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Abstract

Humans and non-human primates (NHPs) harbor complex gut microbial communities that affect phenotypes and fitness. The

gut microbiotas of wild NHPs reflect their hosts’ phylogenetic histories and are compositionally distinct from those of humans,

but in captivity the endogenous gut microbial lineages of NHPs can be lost or replaced by lineages found in humans. Despite

its potential contributions to gastrointestinal dysfunction, this humanization of the gut microbiota has not been investigated

systematically across captive NHP species. Here we show through comparisons of well-sampled wild and captive populations of

apes and monkeys that the fraction of the gut microbiota humanized by captivity varies significantly between NHP species but

is remarkably reproducible between captive populations of the same NHP species. Conspecific captive populations displayed

significantly greater than expected overlap in the sets of bacterial 16S rRNA gene variants that were differentially abundant

between captivity and the wild. This overlap was evident even between captive populations residing on different continents but

was never observed between heterospecific captive populations. In addition, we developed an approach incorporating human gut

microbiota data to rank NHPs’ gut microbial clades based on the propensity of their lineages to be lost or replaced by lineages

found in humans in captivity. Relatively few microbial genera displayed reproducible degrees of humanization in different

captive host species, but most microbial genera were reproducibly humanized or retained from the wild in conspecific pairs

of captive populations. These results demonstrate that the gut microbiotas of captive NHPs display predictable, host-species

specific responses to captivity.

Predictable and host-species specific humanization of the gut microbiota in captive primates

Jennifer L. Houtz1+, Jon G. Sanders1, Anthony Denice2,3, Andrew H. Moeller1+

1Cornell University, Department of Ecology and Evolutionary Biology, Ithaca, New York 14850, USA

2Project Chimps, Blue Ridge, Georgia 30513, USA

3Chimpanzee Sanctuary Northwest, Cle Elum, Washington 98922, USA

+corresponding author: jlh498@cornell.edu, ahm226@cornell.edu

Abstract: Humans and non-human primates (NHPs) harbor complex gut microbial communities that affect
phenotypes and fitness. The gut microbiotas of wild NHPs reflect their hosts’ phylogenetic histories and
are compositionally distinct from those of humans, but in captivity the endogenous gut microbial lineages
of NHPs can be lost or replaced by lineages found in humans. Despite its potential contributions to gas-
trointestinal dysfunction, this humanization of the gut microbiota has not been investigated systematically
across captive NHP species. Here we show through comparisons of well-sampled wild and captive popula-
tions of apes and monkeys that the fraction of the gut microbiota humanized by captivity varies significantly
between NHP species but is remarkably reproducible between captive populations of the same NHP species.
Conspecific captive populations displayed significantly greater than expected overlap in the sets of bacterial
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16S rRNA gene variants that were differentially abundant between captivity and the wild. This overlap was
evident even between captive populations residing on different continents but was never observed between
heterospecific captive populations. In addition, we developed an approach incorporating human gut micro-
biota data to rank NHPs’ gut microbial clades based on the propensity of their lineages to be lost or replaced
by lineages found in humans in captivity. Relatively few microbial genera displayed reproducible degrees of
humanization in different captive host species, but most microbial genera were reproducibly humanized or
retained from the wild in conspecific pairs of captive populations. These results demonstrate that the gut
microbiotas of captive NHPs display predictable, host-species specific responses to captivity.

Introduction

The gut microbial communities of humans and wild living primates reflect the evolutionary histories of their
hosts (Ochman et al. 2010; Moeller et al. 2014; Amato et al. 2019). Each host species’ gut microbiota
contains a distinct set of microbial lineages, some of which have co-diversified with primate species (Moeller
et al. 2016). However, gut microbial lineages that are confined to geographically separated wild populations
of host species can be transmitted between host species when individuals come into direct contact. Similarly,
shared environments can lead to the parallel gain or loss of lineages from the gut microbiota in co-occurring
host populations, reducing differentiation of the gut microbiota. For example, studies of captive non-human
primates (NHPs) have demonstrated that captivity leads to partial convergence of NHP gut microbiota with
human gut microbiota (Clayton et al. 2016). In both apes (Uenishi et al. 2007; McKenzie et al. 2017;
Frankel et al. 2019; Campbell et al. 2020; Narat et al. 2020) and monkeys (Nakamura et al. 2011; Clayton
et al. 2016; McKenzie et al. 2017; Tsukayama et al. 2018; Frankel et al. 2019; Hale et al. 2019; Lee et
al. 2019), the gut microbiotas of captive NHP populations are distinct from those of wild populations. In
addition, captive the gut microbiotas of captive NHPs are often more compositionally similar to human gut
microbiotas than are the gut microbiotas of wild living conspecific NHP populations (Clayton et al. 2016).
The disruption and humanization of the endogenous gut microbiota in captive primates has been implicated
in the gastrointestinal diseases often experienced by these populations (McKenna et al. 2008; Amato et al.
2016; Shigeno et al. 2018).

