per
population) were genotyped at 12 highly polymorphic microsatel-
lite loci [20]. All microsatellite genotypes were distinct, indicating
that each sample was from a different baboon. We used these gen-
otype data to calculate three summary statistics: (i) pairwise genetic
relatedness between baboons (Coancestry v. 1.0.1.8; Lynch &
Ritland method [34]); (ii) hybrid (g) scores for each baboon (TESS
v. 2.3.1 [35] via the settings in [20]); and (iii) between-population
Fgr (hierfstat; Weir & Cockerham 1984 method [36]).

(c) Measuring environmental differences between
populations

We characterized environmental differences between all 14
populations using 13 environmental variables extracted from
high-resolution maps (electronic supplementary material, tables
S2 and S3 and figure S2; [37-39]). Full methods for quantifying
environmental differences between populations are in electronic
supplementary material, §3. These variables included vegetation
type, 10 soil traits, geological history and elevation. All of these
variables are potential predictors of baboon foods and /or microbial
exposures from the environment. Most were uncorrelated with
each other (electronic supplementary material, table S3; mean
Mantel R (+s.d.)=0.089 (£0.207); range = —0.241-0.882). For
each population, we measured each environmental variable
based on a 28 km? circle (6 km diameter) surrounding the sampling

location (electronic supplementary material, figure S2) using n

ArcMap 10.2.2 [40]. Six kilometre corresponds to the largest
observed core home range diameter (i.e. 75% of usage time) of
baboons in Amboseli (L.E.G. et al. 2014, unpublished data),
making 28 km? a generous estimate of range size.

(d) Measuring geographical distance between
populations

Geographical distance. We calculated the distance in kilometres
between the GPS coordinates collected for each population [20]
(geosphere; Haversine method [41]).

(e) Characterizing gut microbiota in each sample

DNA was extracted from faecal samples using MoBio’s Powersoil
DNA Isolation kit. We amplified the 16S rRNA gene V4 region
and ran paired-end sequencing on the Illumina HiSeq 2000 plat-
form. Sequences were processed using the pipeline detailed in
electronic supplementary material, figure S3 and §4. We retained
26458 080 reads after quality filtering (range = 30700-430 465
per sample), which clustered into 2711 operational taxonomic
units (OTUs; range = 133-1152 per sample).

(f) Statistical analyses

Unless noted, all statistical tests were run in R [42].

(i) Between-population differences in gut microbiota

We tested whether host populations differed in microbial
composition using PERMANOVA (vegan [43]). To investigate
between-population differences in OTU richness, we ran linear
models with population and read count as fixed effects and
corrected for multiple comparisons with Tukey’s HSD test
(multcomp [44]).

(ii) Host genetic effects on gut microbial composition

To test whether baboon hybrid scores predicted microbial
dissimilarity, we ran PERMANOVAs with weighted UniFrac dis-
similarity as the response variable. We also used Mantel tests to
correlate pairwise genetic relatedness between baboons with
weighted UniFrac dissimilarities. Finally, we constructed phylo-
genetic trees for genera with 10 or more OTUs in our dataset to
visualize microbial phylogenetic clustering by host species iden-
tity. For this analysis, anubis, yellow and hybrid baboons were
defined using the cut-offs in [20]; hybrid score less than 0.02 was
anubis, 0.02-0.98 was hybrid and greater than 0.98 was yellow
(elsewhere, we model ancestry using continuous estimates).

(iiii) Testing the relative contributions of host environments,
geographical distance and genetic ancestry to between-

population differences in gut microbiota
We first ran exploratory, bivariate Mantel tests to identify variables
to include in a spatially explicit multivariate Bayesian model
(BEDASSLE) [27]. For each Mantel test, we correlated a matrix of
the mean weighted UniFrac dissimilarity between microbiome
samples from each pair of populations with matrices of between-
population differences in geographical distance; genetic distance
(Fst); and each of the 13 environmental variables (table 1).
We then incorporated significant predictors (p <0.05) of
population-wise weighted UniFrac dissimilarity into BEDASSLE
[26]. We discuss the assumptions of the BEDASSLE model and
its applicability to microbiome data in electronic supplementary
material, §5, figures S4-S9 and table S4.

BEDASSLE fits effect sizes for each environmental predictor
and geographical distance; the ratio between these effect size
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Table 1. Mantel tests correlating between-population differences in environmental, genetic and geographical variables with microbiome community dissimilarity  [JJJjj
(weighted UniFrac). Variables are listed in order of decreasing effect size in the full dataset. Italicized text indicates significant correlations.

S
environmental variable Mantel r p-value r (Amboseli excluded) p (Amboseli excluded) §T
soil exchangeable sodium (%) 0.77 0.004 0.62 0.027 iz;
il St L e . s o 0656 %

‘ge‘ologica/ composition (Bray—‘Curti;) - a 0008 040 - - 0.019 §
soil total nitrogen (g/kg) 037 0.046 0.03 0.395 <=
soil clay cation exchange capacity 0.32 0.051 0.00 0.389 %
geography (km) 0.25 0.136 0.52 0.008 %
soil drainage 0.19 0.198 —0.05 0.514 &
vegetation composition (Bray—Curtis) 0.3 0222 07 o 0575 T
soil SOTER (Bray— Curtis) 0.12 0.232 —0.05 0.609 ;
dlevaon (m) 0.08 027 o 0.069 €
soil bulk density » - 006 0.265 » 0.19 B 0.175 S
host genetic distance (Fsy) 0.04 0.464 0.17 0.243 g
soil cation exchange capacity —0.01 0.423 —0.04 0.538 3
soil sand (%)” o ‘ - 001 0454  —007 0622 §
soil total carbon —0.08 0.644 0.04 0.356 -

estimates is interpretable as the between-population geographi-
cal distance (km) required to alter OTU distributions the same
amount as a single unit of the environmental predictor. For
example, for Fgr, the model translates the effect of a change from
Fsr = 0 to Fsy = 1 between baboon populations on microbial com-
munity similarity into an equivalent geographical distance. We
modelled three predictors in addition to geographical distance:
(i) between-population Fgry, (ii) geological Bray—Curtis distance,
and (iii) distance on the first principal component (PC1) of the
three soil traits that significantly predicted weighted UniFrac dis-
similarity in bivariate Mantel tests (exchangeable sodium, pH
and total nitrogen [45]). PC1 explained 98.6% of the variance in
these soil traits. We calculated the relative contribution of each
soil trait—sodium, pH and total nitrogen—to the soil PC1 score
based on each trait’s loading score (electronic supplementary
material, table S5), following [46].

