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Animal sociality facilitates the transmission of pathogenic microorganisms among hosts, but the extent to
which sociality enables animals’ beneficial microbial associations is poorly understood. The question is critical
because microbial communities, particularly those in the gut, are key regulators of host health. We show ev-
idence that chimpanzee social interactions propagate microbial diversity in the gut microbiome both within
and between host generations. Frequent social interaction promotes species richness within individual micro-
biomes as well as homogeneity among the gut community memberships of different chimpanzees. Sampling
successive generations across multiple chimpanzee families suggests that infants inherited gut microorganisms
primarily through social transmission. These results indicate that social behavior generates a pan-microbiome,
preserving microbial diversity across evolutionary time scales and contributing to the evolution of host species-

specific gut microbial communities.

Humans and other primates acquire their resident microorganisms
from conspecifics through cohabitation and social interaction (I-3).
Therefore, primate sociality may be essential to the long-term preserva-
tion of the diverse residents of the gut microbiome, many of which ben-
efit hosts by training the immune system, metabolizing otherwise
indigestible molecules, protecting against opportunistic infections,
and synthesizing nutrients (4, 5). To evaluate the role of host social be-
havior in shaping gut microbial communities and in transmitting mi-
crobial diversity both within and between host generations, we coupled
more than eight years (November 2000 to December 2008) of behav-
ioral observation of Kasekela chimpanzees in Gombe, Tanzania, with
deep sequencing of their gut microbiomes.

Across the study period, chimpanzees displayed consistent seasonal
changes in social activity, allowing quantification of the influence of so-
cial behavior on the composition of chimpanzee gut microbiomes. Dur-
ing dry seasons, chimpanzees spend substantially more time alone or in
small groups, whereas during wet seasons, chimpanzees forage together
in larger groups (6). Accordingly, across the study period, we observed
that chimpanzee sociability, calculated as the proportion of time individ-
uals spent together on average [seasonal mean half-weight index of as-
sociation (HWTI)], was significantly higher each year during wet seasons
(November through April) than during dry seasons (May through Oc-
tober) (fig. S1).

Between November 2000 and December 2008, 96 fecal samples were
collected from 40 Kasekela individuals. In total, 14 individuals were
sampled as infants (age 0 to 5 years, n = 27 samples), 2 as juveniles
(age 5 to 8 years, n = 3 samples), 7 as adolescents (age 9 to 14 years,
n =9 samples), 18 as adults (age 16 to 34 years, n = 44 samples), and
6 as elderly (age >35 years, n = 13 samples). Samples were collected
throughout wet and dry seasons and assigned to individual hosts by
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direct observation as well as mitochondrial D-loop and microsatellite
genotyping (see table S1 for sample list). Libraries of 16S amplicons
were prepared from genomic DNA extracted from fecal samples and
sequenced to a mean depth of 103,040 reads per sample. Sequences
were quality-filtered, clustered into phylotypes, and assigned to taxo-
nomic groups in QIIME (Quantitative Insights into Microbial Ecology)
(7). An Operational Taxonomic Unit (OTU) table containing the phy-
lotype frequencies recovered from each sample is presented in table S2.

The gut microbiomes of socially interacting chimpanzees changed in
parallel across the study period (Fig. 1A). Microbiomes sampled in the
same season were, on average, more similar to one another than were
microbiomes sampled in different seasons (f test; P = 0.0012; Fig. 1B).
However, across the study period, microbial communities sampled dur-
ing wet seasons did not differ consistently from those sampled during
dry seasons in terms of either the relative abundances of bacterial phylo-
types or community membership (fig. S2). Analysis of similarities
(ANOSIM) of Bray-Curtis dissimilarities indicated that microbial com-
munities recovered from samples collected after the midpoint of the
study (around 1 May 2005) differed compositionally from those recov-
ered from samples collected before the midpoint of the study (P =
0.0010). This difference was evident in the third principal coordinate
of Bray-Curtis dissimilarities (Fig. 1A) but not in the first or second
principal coordinates (fig. S3), and samples collected after the midpoint
of the study did not differ in community membership, as measured by
the Sorensen-Dice dissimilarity, from those collected before the
midpoint of the study (fig. S3). Samples collected from different individ-
uals in the same season were, on average, as similar to one another as
were samples collected from the same individual in different seasons
(fig. S4; P=0.369). The parallel compositional changes in the gut micro-
biomes of Kasekela chimpanzees included the proliferation of several
microbial species (table S3), the most abundant of which being a 97%
bacterial OTU within Olsenella (fig. S5), a genus of Gram-positive, non-
motile, non-spore-forming Actinobacteria.