Despite the potential importance of humanization of the gut microbiota for the health of captive NHPs,
this process, which can proceed through the gain of microbial lineages found in humans or the loss of gut
microbiota constituents private to wild NHPs, has not been systematically evaluated across captive NHP
populations. It is currently unclear whether humanization of the primate gut microbiota tends to be underlain
by specific sets of microbial lineages or whether all lineages in the primate gut microbiota are equally prone
to humanization. Similarly, the degree to which the probability of humanization of specific microbial lineages
in captivity varies across primate populations and species is unknown.

One limitation of previous studies that has hindered the identification of specific microbial lineages that
respond to captivity in NHP species is the lack of population-level host sampling. Several previous studies
have examined the effects of captivity in the gut microbiota in multiple NHP species (Nakamura et al. 2011;
McKenzie et al. 2017; Tsukayama et al. 2018; Frankel et al. 2019; Hale et al. 2019; Lee et al. 2019), but
these have rarely examined more than ten individuals in captivity per NHP species. Sample size is often
an insurmountable constraint given the limited sizes of captive NHP populations. Previous studies have
had power to detect broad differences in gut microbiota composition between captive and wild populations
(e.g., differences in microbiota alpha and beta diversity), but have typically not had power to test for effects
of captivity on each individual microbial lineage in the gut microbiota. Another limitation of previous
studies has been the lack of replicate captive NHP populations from the sample species, which are required
in order to test the reproducibility and predictability of the effects of captivity on the gut microbiota of
NHP species. One exception to these limitations is a previous study of wild and captive red-shanked doucs
that sampled >30 captive individuals from two replicate captive populations, observing some evidence of
reproducible effects of captivity (Clayton et al. 2016). Repeating such sampling regimes, in which relatively
large numbers of individuals are sampled from multiple independent conspecific captive populations, in other
NHP species promises to reveal whether NHP species display reproducible, NHP-species specific responses
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to captivity.

Here, we sequenced the gut microbiota of captive chimpanzees retired from the New Iberia Research Center
and combined our data with gut microbiota datasets from humans, wild chimpanzees, and additional captive
and wild populations of chimpanzees, gorillas, and red-shanked doucs. Each captive and wild population
was represented by >15 individuals, enabling tests for differentially abundant microbial lineages between
wild and captive individuals as well as microbial signatures of humanization within individual gut microbial
clades. Results showed that gut microbial lineages were remarkably consistent in the degree to which they
were humanized in replicate captive primate populations from the same species. However, the fraction
of the gut microbiota that was humanized in captivity varied significantly among primate species. These
results indicate that the sets of microbial taxa that are humanized in the captive primate gut microbiota are
predictable but dependent on host species identity.

Materials and Methods

Sample Collection and Processing

Fresh fecal samples were collected from 17 captive-born captive chimpanzees during their transport from
the New Iberia Research Center, Louisiana, USA to Project Chimps Sanctuary, Georgia, USA in March and
September of 2018. Samples were immediately stored at -20°C then transferred to -80°C within one month.
DNA was extracted using DNeasy PowerSoil PowerLyzer DNA Extractions kits according to the manufactur-
er’s protocol. Amplicons of the V4-V5 regions of the 16S rRNA gene were generated using 515F/926R primers
based on the Earth Microbiome Project (EMP) 16S Illumina Amplicon protocol (Thompson et al. 2017).
Amplicons were sequenced on an Illumina MiSeq platform using V3 chemistry and 2×250 bp paired-end
reads at the Weill Cornell Medicine Microbiome Core Lab following methods of the EMP.