(iv) Predictors of gut microbial o-diversity

To test if host environments or genetics predicted OTU richness,
we ran a linear mixed model (coxme [47]). Fixed effects included
environmental variables that predicted weighted UniFrac dissim-
ilarity in bivariate Mantels, host hybrid score and read count.
Random effects were population membership and geographical
distance between populations.

(v) Microbial lifestyle traits
We tested whether OTU prevalence was predicted by microbial
lifestyle traits consistent with environmental transmission. We
predicted that OTUs found in every population would be essen-
tial to baboon gut microbial functioning, specific to baboons and
less likely to occur in the physical environment. By contrast, less
prevalent OTUs should represent environmentally acquired taxa
whose dynamics might be shaped primarily by environmental
species sorting [9,48]. These taxa should be associated with life-
style traits that would make them more easily acquired from
the environment: the ability to form spores and tolerate oxygen.
To test these predictions, we divided OTUs into those found in
‘all populations’ (n = 457 OTUs) versus those that were not (‘some
populations’; n = 2254 OTUs). For OTUs assigned to genera in the

Genomes OnLine Database [49], we pulled oxygen requirement
and sporulation information. We then ran hypergeometric tests
to test if OTUs found in some populations were enriched
for environmental acquisition traits compared to OTUs found in
all populations.

3. Results
(a) Gut microbiota differ between host populations

Each baboon population exhibited a distinct gut microbiota.
The abundance of common microbial phyla varied across
populations (figure 2a), and population membership explained
31% of the variation in microbial B-diversity across samples
(PERMANOVA; R*= 031, p < 0.001). Most population pairs
(69%) differed significantly in microbial composition after
correcting for multiple testing (pairwise PERMANOVAs;
figure 2b). a-diversity also differed between populations
(figure 2c); the median OTU richness ranged from 414 + 142
(median + s.d.) OTUs per sample in the population with the
lowest a-diversity (Amboseli) to 912 + 94 OTUs per sample
in the population with the highest diversity (Bissil).

Baboons from Amboseli had particularly distinctive gut
microbiota (figure 2). This distinctiveness was not due to differ-
ences in sample preservation time, which had no significant
effects on microbial a- or B-diversity (a-diversity: p = 0.85;
electronic supplementary material, figure S1A; PERMANOVA
controlling for individual identity: R* = 0.046, p = 0.069; elec-
tronic supplementary material, figure S1B). When excluding
Amboseli from our analyses, population still explained 23%
of the variance in baboon gut microbiota (PERMANOVA;
R*=0.23, p < 0.001) and significantly predicted OTU richness
(p < 0.001). We include Amboseli in subsequent analyses, but
if its inclusion changed the results, we also report results
excluding Amboseli. We also tested the effect of excluding
populations with 17 <10 samples to confirm that small
sample sizes were not unduly influencing our results. These
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Figure 2. Gut microbiota differ between baboon populations. Populations are ordered from west to east (figure 1). (a) Relative abundance of microbial phyla across
the 14 populations. (b) Sixty-nine per cent of populations differed significantly in microbiota composition (pairwise PERMANOVAs with a 10% false discovery rate;
* indicates significance at p << 0.05). Population identity explained up to 40% of variation in 3-diversity. (c) OTU richness varied by population. p-values ranged
from p > 0.05 (white) to p << 0.001 (dark), after controlling for multiple comparisons.

analyses consistently produced qualitatively similar results
(electronic supplementary material, tables S6 and S7).

(b) Host genetic ancestry and genetic relatedness were

not strong predictors of baboon gut microbiota

Host hybrid score did not predict microbial a-diversity, nor did
hosts cluster as a function of hybrid score in an ordination (elec-
tronic supplementary material, table S8 and figure S10A, B).
Hybrid score also did not predict UniFrac dissimilarity,
either within populations after correcting for multiple testing
(electronic supplementary material, table S9) or across all
baboons when populations were pooled (PERMANOVA;
R?=0.002; p=0.8). Finally, pairwise genetic relatedness
between baboons also did not predict microbial dissimilarity
within populations after correcting for multiple testing (elec-
tronic supplementary material, table S9). When we pooled all
samples together and controlled for population membership
in a partial Mantel framework, there was a non-significant
trend such that closer relatives had more similar microbiota (par-
tial Mantel; R = —0.016, p = 0.069; electronic supplementary
material, figure S10C).

In taxon-specific analyses, we did not find any microbes
that varied in abundance based on host genetic ancestry, con-
trolling for differences in the environment and geographical
distance between populations (electronic supplementary
material, table S10). For bacterial genera with 10 or more
OTUs, there was no clear host species signature on OTU phy-
logenetic relationships (electronic supplementary material,
figure S11).

() Host environments predict between-population
differences in baboon gut microbiota

In contrast with host genetic factors, host environments were
strongly associated with between-population differences in
baboon gut microbiota. In bivariate Mantels, UniFrac dissimi-
larity was best predicted by four environmental variables: the

per cent of exchangeable sodium in the soil, soil pH, soil
total nitrogen and site geology (table 1 and figure 3a—d). The
r-values associated with these Mantel correlations indicated
large effect sizes when each variable was tested individually:
77% of the variation was explained by sodium, 60% by pH,
42% by total nitrogen and 37% by site geology. Geographical
distance between populations only predicted microbiota if
samples from Amboseli were excluded (table 1 and figure 3¢).
Genetic distance between host populations (Fsr) did not explain
between-population differences in B-diversity (table 1 and
figure 3f). Importantly, after correcting for multiple testing,
there were no significant correlations between host—population
genetic distance, geographical distance or any of the significant
environmental variables (although sodium and pH were corre-
lated at 0.882; p = 0.16; electronic supplementary material,
table S3).