Compositional changes in chimpanzee gut microbiomes that accrued
over the study period were manifest in the next chimpanzee gener-
ation (Fig. 1C). We tested for vertical inheritance of gut microbial
communities by asking whether hosts of the same maternal line shared
more bacterial phylotypes on average than did unrelated hosts. For
three of the four maternal lines analyzed, samples collected spanned
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Fig. 1. Gut microbial communities of socially interacting chimpanzees change in parallel across host generations. (A) Microbiome samples from
individual chimpanzees plotted against the first and third principal coordinates of pairwise Bray-Curtis dissimilarities. Blue triangles represent samples
collected before 1 May 2005, and red circles represent samples collected after 1 May 2005. (B) Mean Sorensen-Dice dissimilarity between microbiomes
sampled in the same season (left) and between microbiomes sampled in different seasons (right). Error bars represent 95% confidence intervals (**P < 0.01).
(€) Microbiome samples only from infants plotted against the first and third principal coordinates of pairwise Sorensen-Dice dissimilarities. Sample labels follow
those in (A). (D) Mean Sorensen-Dice dissimilarity between gut microbiomes of the same maternal line (left) and between gut microbiomes of different maternal
lines (right). Error bars represent 95% confidence intervals. n.s., not significant; o = 0.05.
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two host generations, with the exception of the S family, for which three
generations were sampled. For a schematic displaying the frequency at
which each maternal line was sampled over the study period, see fig. S6.
The inheritance of gut microbial communities across generations
appeared to be primarily horizontal among socially-interacting hosts
rather than vertical from parent to offspring: the community member-
ships of individual microbiomes were as similar to those of unrelated
individuals as they were to those of kin (Fig. 1D). Although the gut mi-
crobiome’s initial inoculum typically comes from the mother (8), these
results suggest that, over the course of a lifetime, hosts acquire most of
their gut phylotypes through social interactions. The social inheritance
of gut microbial communities may be essential to the preservation of
microbial diversity over evolutionary time scales, as horizontal transfer
of gut symbionts will eliminate bottleneck-induced extinctions that oc-
cur stochastically when the transmission of microorganisms is strictly
from parent to offspring.

To further evaluate the degree to which social contact promotes co-
hesion among the gut microbiomes of interacting chimpanzees, we
tested for a relationship between the compositional homogeneity of
chimpanzee gut microbiomes during each season of sampling (as
measured by the mean Sorensen-Dice dissimilarity between individual
microbiomes) and the degree of sociability of chimpanzees during the
season of sampling (as measured by the seasonal mean HWI as an
indicator of general sociability). Chimpanzee gut microbiomes were
more compositionally homogeneous during seasons in which hosts
were more sociable than during seasons in which hosts were less socia-
ble (Fig. 2). The mean Sorensen-Dice dissimilarity between individual
gut microbiomes sampled during the same season showed an inverse
relationship with the mean HWT of the season in which the micro-
biomes were sampled (P = 0.00020; R* = 0.048), suggesting that
the frequency of social contact is associated with the exchange of mi-
croorganisms among hosts. Such exchanges may occur through direct
contact among interacting hosts, as has been observed in baboons (3), as
well as through indirect transfer via feces deposited in the environment.
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Fig. 2. Chimpanzee sociability promotes cohesion among gut micro-
biomes. Differences in community memberships (Sorensen-Dice dissimila-
rities) of chimpanzee gut microbiomes sampled in the same season plotted
against sociability of chimpanzees (mean HWI across all unique dyads of
adult male or female chimpanzees) during the season of sampling. Points
represent pairwise comparisons of microbiome community memberships.
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A possible alternative explanation for the compositional homo-
geneity among chimpanzee gut microbiomes during seasons of high so-
ciability is that chimpanzees consumed more similar diets during
seasons of high sociability. We evaluated this hypothesis by testing for
a positive association between dietary variability among chimpanzees
and sociability as well as between dietary variability among chimpan-
zees and Bray-Curtis dissimilarity among microbiomes. Within-season
dietary variation among chimpanzees, as measured by the variance in
the proportion of food types across chimpanzee diets, was neither neg-
atively associated with seasonal mean HWTI nor positively associated
with mean Bray-Curtis dissimilarity. In fact, variance across individuals
in the proportion of fruit in the diet (table S4) was positively associated
with HWI (P = 0.047; R* = 0.17). Therefore, dietary convergence does not
appear to explain the convergence among the chimpanzee-microbiome
community memberships during periods of high sociability. This result
indicates that although diet prominently influences the relative abun-
dances of bacterial taxa in the gut microbiome (9), the gut microbiome’s
community membership is populated primarily by dispersal from con-
specific hosts.