Combining NHP and human data for meta-analyses

Raw FASTQ sequence files and metadata from the captive chimpanzee samples were uploaded to the public
database Qiita (Gonzalez et al. 2018) as study ID 12140 and processed using the database’s implementation
of the Quantitative Insights Into Microbial Ecology (QIIME2) software. We combined our data from captive
chimpanzees (Pan troglodytes subspp. ) retired from the New Iberia Research Center (USA2) with gut
microbiota 16S rDNA datasets from wild chimpanzees (Pan troglodytes schweinfurthii ) (n = 96) from
Tanzania (Moeller et al. 2016b) (TZA), wild chimpanzees (P. t. troglodytes ) (n = 18) and gorillas (Gorilla
gorilla gorilla ) (n = 28) from the Democratic Republic of the Congo (DRC), captive chimpanzees (P. t.
subspp. ) (n = 18) and gorillas (G. g. subspp. ) (n = 15) from the United States (USA1) (Campbell et al.
2020), wild red-shanked doucs (Pygathrix nemaeus ) from Vietnam (VNM) (n = 66), and captive red-shanked
doucs (P. n. ) from Singapore (SGP) (n = 15) and the United States (USA) (n = 12) (Clayton et al., 2016).
This combined wild and captive NHP gut microbiota dataset was then merged with a dataset from humans
(n = 528) living in the USA (Yatsunenko et al. 2012). Forward and reverse sequences were demultiplexed
and quality filtered using default settings. High-quality reads were trimmed to equal length and amplicon
sequence variants (ASVs) were identified using Deblur. Data were rarefied to 10,000 sequences per sample
and exported from Qiita for analyses in QIIME2 v 2018.11 (Boylen et al. 2019).

Taxonomy and diversity analyses

Taxonomy was assigned to ASVs by fitting a naive-Bayes classifier trained on the Greengenes v.13 8 99%
OTUs reference using the sk-learn classifier. A phylogenetic tree was constructed by inserting the sequences
into the Greengenes 13 8 reference tree using the QIIME2 plugin q2-fragment-insertion, which uses the SEPP
insertion method. Shannon entropy and Chao1 alpha diversity indices were calculated for each sample. The
Shannon index measures richness and evenness, whereas Chao1 measures the abundance weighted ASV
richness within a microbiota. To examine the sharing of ASVs between captive and wild NHPs and humans,
the binary Sorensen-Dice dissimilarly was calculated for each pair of samples (Dice 1945). Binary Sorensen-
Dice dissimilarities were calculated as one minus the quotient of the total number of ASVs shared between
two samples by the sum of the total number of ASVs in each sample.
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Statistical analyses of alpha and beta diversity

Alpha diversity metrics including Shannon index and Chao1 were compared using Kruskal-Wallis tests. For
Sorensen-Dice beta diversity, permutational multivariate analysis of variation (PERMANOVA) and Monte-
Carlo nonparametric permutation tests were conducted in QIIME to statistically partition the sources of
variation in community structure using 999 permutations. Sorensen-Dice dissimilarities among all samples
were visualized through ordination using principal coordinates analysis (PCoA) and plots in EMPeror. Pear-
son correlations and Spearman ranked correlations among log-transformed HSSs and MCSs were conducted
with the “stats” package in R v 4.0.4 (R Core Team 2021).

Detection of differentially abundant microbial ASVs and genera between captive and wild populations

ANCOM2 (Mandal et al. 2015) was employed in R (github.com/FrederickHuangLin/ANCOM) to test whe-
ther any individual microbial ASVs or genera were differentially abundant between the captive and wild
individuals for every captive NHP population. Each analysis focused on ASVs or genera present in >10%
of samples from the pair of captive and wild populations. Volcano plots displaying differentially abundant
ASVs and genera were created in R with ggplot2. For these analyses, captive chimpanzees retired from the
New Iberia Research Center (USA2) were paired with wild chimpanzees from Tanzania (TZA) and zoo cap-
tive chimpanzees (USA1) were paired with wild chimpanzees from the DRC (DRC). Pairings were chosen
such that samples from wild and captive conspecific populations were processed and sequenced by the same
laboratories, minimizing any potential study effects that could confound downstream analyses.