To of host
environments, geography and genetic distance to between-

disentangle the relative contributions
population differences in baboon microbiota, we used the
Bayesian spatial modelling approach in BEDASSLE [27]. We
found that between-population differences were largely
driven by the sites” geological histories, soil traits and geo-
graphical distance (table 2). When normalizing the effect
sizes of our predictors to the middle 50% of each variable,
the effects of geological history were three times stronger
than for geographical distance (i.e. the effect of geological his-
tory normalized to the middle 50% of our data was equivalent
to travelling 341 km, while the median geographical distance
between populations in our dataset was 112 km; table 2) and
more than 15 times stronger than host genetic distance (341
versus 22 km; table 2). The effect of PC1 of dominant soil
traits (sodium, pH, total nitrogen) was similar to geographical
distance (122 versus 112 km; table 2) and more than five
times stronger than genetic distance (122 versus 22 km).
Unpacking this effect size in the light of the variable
loadings on PC1, the majority of this effect size was driven
by sodium, with minimal contributions from soil pH and
nitrogen (electronic supplementary material, table S5).
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Figure 3. Baboons from populations with less similar (a) geology, (b) soil pH, (c) soil nitrogen and (d) soil sodium had less similar gut microbiota. (¢) Geographical
distance and (f) between-population Fer did not predict gut microbiota between host populations (table 1). Each point represents a pair of populations. Excluding
Amboseli changed the significance of three environmental effects: (b) soil pH and () soil nitrogen no longer predicted microbiome dissimilarity, but (e) geographi-
cally distant populations had significantly less similar microbiomes (table 1). In (b,¢.e) points, comparing samples from Amboseli to other populations are in grey.

Table 2. BEDASSLE effect sizes for each predictor variable presented as both (i) the mean geographical distance in km between hypothetical populations
necessary to observe a 1-unit change in the predictor variable, and (ii) these effect sizes normalized to reflect the middle 50% of the data for each variable.
For example, a 1-unit change in fg; is equivalent to travelling approximately 518 km. However, the middle 50% of Fe; estimates in our study fell between
0.052 and 0.095, much less than a change of 1 unit of Fs;. The difference between Fg; 0.095 and 0.052 (0.043) is equivalent to travelling only 22.3 km.

mean geographical distance equivalent (km)
per 1 unit predictor variable (95% Cl)

predictor variables

geology Bray— Curtis
soil PC1
genetic Fgr

894 (673-1,126)
| HB-8)
518 (390-653)

Consistent with BEDASSLE, soil sodium and geological
history predicted OTU richness, controlling for geographical
distance between populations: pH, nitrogen and host hybrid
score did not (electronic supplementary material, table S6).
Populations with high sodium had much lower OTU richness
than populations with low sodium, such that a shift from the
most to least salty soils (23-1% sodium) led to a loss of
323 OTUs—a striking effect size, given that the median OTU
richness in our samples was 414 OTUs.

(d) Environmental differences between sites predict the

distribution of microbes and life-history traits
In support of environmental effects, the 2254 OTUs not present
in every population (some populations) were enriched for an
aerobic lifestyle compared to the 457 OTUs found in all popu-
lations (hypergeometric test; adjusted p < 0.001; electronic
supplementary material, figure S12A,B). OTUs found in ‘some

effect size for each predictor (in km) normalized to reflect the
difference between the 25th and 75th percentile in our data

34
122
22

populations” were depleted for an anaerobic lifestyle (hyper-
geometric test; adjusted p < 0.001; electronic supplementary
material, figure S12B) and tended to be enriched for sporulation,
although this latter effect was not significant (p = 0.099; elec-
tronic supplementary material, figure S12C). Hence, OTUs
found in some populations may be spatially inconsistent
across the landscape and environmentally acquired. In support,
OTUs found in ‘some populations” had lower prevalence when
they were present (mean = 34% of hosts) compared to OTUs
present in all populations (mean > 90% of hosts).

Finally, we tested for environmental effects in microbial
genera and phyla. We found that 7% of taxa significantly dif-
fered in abundance as a function of environmental traits,
controlling for geographical distance (electronic supplemen-
tary material, table S10). Soil pH, exchangeable sodium and
total nitrogen predicted the per-sample abundance of a broad
array of taxa, while geological composition predicted the
abundance of Proteobacteria.
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4. Discussion

Gut microbiota are often strikingly different across populations
of taxonomically similar host species [4,5,7]. However, because
host environments, genetics and geographical distance often
covary, the processes driving population-specific gut micro-
biota are difficult to disentangle. Across a baboon hybrid
zone, the primary drivers of population-specific gut micro-
biota were host environments and, to a lesser extent, IBD.
Contrary to patterns deeper in the primate evolutionary tree
[5,7,24,50], we found no evidence for phylosymbiosis bet-
ween the two closely related, hybridizing baboon species in
our study. Instead, and somewhat surprisingly, between-
population differences in baboon gut microbiota were strongly
predicted by local geology and soil chemical properties. These
results support the emerging scientific consensus that, in
closely related host species, a host’s environment is a dominant
driver of gut microbial variation [12,51]. If such effects are
widespread, they have implications for how host environments
affect host physical functioning and health: A host’s external
ecology shapes their internal ecology with consequences for
the “ecosystem services” microbiomes provide to hosts.