Although we observed increases in the relative abundances of
Olsenella and other phylotypes over time (fig. S5 and table S3), the de-
gree of chimpanzee sociability (HWI) was not significantly associated
with either the relative abundance or the presence/absence of any specif-
ic bacterial phylotypes (table S5). However, consistent with the exchange
of microorganisms among socially interacting hosts, chimpanzee socia-
bility was positively associated with species richness within individual
juvenile, adolescent, and adult gut microbiomes (P = 0.0277; R> = 0.076;
Fig. 3A). Species richness within individual juvenile, adolescent, and
adult gut microbiomes was also positively associated with dietary even-
ness (DE; P = 0.0265; R* = 0.077; Fig. 3B), measured as Shannon’s even-
ness index of the proportion of fruit, leaves, and insects in the chimpanzee
diet (table S6). We used likelihood ratio tests of generalized linear
mixed-effects models to test whether sociability and DE each indepen-
dently influences species richness within individual chimpanzee gut mi-
crobiomes (Supplementary Materials and Methods). This analysis
revealed that species richness can be better predicted by a combination
of sociability and DE than by DE alone (P = 0.00034) or sociability alone
(P =0.00099) (Fig. 3C), supporting the hypothesis that sociability and
DE each independently promotes species richness within individual
chimpanzee gut microbiomes. In many animals, microbial species rich-
ness in the microbiome provides protection against potential pathogens
(10-12). In humans, low species richness in the gut microbiome has
been associated with Clostridium difficile infection (13) and Crohn’s dis-
ease (14). Although social interactions can promote the spread of patho-
gens (1), our results suggest that sociality may also provide protection
against disease by fostering commensal and mutualistic microbial diver-
sity. However, further studies are necessary to test whether the fluctua-
tions in microbial diversity we observed alter the protective effects of
chimpanzee gut microbial communities.

The Kasekela chimpanzees at Gombe cultivate a microbial meta-
community, in which chimpanzee gut microbiomes are connected to
one another through the social interactions of their hosts. These results
indicate that human social interactions may also generate microbial
meta-communities comprised of individual microbiomes (15). The fact
that the variability among hosts in microbiome community member-
ship was negatively associated with host social activity (Fig. 2A), com-
bined with the observation that microbial species richness per
individual was positively associated with host social activity (Fig. 2B),
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Fig. 3. Chimpanzee sociability and DE each promotes species richness
within individual gut microbiomes. (A) Microbial species richness of indi-
vidual gut microbiomes plotted against chimpanzee sociability during the
season of sampling (mean HWI across all unique dyads of adult male or female
chimpanzees). (B) Microbial species richness of individual gut microbiomes
plotted against chimpanzee DE (Shannon'’s evenness index of the proportions
of dietary foodstuffs; table S6) during the season of sampling. In (A) and (B), the
P value indicating whether the slope of the trend line differs from zero is shown.
(©) Log likelihood of a model of species richness containing HWI and DE versus
the log likelihoods of models of species richness containing HWI alone or DE alone.
Significant differences were determined by the likelihood ratio test (***P < 0.001).
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fulfills long-standing predictions of metacommunity theory that
increasing dispersal among community patches (that is, individual chim-
panzees) should both homogenize the compositions of patches and foster
the maintenance of species richness (16). Moreover, our results corrob-
orate previous work that revealed strong associations between the de-
gree of grooming contact between baboons and the degree of overlap
between the species and genic compositions of baboon gut microbial
communities (3). Together, observations in chimpanzees and baboons
suggest that social transmission of gut microorganisms may be
widespread across social animals.