In addition, we tested whether microbial ASVs and genera differed repeatedly in relative abundance between
the wild and captivity in multiple captive NHP populations. Specifically, we employed hypergeometric tests
to assess the significance of the overlap between the sets of microbial taxa (i.e., ASVs and genera) whose
abundances differ from the wild in pairs of captive NHP populations. These analyses tested whether the
number of microbial taxa that shifted in relative abundance in the two captive NHP populations relative
to wild conspecific NHP populations was significantly greater than the number expected by chance, given
the observed number of microbial taxa shared between the multiple replicate captive NHP populations. In
addition, we employed regression analyses to test for significant associations of W statistics between pairs of
captive NHP populations.

Host Specificity Scores and Microbiota Convergence Scores

We developed a statistic, the Host Specificity Score (HSS), to assess microbial genus-specific patterns of
humanization in captive NHP gut microbiotas. This statistic was defined for a microbial genus in a captive
NHP population as the mean binary Sorensen-Dice dissimilarity of the ASV composition of the genus between
the captive NHP population and humans divided by the mean binary Sorensen-Dice dissimilarity of the ASV
composition of the genus between the captive NHP population and a conspecific wild-living population. HSSs
of >1 indicate that the ASV composition of the microbial clade is more similar between captive NHPs and
wild-living conspecifics than between captive NHPs and humans. In contrast, a score of <1 indicates that the
ASV composition of the microbial clade is more similar between captive NHPs and humans than between
captive NHPs and wild-living conspecifics.

In order to calculate HSSs, we split the ASV table containing all samples by microbial genus and calculated
genus-level mean binary Sorensen-Dice (BSD) dissimilarities between captive NHPs and wild conspecifics
as well as between captive NHPs and humans. ASVs without taxonomic assignments and microbial genera
detected by fewer than 5 reads were excluded from downstream analyses. Asin the ANCOM analyses descri-
bed above, captive chimpanzees retired from the New Iberia Research Center (USA2) were paired with wild
chimpanzees from Tanzania (TZA) and zoo captive chimpanzees (USA1) were paired with wild chimpanzees
from the DRC (DRC). The HSS for each genus was calculated and log-transformed for regression analyses.

In addition to HSSs, we also calculated for each microbial genus in each captive NHP population a Microbiota
Convergence Score (MCS). This index measures the degree to which the ASV composition of the genus in
a captive NHP has converged with the ASV composition of the genus in humans relative to the ASV
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composition of the genus in the wild conspecific NHP population. Descriptions of these analyses are presented
in the Supplemental Materials and Methods. For both HSSs and MCSs, heatmaps were calculated in R
using heatmap.2 with the parameter scale=“col” and default settings. In addition to analyses based on
the Yatsunenko et al. (2012) dataset, we also calculated per genus HSSs and MCSs for each captive NHP
population using an American Gut dataset (McDonald et al., 2018) (Supplementary Materials and Methods).
All scripts used to calculate HSSs and MCSs are publically available at github.com/CUMoellerLab/Houtz -
etal 2021-NHP microbiome.

Results

Sequencing and comparisons of NHP and human gut microbiomes

We sequenced 16S rDNA extracted from 18 fecal samples collected from captive chimpanzees upon their
arrival at Project Chimps sanctuary, generating 1,406,091 million high-quality sequences with an average
of 80,704 reads per sample. These data were combined with published V4-V5 16S rDNA amplicon datasets
containing matched populations of captive and wild primates from the same species, including doucs, chim-
panzees, and gorillas as well as 16S rDNA datasets collected from human populations in the United States,
the country in which most captive NHP individuals represented in the combined dataset resided. One fecal
sample from a captive chimpanzee (chimp.17) dominated by a single ASV (>50% of reads) was removed
from downstream analyses. The total dataset contained 796 samples rarefied to an even depth of 10,000 reads
per sample. A list of samples and their corresponding metadata are presented in Table S1. Sample metadata
corresponding to published datasets are available in the supplementary materials of their respective studies
(Clayton et al., 2016; Moeller et al., 2016; Campbell et al., 2020). A map of sampling locations for wild and
captive NHPs is presented in Figure S1.