(a) Environmental heterogeneities shape microbiota
Host behaviours and environments can have profound effects
on gut microbiota. These effects include hosts” social and
mating partners [13,51,52], prey [8] and physical environments
[8,13]. For instance, source tracking between sticklebacks, their
environments and food revealed that 13% of stickleback intes-
tinal OTUs are derived from surrounding water, and 73% are
from their prey [8]. In humans, microbiotas are similar
among people living in the same house [13,51]; in one recent
study, relatives only exhibited similar microbiota if they had
a history of sharing a household [51].

These environmental effects are important for two reasons.
First, they represent an underappreciated mechanism by which
environments influence an organism’s physical functioning.
Environmentally, acquired microbes can have long-term effects
on human health [53], short-term effects on metabolism [54]
and influence normal development [55]. Second, environ-
mental effects on microbiome composition call into question
arguments that hosts and their microbiotas represent holo-
bionts that act as coherent units of selection [25]. If gut
microbes are able to survive in both animal intestines and the
external environment—a question future studies should seek
to answer—focusing solely on the holobiont may miss an
important part of these microbes’ selective environments [56].

In our study, the dominant environmental drivers of
baboon gut microbiota were a site’s geological and soil proper-
ties. There are at least four explanations for this finding. First,
soil may predict the availability of baboon foods, and thus
diet composition. However, we included site vegetation as a
variable, which is probably a more direct measure of the
baboons” diets than soil; yet vegetation did not explain gut
microbial differences. Second, contaminating soil microbes
could explain our results. We think this explanation is unlikely
because mammalian faeces is one of the densest microbial
communities on Earth [30]. Hence, sequencing reads from con-
taminating soil microbes should be rare compared with those
from gut microbiota (less than 0.005% of total reads; see elec-
tronic supplementary material) and should not have an
appreciable effect on microbial abundance estimates for any
OTU. Notably, if soil contaminants introduced new OTUs

otherwise absent in baboon gut microbiota, our results
would be sensitive to removal of rare OTUs: they are not (see
electronic supplementary material). Third, microbes may
have colonized baboon faecal samples from soil or air after it
was deposited on the ground. However, in our time-series
experiment, samples exposed to the environment for up to 2
days did not differ substantially in microbial composition
compared to samples collected minutes after defaecation.

Fourth, and perhaps most interestingly, soil properties may
shape soil microbial communities, which in turn directly colo-
nize baboon intestines. Baboons are terrestrial primates that
spend the majority of their waking hours on the ground, and
their hands, feet and fur are often coated with soil. They con-
sume plants that lie close to the ground, especially grass
corms, which are covered in soil because baboons must
uproot the plant to access the corm. Baboons also groom conspe-
cifics, often licking the fur of other individuals who have been in
contact with soil. However, if soil microbes colonize baboon
guts, we do not know if they are dead or dormant, or if instead
they establish and become living members of the microbiome. In
other mammals, soil microbes may contribute to microbiome
function. In pikas, environmentally acquired gut microbes are
enriched for carbohydrate metabolism; it is unknown if these
microbes perform these functions for hosts [57]. Piglets exper-
imentally exposed to topsoil during lactation had more
diverse gut microbiomes, and improved growth and digestion
[58]. If soil microbes colonize primate intestines, terrestrial pri-
mates may be more exposed than arboreal primates. Reduced
contact with the soil may explain low macroparasite burdens
in arboreal primates [59], and new research suggests that the
same may be true for primate gut microbiota obtained from
soil [60]. In support, past work has found that sympatric terres-
trial primates, gorillas and chimpanzees share more bacterial
taxa than gorillas and chimps from disparate regions [5].

Amboseli had a particularly divergent local environment
and gut microbiota. Amboseli is a dry Pleistocene lake bed
with high levels of sodium in the soil (23.0%) and high soil
pH (10.6). High soil pH and sodium are associated with less
diverse and stable soil microbial communities [11,61]. This
low soil microbial diversity may, in turn, explain why baboons
from Amboseli had the lowest a-diversity in our study. In sup-
port, the population with the next saltiest soil, Nakuru (9.1%),
also had low a-diversity, and B-diversity similar to Amboseli,
although Nakuru was only represented by one sample. Such
effects could have consequences for Amboseli baboons; high
gut microbial a-diversity may promote microbiome stability
and resistance to invading pathogens [62,63], but whether
these effects occur in Amboseli is unknown.

(b) No evidence for species-typic microbiota across a
primate hybrid zone

Across primates, host species identity is a stronger predictor of
microbiota than sampling location, a pattern that has been repli-
cated in gorillas, chimpanzees and howler monkeys [5,7,64].
Further, primate gut bacteria exhibit strong phylosymbiosis:
bacterial phylogenies diverge with hominid phylogenies
across gorillas, humans, chimpanzees and bonobos [24]. These
results are commonly assumed to reflect host/microbe coevolu-
tion, strong vertical transmission and/or host genetic effects on
microbiome composition. If true, then we should also expect to
see species-typic microbiomes in recently diverged sister taxa
and their hybrids. However, in our study, neither host genetic
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ancestry nor pairwise genetic relatedness between hosts
explained baboon gut microbiota. Our study is the first to test
the effects of host genetics on gut microbiomes in a natural pri-
mate hybrid zone, and among the first to do so in any animal.
Our results contrast with previous studies, which found that
hybrids demonstrate altered microbiota from their progenitor
species [65], or that hybridized microbiomes lead to deleterious
health effects in mice [17], and death in wasps [25]. Because we
did not detect ancestry effects, gut microbial differentiation does
not contribute to speciation in baboons.

Data accessibility. Genetic sequencing data have been deposited in NCBI's
Short Read Archive under accession number PRINA517796 [66]. Data-
sets are available from the Dryad Digital Repository: https:/ /doi.org/

10.5061/dryad.2ts8094 [67]. Code is available from the Archie Lab
github at https://github.com/ArchieLab /grieneisen_etal_2019_PRSB.