Each primate species, including Hormo sapiens, maintains a compo-
sitionally distinct gut microbiome that reflects the ecology and evolution-
ary history of its host (17-21I). Viewing the gut microbial communities
of a host population as a pan-microbiome cultivated by social interac-
tion offers new insights into how the compositions of gut microbiomes
might diverge over evolutionary time scales. The social transmission of
microorganisms among hosts will create a greater diversity of microbial
consortia on which selection can operate, potentially speeding up the
rate of microbial adaptation (16). However, by reducing the efficiency
at which selection can purge microbial associations that are detrimental
to host fitness, social transmission will likely slow the rate at which gut
microbial species evolve mutualistic effects (22). The frequent social
transmission of microorganisms within host populations, coupled with
the evolution and/or turnover of the microbial populations being
transmitted, is sufficient to generate compositional differences between
the gut microbial communities of host populations, even in the absence
of evolutionary divergence between the host populations themselves.
Microbiome divergence between isolated host populations may accrue
in a manner analogous to genetic drift, in which the size and structure of
host populations influence the rate at which host-associated microbial
communities change over evolutionary time. Given the stark differences
between human and chimpanzee social structures, our results indicate a
need to thoroughly explore the relationship between social networks
and microbiome composition in human societies.

The long-term monitoring of the gut microbiomes of Kasekela
chimpanzees revealed a prominent role for social behavior in the pres-
ervation of commensal and mutualistic relationships between hosts and
their resident microorganisms. Pan-microbiomes, such as the one
cultivated by Kasekela chimpanzees in Gombe, are likely widespread
across social animals, including humans, although the dynamics of
the human pan-microbiome have not been investigated because of a
lack of longitudinal monitoring of the microbiomes of human social
groups. Our results suggest that changes in the human pan-microbiome
occurring today as a result of modern life-styles (1, 21, 23, 24) could be
inherited by future generations.

MATERIALS AND METHODS

Behavioral and dietary data collection

Data on social behavior and dietary composition were collected through
all-day focal animal observation of identified individuals (25). Over the
study period, 50 individuals were subjected to focal observation. During
focal observations, arrivals and departures of other individuals were re-
corded continuously, as were food types consumed during each feeding
bout. Note that the estimated proportions of each food type in chimpan-
zee diets are based on the observed time chimpanzees spent foraging on
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each food type rather than on direct measurements of the amount of
food ingested.

For each individual, seasonal tendencies to associate with other
chimpanzees were quantified using HWI, which estimates the propor-
tion of time any two individuals spent together. To minimize sample
bias and autocorrelation, HWI was calculated on the basis of the fre-
quency of daily first encounters of an individual—either alone or in a
group of individuals—with the focal individual rather than on total time
in association, following previous work (26). HWI was calculated only
for individuals seen >10 times in a given season and for those dyads for
which both partners were alive at the beginning and end of the season.
To quantify the composition of the diet of each focal individual in each
season, the relative proportion of each food type was calculated as the
ratio of time spent feeding on that food type and the total time spent
feeding across all focal observations.

Sample collection and screening

Fecal samples were collected from chimpanzees under direct observa-
tion. The source individual for each sample was verified by genetic mark-
ers as described elsewhere (27). Samples were immediately suspended
in RNAlater. Upon collection, samples were suspended in an equal vol-
ume of RNAlater and stored at —80°C. Fecal samples were tested for
SIVcpz antibodies by Western blot analysis as reported previously by
Keele et al. (28). The four samples that tested positive for SIVcpz came
from a single infected individual that did not display an abnormal mi-
crobiome compositional profile, which can sometimes manifest in
SIVcpz-positive chimpanzees (29).