Altered microbiota diversity in captive NHPs relative to wild conspecific NHPs

We tested for effects of host species identity and captivity state on microbiota alpha and beta diversity using
16S rDNA sequences from captive chimpanzee samples generated by the present study (Captive chimpanzees
USA2) and published data from humans (Humans), wild chimpanzees (Wild chimpanzees TZA; Wild chim-
panzees DRC), and captive and wild red-shanked doucs (Captive douc SGP, Captive douc USA, Wild douc
VNM). Captive populations tended to display reduced Shannon entropy relative to wild conspecifics (Figure
S2; Table S2). However, results from Chao1 analyses were mixed, with captive doucs displaying lower alpha
diversity than wild conspecifics but captive chimpanzees and gorillas displaying higher alpha diversity than
wild conspecifics (Figure S2; Table S2).

Analyses of beta diversity indicated that the gut microbiotas of captive primate populations were compo-
sitionally distinct from the gut microbiotas of wild conspecifics (PERMANOVA p -value = 0.001 in each
comparison). This distinctiveness of captive and wild NHP gut microbiotas was evident in principal coor-
dinates analyses based on Sorensen-Dice distances (Figure 1A). Moreover, for each NHP species the gut
microbiotas of captive populations were significantly more similar to those of humans than were the gut mi-
crobiotas of wild-living conspecific populations (Figure 1B) (Monte-Carlo nonparametric permutation tests
p -value = 0.001). The relative abundances of ASVs for each sample are presented in Table S3. The relative
abundances of microbial genera for each sample are presented in Table S4.

No ASVs or genera were differentially abundant between captive and wild in all NHP species

We next employed ANCOM to test for ASVs that were differentially abundant between captive and wild
individuals for each captive NHP population. These analyses indicated that hundreds of ASVs were diffe-
rentially abundant between captive and wild individuals in at least one captive NHP population (Figure S3,
Table S5). However, of the 262 ASVs detected in >2 of the 6 captive NHP populations, none were differen-
tially abundant between captive and wild individuals in >2 of the 6 captive NHP populations (Table S5).
Similarly, dozens of microbial genera were differentially abundant between captive and wild individuals in at
least on captive NHP population (Figure 2, Table S6), but none were differentially abundant between captive
and wild individuals in >3 of the 6 captive NHP populations (Table S6). This observation indicates that
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the individual ASVs and genera that were overrepresented or underrepresented in captive NHP population
relative to wild conspecific populations varied across NHP species.

Reproducible shifts of microbial ASVs and genera to captivity in replicate conspecific NHP populations

We observed significant overlap in the microbial ASVs and genera that displayed significant shifts in relative
abundance from the wild, based on ANCOM analyses, between replicate captive NHP populations of the
same species (i.e., conspecific populations) (Table S5). Of the 627 ASVs detected in both replicate captive
populations of chimpanzees (USA1 and USA2), 102 and 153 were significantly overrepresented or underre-
presented in USA1 and USA2 chimpanzees, respectively, relative to their matched wild populations (each
captive chimpanzee population was matched with a different wild chimpanzee population, Materials and
Methods). Of these ASVs displaying significantly different relative abundances between captive and wild
chimpanzees, 53 displayed significant differences in both captive populations of chimpanzees (USA1 and
USA2) (2.1-fold more than random expectation, hypergeometricp -value = 1.429e-11). Similarly, of the 573
ASVs detected in both replicate captive populations of doucs (USA and SGP), 61 and 66 were significantly
overrepresented or underrepresented in USA and SGP doucs, respectively, relative to their matched wild
population. Of these ASVs displaying significantly different relative abundances between captive and wild
doucs, 53 displayed significant differences in both captive populations of doucs (USA and SGP) (6.8-fold
more than random expectation, hypergeometric p -value = 5.43e-43). In contrast, this degree of overlap
between ASVs displaying significantly different abundances between captivity and the wild was not observed
between heterospecific captive NHP populations. For example, of the 64 ASVs shared by USA1 chimpanzees
and SGP doucs, 10 and 15 were significantly overrepresented or underrepresented in chimpanzees and doucs,
respectively, relative to their matched wild populations. Of these ASVs, only 3 displayed significant diffe-
rences in both USA1 chimpanzees and SGP doucs (1.3-fold more than expected, hypergeometric p -value =
0.215).