Authors” contributions. E.A.A., L.E.G. and J.T. conceived and designed the
research. L.E.G. performed the laboratory work. G.B. provided gui-
dance on BEDASSLE. MJ.E.C,, E.A.A., ].T., S.C.A. and R.B. provided
sampling data, reagents, sequencing facilities, host genotype data
and provided input on the manuscript. L.E.G. and E.A.A. analysed
the data. L.E.G. and E.A.A. wrote the manuscript with input from all
authors. All authors read and approved the final manuscript.

Competing interests. The authors declare no competing interests.

References

1. Costello EK, Stagaman K, Dethlefsen L, Bohannan
BJ, Relman DA. 2012 The application of ecological
theory toward an understanding of the human 9.
microbiome. Science 336, 1255—1262. (doi:10.
1126/science.1224203)

2. Lankau EW, Hong P-Y, Mackie RI. 2012 Ecological 10.
drift and local exposures drive enteric bacterial
community differences within species of Galapagos
iguanas. Mol. Ecol. 21, 1779—1788. (doi:10.1111/].
1365-294X.2012.05502.x)

3. Linnenbrink M, Wang J, Hardouin EA, Kunzel S, 1.
Metzler D, Baines JF. 2013 The role of biogeography
in shaping diversity of the intestinal microbiota in
house mice. Mol. Ecol. 22, 1904—1916. (doi:10.
1111/mec.12206) 12.

4. Yatsunenko T ef al. 2012 Human gut microbiome
viewed across age and geography. Nature 486,

222-227. (doi:10.1038/nature11053)

5. Moeller AH, Peeters M, Ndjango J-B, Li Y, Hahn BH,

Ochman H. 2013 Sympatric chimpanzees and

6941.12195)

pnas.0507535103)

differences in stickleback gut microbiota. ISME J. 9,

2515. (doi:10.1038/ismej.2015.64)

Martiny JBH et al. 2006 Microbial biogeography: 17.
putting microorganisms on the map. Nat. Rev.

Microbiol. 4, 102—112. (doi:10.1038/nrmicro1341)

Székely AJ, Langenheder S. 2014 The importance of
species sorting differs between habitat generalists 18.
and specialists in bacterial communities. FEMS

Microbiol. Ecol. 87, 102—112. (doi:10.1111/1574-

Fierer N, Jackson RB. 2006 The diversity and 19.
biogeography of soil bacterial communities. Proc.
Nat! Acad. Sci. USA 103, 626—631. (doi:10.1073/

Kohl KD, Brun A, Magallanes M, Brinkerhoff J,

Laspiur A, Acosta JC, Caviedes-Vidal E, Bordenstein  20.
SR. 2016 Gut microbial ecology of lizards: insights

into diversity in the wild, effects of captivity,

variation across qut regions, and transmission. Mol.

Ecol. 26, 1175—1189. (doi:10.1111/mec.13921)

Funding. We acknowledge a Marie Curie International Reinte-
gration Grant (proposal 239301), the National Science
Foundation and the National Institutes of Aging, including 10S
1053461, DEB 1840223, R21 AGO055777, IBN 9985910, IBN
0322613, IBN 0322781, DEB 0846286, DEB 0846532, 10S 0919200
and R21 AG049936. We also thank Duke University, Princeton
University, the University of Notre Dame, the Chicago Zoological
Society, the Max Planck Institute for Demography, the L. S. B.
Leakey Foundation and the National Geographic Society for
support over the years.

Acknowledgements. We thank P. Titen, J. Ayroles, S. Kocher, J. Gordon,
A. Shaver, T. Voyles and T. Del Carpio for help with sample collec-
tion and storage; M. Berke for detailed information on geology;
and K. Heilman for advice on soil characteristic analyses. This is
ISEM publication number ISEM 2019-066. We thank the Kenya Wild-
life Services, Institute of Primate Research, National Museums of
Kenya, National Council for Science and Technology, and members
of the Amboseli-Longido pastoralist communities for their
cooperation and assistance in Kenya. Thanks go to the Amboseli
Baboon Project long-term field team (R. S. Mututua, S. Sayialel and
J. K. Warutere), and to V. Somen and T. Wango for assistance in Nair-
obi. We are grateful to J. Altmann for her leadership of the Baboon
Project. This research was approved by the IACUC at the University
of Notre Dame and Duke University and adhered to all the laws and
guidelines of Kenya.

Cell Rep. 18, 1739—-1750. (doi:10.1016/j.celrep.
2017.01.062)

Wang J et al. 2015 Analysis of intestinal microbiota
in hybrid house mice reveals evolutionary
divergence in a vertebrate hologenome. Nat.
Commun. 6, 6440. (doi:10.1038/ncomms7440)
Amato KR et al. 2013 Habitat degradation impacts
black howler monkey (Alouatta pigra)
gastrointestinal microbiomes. ISME J. 7,
1344-1353. (doi:10.1038/ismej.2013.16)

Lokmer A, Goedknegt MA, Thieltges DW, Fiorentino
D, Kuenzel S, Baines JF, Wegner KM. 2016 Spatial
and temporal dynamics of Pacific oyster hemolymph
microbiota across multiple scales. Front. Microbiol.
7, 1367. (doi:10.3389/fmich.2016.01367)
Charpentier MJ, Fontaine MC, Cherel E, Renoult JP,
Jenkins T, Benoit L, Barthes N, Alberts SC, Tung J.
2012 Genetic structure in a dynamic baboon hybrid
zone corroborates behavioural observations in a
hybrid population. Mol. Ecol. 21, 715-731. (doi:10.

gorillas harbor convergent gut microbial 13. Lax S et al. 2014 Longitudinal analysis of microbial 1111/j.1365-294X.2011.05302.x)
communities. Genome Res. 23, 1715—1720. (doi:10. interaction between humans and the indoor 21. Norton GW, Rhine RJ, Wynn GW, Wynn RD. 1987
1101/qr.154773.113) environment. Science 345, 1048—1052. (doi:10. Baboon diet: a five-year study of stability and

6. Yuan ML, Dean SH, Longo AV, Rothermel BB, 1126/science.1254529) variability in the plant feeding and habitat of the
Tuberville TD, Zamudio KR. 2015 Kinship, 14. Leibold MA, McPeek MA. 2006 Coexistence of the yellow baboons (Papio cynocephalus) of Mikumi

inbreeding and fine-scale spatial structure influence

gut microbiota in a hindgut-fermenting tortoise.