Sample processing and sequencing

Genomic DNA was extracted from each sample by a bead-beating
procedure (30). The V4 region of 16S recombinant DNA was amplified
through polymerase chain reaction performed in triplicate using
barcoded primers 515F and 806R following previously described
protocols (21). Resulting amplicons were sequenced on the Illumina
MiSeq platform.

Sequence quality control, taxonomy, and diversity estimates
Sequences were filtered in QIIME (7) using the split_libraries.py and
default settings. High-quality reads were clustered into 97% OTUs (that
is, phylotypes) via de novo uclust. Representative sequences were cho-
sen from each OTU and assigned to taxonomic lineages with the RDP
classifier using a confidence threshold of 80. To reduce spurious OTUs
and to restrict our analyses to the long-term residents of the gut micro-
biome, OTUs present at a frequency of <0.0001 were removed from
further analysis. Each sample was then subsampled to an even depth
of 10,000 reads. Sorensen-Dice and Bray-Curtis dissimilarities for all
pairwise comparisons of samples (B diversity) as well as observed mi-
crobial species per sample (a diversity) were calculated in QIIME.

Testing for parallel evolution of chimpanzee

gut microbiomes

Principal coordinates of both weighted and Sorensen-Dice dissimilari-
ties were calculated and PCoA plots were produced in QIIME. ANOSIM
was implemented in QIIME to test whether microbiome samples from
the second half of the study period differed compositionally from those
of the first half and to test whether microbiome samples differed com-
positionally from year to year.

Moeller et al. Sci. Adv. 2016;2:e1500997 15 January 2016

Testing for individual signatures in chimpanzee

gut microbiomes

To test whether individual microbiomes maintained distinct composi-
tions, a Student’s ¢ test comparing the mean pairwise Bray-Curtis dis-
similarity between samples collected from the same individual with the
mean pairwise Bray-Curtis dissimilarity between samples collected
from different individuals in the same season was performed.

Evaluating the inheritance of microbiome constituents

To test whether individual microbiomes resembled those of their kin
more closely than they did those of unrelated individuals, a Student’s
t test comparing the mean pairwise Bray-Curtis dissimilarity between
samples collected from individuals of the same maternal line with the
mean pairwise Bray-Curtis dissimilarity between samples collected
from unrelated individuals was performed. This analysis considered
four maternal lines: the F, G, S, and T families (table S1).

Identifying associations among chimpanzee sociability, diet,
and microbiome composition

Regressions among sociability, diet composition, o diversity, and B di-
versity were performed in R. Diet composition was quantified in terms
of the proportion of fruit, leaves, and insects. Multiple regressions were
performed to test for associations between microbiome composition
and the proportion of individual food types as well as DE, defined as
Shannon’s evenness index of the proportions of food types listed in table
S6. The regression of mean HWTI and observed species as well as the
regression of DE and observed species considered the microbiomes of
juvenile, adolescent, and adult chimpanzees from years in which
samples were collected during wet (15 November to 14 May) and dry
(15 May to 14 November) seasons. Two samples with an o diversity
>3 SDs from the mean were excluded from analysis. Significant associa-
tions were further evaluated through comparisons of mixed linear
effects models.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/1/e1500997/DC1

Materials and Methods

Fig. S1. Seasonal variation in chimpanzee sociability.

Fig. S2. Temporal shift in microbiome composition is not evident in PC2 of Bray-Curtis
dissimilarities or PC1, PC2, or PC3 of Sorensen-Dice dissimilarities.

Fig. S3. Lack of differentiation between wet- and dry-season gut microbial communities.
Fig. S4. Testing for signatures of host individual in chimpanzee gut microbiomes.

Fig. S5. Proliferation of an Olsenella phylotype over time.

Fig. S6. Sampling of chimpanzee maternal lines.

Table S1. Fecal sample metadata.

Table S2. OTU table of chimpanzee gut microbiomes.

Table S3. Temporal shifts in bacterial frequencies.

Table S4. Among chimpanzee variance in fruit consumption across sampling seasons.

Table S5. Correlations between chimpanzee HWI and bacterial relative abundances.

Table S6. Consumption of food types by chimpanzees across seasons.
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