We also observed significant overlap between the sets of microbial genera that were differentially abundant
between captivity and the wild in replicate captive conspecific NHP populations (Figure 2; Table S6). Of the
126 microbial genera detected in both replicate captive populations of chimpanzees (USA1 and USA2), 23
and 22 were significantly overrepresented or underrepresented in USA1 and USA2 chimpanzees, respectively,
relative to their matched wild populations. Of these genera, 7 displayed significant differences in both captive
populations of chimpanzees (USA1 and USA2) (4.2-fold more than random expectation, hypergeometric p
-value = 0.0355) (Figure 2F). Similarly, of the 82 genera detected in both replicate captive populations
of doucs (USA and SGP), 16 and 12 were significantly overrepresented or underrepresented in USA and
SGP doucs, respectively, relative to their matched wild population. Of these genera, 5 displayed significant
differences in both captive populations of doucs (USA and SGP) (6.8-fold more than random expectation,
hypergeometric p -value = 5.95e-5) (Figure 2F). In contrast, this degree of overlap between genera displaying
significantly different abundances between captivity and the wild was not observed between heterospecific
captive NHP populations. For example, of the 67 genera shared by USA1 chimpanzees and SGP doucs,
15 and 11 were significantly overrepresented or underrepresented in chimpanzees and doucs, respectively,
relative to their matched wild populations. Of these genera, only 3 displayed significant differences in both
USA1 chimpanzees and SGP doucs (1.2-fold more than expected, hypergeometric p -value = 0.234) (Figure
2G).

In addition to hypergeometric tests for significant overlap of ANCOM results between pairs of captive NHP
populations, we also conducted regression analyses to test whether W statistics of ASVs and genera we as-
sociated between pairs of captive NHP populations. These analyses revealed qualitatively similar results to
the hypergeometric tests. Specifically, ASV and genus W statistics tended to display significant positive rela-
tionships between pairs of conspecific NHP populations, but less significant and more variable relationships
between pairs of heterospecific NHP populations (Table S5, Table S6).

HSSs reveal reproducible and host-species specific humanization of microbial genera in captive NHPs

Identifying differentially abundant ASVs and genera between matched wild and captive populations can
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reveal the effects of captivity on specific constituents of the NHP gut microbiota. However, these analyses
alone do not provide information about the extent to which specific microbial clades within the captive
NHP gut microbiota are humanized. Here, we define humanization of a microbial clade in a captive NHP
population as the replacement of endogenous ASVs in the clade (i.e., ASVs found in wild NHP populations)
by ASVs found in humans or the parallel absence from captive NHP populations and humans of ASVs in
the clade found in wild conspecific NHP populations.

To assess the degree of humanization for each gut microbial clade in each captive NHP population, we tested
whether the ASV-compositions of individual microbial genera in captive NHPs were more similar to those of
the genera in humans (i.e., humanized) or to those of the genera in wild living conspecific individuals. These
analyses allowed us to identify microbial genera in each captive NHP population whose endogenous host-
species specific ASVs (i.e., ASVs private to wild conspecific hosts) displayed evidence of loss or of replacement
by ASVs found in humans. We developed a statistic, Host Specificity Score (HSSs) (Materials and Methods),
which can be calculated for any microbial clade or taxonomic rank of arbitrary phylogenetic depth. Here,
we calculated these scores at the level of microbial genus, which was the finest-scale taxonomic resolution
allowed by the 16S rDNA amplicon sequences in our dataset. Log-transformed HSSs are normally distributed
around 0 and provide a quantitative ranking of the degree of humanization for all microbial genera in the
gut microbiotas of a captive population, with lower scores indicating a greater degree of humanization. Log-
transformed HSSs >0 indicate the ASV composition of the genus is more similar between captive primates
and wild-living conspecifics than between captive primates and humans. Conversely, log-transformed HSSs
<0 indicate that the ASV composition of the genus is more similar between captive primates and humans
than between captive primates and wild-living conspecifics. Humanization of the ASV composition of a
microbial genus in a captive NHP population, as indicated by a negative HSS, could be underlain by the loss
of ASVs found in wild conspecific NHPs but not found in humans or the gain of ASVs found in humans but
not found in wild conspecific NHPs.