Mol. Ecol. 24, 2521-2536. (doi:10.1111/

mec.13169) 15.
7. Amato KR et al. 2016 Phylogenetic and ecological

factors impact the gut microbiota of two

Neotropical primate species. Oecologia 180,

717-733. (doi:10.1007/500442-015-3507-2)
8. Smith CCR., Snowberg LK, Gregory Caporaso J, 16.

Knight R, Bolnick DI. 2015 Dietary input of microbes

and host genetic variation shape among-population

niche and neutral perspectives in community

ecology. Ecology 87, 1399—1410. (doi:10.1890/
0012-9658(2006)87(1399:COTNAN]2.0.€0;2) 22.
Goodrich JK, Davenport ER, Clark AG, Ley RE.
2017 The relationship between the human
genome and microbiome comes into view. Annu.
Rev. Genet. 51, 413—433. (doi:10.1146/annurev-
genet-110711-155532)

Kreznar JH et al. 2017 Host genotype and

gut microbiome modulate insulin secretion

and diet-induced metabolic phenotypes.

National Park, Tanzania. Folia Primatol. 48,

78-120. (doi:10.1159/000156287)

Wango TL, Musiega D, Mundia CN, Altmann J, Alberts

SC, Tung J. 2017 Climate and land cover analysis

suggest no strong ecological barriers to gene flow in a

natural baboon hybrid zone. Int. J. Primatol. 40,

53-70. (doi:10.1007/s10764-017-9989-2)

23. Henzi P, Barrett L. 2003 Evolutionary ecology, sexual
conflict, and behavioral differentiation among
baboon populations. Evol. Anthropol.: Issues, News,
Rev. 12, 217-230.

LEVO6LOT 98T § 05 °Y 20id  qdsi/jeunol/bio buiysigndfianosielos H


https://doi.org/10.5061/dryad.2ts8094
https://doi.org/10.5061/dryad.2ts8094
https://github.com/ArchieLab/grieneisen_etal_2019_PRSB
https://github.com/ArchieLab/grieneisen_etal_2019_PRSB
http://dx.doi.org/10.1126/science.1224203
http://dx.doi.org/10.1126/science.1224203
http://dx.doi.org/10.1111/j.1365-294X.2012.05502.x
http://dx.doi.org/10.1111/j.1365-294X.2012.05502.x
http://dx.doi.org/10.1111/mec.12206
http://dx.doi.org/10.1111/mec.12206
http://dx.doi.org/10.1038/nature11053
http://dx.doi.org/10.1101/gr.154773.113
http://dx.doi.org/10.1101/gr.154773.113
http://dx.doi.org/10.1111/mec.13169
http://dx.doi.org/10.1111/mec.13169
http://dx.doi.org/10.1007/s00442-015-3507-z
http://dx.doi.org/10.1038/ismej.2015.64
http://dx.doi.org/10.1038/nrmicro1341
http://dx.doi.org/10.1111/1574-6941.12195
http://dx.doi.org/10.1111/1574-6941.12195
http://dx.doi.org/10.1073/pnas.0507535103
http://dx.doi.org/10.1073/pnas.0507535103
http://dx.doi.org/10.1111/mec.13921
http://dx.doi.org/10.1126/science.1254529
http://dx.doi.org/10.1126/science.1254529
http://dx.doi.org/10.1890/0012-9658(2006)87[1399:COTNAN]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2006)87[1399:COTNAN]2.0.CO;2
http://dx.doi.org/10.1146/annurev-genet-110711-155532
http://dx.doi.org/10.1146/annurev-genet-110711-155532
http://dx.doi.org/10.1016/j.celrep.2017.01.062
http://dx.doi.org/10.1016/j.celrep.2017.01.062
http://dx.doi.org/10.1038/ncomms7440
http://dx.doi.org/10.1038/ismej.2013.16
http://dx.doi.org/10.3389/fmicb.2016.01367
http://dx.doi.org/10.1111/j.1365-294X.2011.05302.x
http://dx.doi.org/10.1111/j.1365-294X.2011.05302.x
http://dx.doi.org/10.1159/000156287
http://dx.doi.org/10.1007/s10764-017-9989-2

24,

25.

26.

2].

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Moeller AH et al. 2016 Cospeciation of gut
microbiota with hominids. Science 353, 380.
(doi:10.1126/science.aaf3951)

Brucker RM, Bordenstein SR. 2013 The hologenomic
basis of speciation: gut bacteria cause hybrid
lethality in the genus Nasonia. Science 341,

667 —669. (doi:10.1126/science.1240659)

Bradburd G. 2014 BEDASSLE: Quantifies effects

of geo/eco distance on genetic differentiation
(version 1.5). See https://rdrr.io/cran/BEDASSLE.
Bradburd GS, Ralph PL, Coop GM. 2013
Disentangling the effects of geographic and
ecological isolation on genetic differentiation.
Evolution 67, 3258—3273. (doi:10.1111/ev0.12193)
Guillot G, Rousset F. 2013 Dismantling the Mantel
tests. Methods Ecol. Evol. 4, 336—344. (doi:10.1111/
2041-210x.12018)

Alberts SC, Altmann J, Archie EA, Tung J. 2016
Monitoring guide for the Amboseli baboon research
project: protocols for long-term monitoring and data
collection. See https://amboselibaboons.nd.edu/
assets/211484/abrp_monitoring_guide_sep2016.pdf.
Sender R, Fuchs S, Milo R. 2016 Revised estimates
for the number of human and bacteria cells in the
body. PLoS Biol. 14, €1002533. (doi:10.1371/
journal.pbio.1002533)

Raynaud X, Nunan N. 2014 Spatial ecology of
bacteria at the microscale in soil. PLoS ONE 9,
€87217. (doi:10.1371/journal.pone.0087217)

Menke S, Meier M, Sommer S. 2015 Shifts in the
gut microbiome observed in wildlife faecal samples
exposed to natural weather conditions: lessons from
time-series analyses using next-generation
sequencing for application in field studies.
Methods Ecol. Evol. 6, 1080—1087. (doi:10.1111/
2041-210X.12394)

Song SJ, Amir A, Metcalf JL, Amato KR, Xu ZZ,
Humphrey G, Knight R. 2016 Preservation methods
differ in fecal microbiome stability, affecting
suitability for field studies. mSystems 1, 00021-16.
Wang J. 2011 COANCESTRY: a program for
simulating, estimating and analysing relatedness
and inbreeding coefficients. Mol. Ecol. Resour. 11,
141-145. (doi:10.1111/j.1755-0998.2010.02885.x)
Durand E, Jay F, Gaggiotti OE, Francois 0. 2009
Spatial inference of admixture proportions and
secondary contact zones. Mol. Biol. Evol. 26,

1963 —1973. (doi:10.1093/molbev/msp106)

Goudet J. 2005 Hierfstat, a package for R to
compute and test hierarchical F-statistics. Mol. Ecol.
Resour. 5, 184—186.

Batjes N, Gicheru P. 2004 Soil data derived from
SOTER for studies of carbon stocks and change in
Kenya (GEF-SOC Project; Version 1.0). Wageningen,
The Netherlands: ISRIC.

Beicip. 1987 Geological map of Kenya. Rueil-
Malmaison, France: Ministry of Regional and Energy
Development of Kenya.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mayaux P, Bartholomé E, Fritz S, Belward A. 2004 A
new land-cover map of Aftica for the year 2000.
J. Biogeogr. 31, 861-877. (doi:10.1111/j.1365-
2699.2004.01073.x)

Desktop EA. 2014 70.2. 2. Redlands, CA:
Environmental Systems Research Institute (ESRI).
Hijmans R. 2016 Geosphere: spherical trigonometry.
R package version 1.5-5.

R Development Core Team. 2014 R: a language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing.
Oksanen J et al. 2012 vegan: community ecology
package.

Hothorn T, Bretz F, Hothorn MT. 2009 The
multcomp package. Technical Report 1.0-6, The R
Project for Statistical Computing. www.r-project.org.
Roberts D. 2007 labdsv: ordination and multivariate
analysis for ecology. R package version 1.

Gray MM et al. 2014 Ecotypes of an ecologically
dominant prairie grass (Andrapogon gerardii) exhibit
genetic divergence across the US Midwest
grasslands’ environmental gradient. Mol. Ecol. 23,
6011-6028. (doi:10.1111/mec.12993)

Therneau T. 2015 Coxme: mixed effects Cox models.
R package version 2.2-5. Vienna, Austria: R
Foundation for Statistical Computing.

Shade A, Handelsman J. 2012 Beyond the Venn
diagram: the hunt for a core microbiome. Environ.
Microbiol. 14, 4-12. (doi:10.1111/}.1462-2920.
2011.02585.%)

Reddy TBK et al. 2014 The Genomes OnLine
Database (GOLD) v.5: a metadata management
system based on a four level (meta)genome project
dlassification. Nucleic Acids Res. 43, D1099—D1106.
(doi:10.1093/nar/gku950)

Amato KRG et al. 2019 Evolutionary trends in host
physiology outweigh dietary niche in structuring
primate gut microbiomes. /SME J. 13, 576 587.
(doi:10.1038/541396-018-0175-0)

Rothschild D et al. et al. 2018 Environment dominates
over host genetics in shaping human gut microbiota.
Nature 555, 210. (doi:10.1038/nature25973)

Tung J et al. 2015 Social networks predict gut
microbiome composition in wild baboons. eLife

4, e05524.

Tasnim N, Abulizi N, Pither J, Hart MM, Gibson DL.
2017 Linking the gut microbial ecosystem with the
environment: does gut health depend on where we
live? Front. Microbiol. 8, 1935. (doi:10.3389/fmicb.
2017.01935)

Martinez KA, Devlin JC, Lacher (R, Yin Y, Cai Y,
Wang J, Dominguez-Bello MG. 2017 Increased
weight gain by C-section: functional significance of
the primordial microbiome. Sci. Adv. 3, eaao1874.
(doiz10.1126/sciadv.aa01874)

Mushegian AA, Walser J-C, Sullam KE, Ebert D. 2018
The microbiota of diapause: how host—microbe
associations are formed after dormancy in an

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

aquatic crustacean. J. Anim. Ecol. 87, 400-413.
(doi:10.1111/1365-2656.12709)

Lambert J. 2018 Should evolution treat our
microbes as part of us? Quanta Magazine. See
www.quantamagazine.org/should-evolution-treat-
our-microbes-as-part-of-us-20181120.

LiH, LiT Yao M, Li J, Zhang S, Wirth S, Cao W,
Lin Q, Li X. 2016 Pika gut may select for rare but
diverse environmental bacteria. Front. Microbiol.

7, 21269.

Vo N, Tsai TC, Maxwell C, Carbonero F. 2017 Early
exposure to agricultural soil accelerates the
maturation of the early-life pig gut microbiota.
Anaerobe 45, 31-39. (doi:10.1016/j.anaerobe.2017.
02.022)

Mbora DN, McPeek MA. 2009 Host density and
human activities mediate increased parasite
prevalence and richness in primates threatened by
habitat loss and fragmentation. J. Anim. Ecol. 78,
210-218. (doi:10.1111/j.1365-2656.2008.01481.x)
Perofsky AC, Lewis RJ, Meyers LA. 2018 Terrestriality
and bacterial transfer: a comparative study of gut
microbiomes in sympatric Malagasy mammals. [SME
J. 13, 50. (doi:10.1038/541396-018-0251-5)

Rietz DN, Haynes RJ. 2003 Effects of irrigation-
induced salinity and sodicity on soil microbial
activity. Soil Biol. Biochem. 35, 845—854. (doi:10.
1016/50038-0717(03)00125-1)

Dillon RJ, Vennard (T, Buckling A, Charnley AK.
2005 Diversity of locust gut bacteria protects against
pathogen invasion. Ecol. Lett. 8, 1291—1298.
(doi:10.1111/j.1461-0248.2005.00828.x)

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK,
Knight R. 2012 Diversity, stability and resilience of
the human gut microbiota. Nature 489, 220-230.
(doi:10.1038/nature11550)

McCord Al et al. 2013 Fecal microbiomes of non-
human primates in Western Uganda reveal species-
specific communities largely resistant to habitat
perturbation. Am. J. Primatol. 76, 347 —354.
(doi:10.1002/2jp.22238)

Li Z, Wright A-DG, Si H, Wang X, Qian W, Zhang Z.
2016 Changes in the rumen microbiome and
metabolites reveal the effect of host genetics on
hybrid crosses. Environ. Microbiol. Rep. 8,
1016—1023. (doi:10.1111/1758-2229.12482)
Grieneisen LE, Charpentier MJE, Alberts SC,
Blekhman R, Bradburd G, Tung J, Archie EA. 2019
Sequences from: Gut microbiome composition across
a baboon hybrid zone. NCBI Short Read Archive. See
www.ncbi.nlm.nih.gov/sra/PRINA517796.
Grieneisen LE, Charpentier MJE, Alberts SC,
Blekhman R, Bradburd G, Tung J, Archie EA. 2019
Data from: Genes, geology and germs: gut
microbiota across a primate hybrid zone are
explained by site soil properties, not host species.
Dryad Digital Repository. (https://doi.org/10.5061/
dryad.2ts8094).

LEVO6LOT 98T § 05 °Y 20id  qdsi/jeunol/bio buiysigndfianosielos H


http://dx.doi.org/10.1126/science.aaf3951
http://dx.doi.org/10.1126/science.1240659
https://rdrr.io/cran/BEDASSLE
http://dx.doi.org/10.1111/evo.12193
http://dx.doi.org/10.1111/2041-210x.12018
http://dx.doi.org/10.1111/2041-210x.12018
https://amboselibaboons.nd.edu/assets/211484/abrp_monitoring_guide_sep2016.pdf
https://amboselibaboons.nd.edu/assets/211484/abrp_monitoring_guide_sep2016.pdf
http://dx.doi.org/10.1371/journal.pbio.1002533
http://dx.doi.org/10.1371/journal.pbio.1002533
http://dx.doi.org/10.1371/journal.pone.0087217
http://dx.doi.org/10.1111/2041-210X.12394
http://dx.doi.org/10.1111/2041-210X.12394
http://dx.doi.org/10.1111/j.1755-0998.2010.02885.x
http://dx.doi.org/10.1093/molbev/msp106
http://dx.doi.org/10.1111/j.1365-2699.2004.01073.x
http://dx.doi.org/10.1111/j.1365-2699.2004.01073.x
http://www.r-project.org
http://dx.doi.org/10.1111/mec.12993
http://dx.doi.org/10.1111/j.1462-2920.2011.02585.x
http://dx.doi.org/10.1111/j.1462-2920.2011.02585.x
http://dx.doi.org/10.1093/nar/gku950
http://dx.doi.org/10.1038/s41396-018-0175-0
http://dx.doi.org/10.1038/nature25973
http://dx.doi.org/10.3389/fmicb.2017.01935
http://dx.doi.org/10.3389/fmicb.2017.01935
http://dx.doi.org/10.1126/sciadv.aao1874
http://dx.doi.org/10.1111/1365-2656.12709
http://dx.doi.org/10.1016/j.anaerobe.2017.02.022
http://dx.doi.org/10.1016/j.anaerobe.2017.02.022
http://dx.doi.org/10.1111/j.1365-2656.2008.01481.x
http://dx.doi.org/10.1038/s41396-018-0251-5
http://dx.doi.org/10.1016/S0038-0717(03)00125-1
http://dx.doi.org/10.1016/S0038-0717(03)00125-1
http://dx.doi.org/10.1111/j.1461-0248.2005.00828.x
http://dx.doi.org/10.1038/nature11550
http://dx.doi.org/10.1002/ajp.22238
http://dx.doi.org/10.1111/1758-2229.12482
http://www.ncbi.nlm.nih.gov/sra/PRJNA517796
https://doi.org/10.5061/dryad.2ts8094
https://doi.org/10.5061/dryad.2ts8094

	Genes, geology and germs: gut microbiota across a primate hybrid zone are explained by site soil properties, not host species
	Introduction
	Methods
	Study populations and sample collection
	Measuring genetic variation between baboon hosts and populations
	Measuring environmental differences between populations
	Measuring geographical distance between populations
	Characterizing gut microbiota in each sample
	Statistical analyses
	Between-population differences in gut microbiota
	Host genetic effects on gut microbial composition
	Testing the relative contributions of host environments, geographical distance and genetic ancestry to between-population differences in gut microbiota
	Predictors of gut microbial [alpha]-diversity
	Microbial lifestyle traits


	Results
	Gut microbiota differ between host populations
	Host genetic ancestry and genetic relatedness were not strong predictors of baboon gut microbiota
	Host environments predict between-population differences in baboon gut microbiota
	Environmental differences between sites predict the distribution of microbes and life-history traits

	Discussion
	Environmental heterogeneities shape microbiota
	No evidence for species-typic microbiota across a primate hybrid zone
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding

	Acknowledgements
	References