Calculating HSSs for each microbial genus for each captive NHP population indicated that some genera in
the captive NHP gut microbiota were humanized, whereas others were retained from the wild. An example of
a bacterial genus that was humanized in captive chimpanzees in the United States (i.e., the genus Collinsella
) is shown in Figure 3A. An example of an archaeal genus that was retained from the wild in captive
chimpanzees in the United States (i.e., the genusvadinCA11 ) is shown in Figure 3B. A list of all microbial
genus-level HSSs for each captive NHP population are shown in Table S2.

Comparing HSSs between pairs of captive primate populations indicated that no microbial genus was hu-
manized in every NHP population (Table S7). However, replicate captive populations of the same species
displayed highly consistent genus-level patterns of gut microbiota humanization. The HSSs between two
independent captive populations of chimpanzees were significant positively associated (R2= 0.82; p -value
= 5.51e-24), as were the HSSs between two independent captive populations of doucs (R2 = 0.8;p -value
= 8.46e-18). In addition, the HSS of chimpanzees were significantly associated with those of gorillas (R2 =
0.16; p -value = 0.000871 and R2 = 0.25;p -value = 1.05e-05), but not with those of doucs (Figure 4). Similar
results, in which no genus displayed evidence of humanization in all captive NHP populations but replicate
captive populations of the same NHP species displayed similar patterns of humanization of microbial genera,
were observed in analyses of a related statistic, Microbiota Convergence Scores (MCSs) (Supplementary Ma-
terials and Methods, Figure S4, Table S8). Heatmaps of HSSs and MCSs of taxa found in all captive NHP
populations are presented in Figure S5. Qualitatively similar results, in which HSSs and MCSs were signi-
ficantly positively associated between conspecific captive NHP populations but tended to be not associated
or negatively associated between heterospecific captive NHP populations, were observed in analyses based
on data from the American Gut Project (McDonald et al., 2018) (Supplementary Materials and Methods;
Table S9 and S10).

Discussion

Comparing multiple well-sampled wild and captive populations of chimpanzees, gorillas, and doucs with
humans allowed us to test for reproducible effects of captivity on specific microbial lineages in the gut mi-
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crobiotas of non-human primate (NHP) species. Our results indicate that captivity humanizes the primate
gut microbiota, but that the microbial taxa underlying this process of humanization vary substantially and
consistently among NHP species. No microbial ASV or genus was significantly overrepresented or under-
represented in all captive NHP populations relative to wild conspecific populations (Tables S5, Table S6).
Similarly, no microbial genus displayed evidence of humanization, defined by Host-Specificity Scores (HSSs),
in every captive NHP population (Table S7). In contrast, we observed striking consistency of the effects
of captivity on gut microbiota constituents between replicate captive NHP populations of the sample spe-
cies. The same ASVs and genera reproducibly shifted in relative abundance in replicate captive conspecific
NHP populations relative to matched wild NHP populations (Table S5, Table S6, Figure 2). Similarly, most
microbial genera displayed reproducible signatures of humanization in replicate captive conspecific NHP po-
pulations: the HSSs of one captive population predicted >80% of the variation in HSSs in the other captive
population in both NHP species for which replicate captive populations have been sampled (i.e., chimpanzees
and doucs) (Figure 4, Figure S4). The consistency of per-genus measures of humanization in replicate con-
specific captive NHP populations was also observed in analyses based on human gut microbiota data from
the American Gut Project (Supplementary Materials and Methods; Table S9-S10). Previous results have
shown that the gut microbiotas of monkeys are humanized in captivity (Clayton et al., 2016); our results
demonstrate that this humanization also occurs in captive ape populations. In addition, our results indicate
that the humanization of the gut microbiota is underlain by distinct sets of microbial lineages in captive
NHP populations of different species, but that the sets of microbial lineages that are humanized by captivity
can be predicted with high accuracy by the species identity of the NHP population.

Interestingly, certain microbial taxa showed consistent patterns of humanization between replicate captive
NHP populations of the same species but opposite patterns between replicate captive NHP populations
of different species. For example, Oribacterium andRoseburia , genera within the Lachnospiraceae, showed
evidence of humanization, based on HSSs, in both captive douc populations, but these genera were robust
to humanization in both captive chimpanzee populations (Table S8, Figure S5).

The observations that different NHP species display discordant but reproducible patterns of humanization
of gut microbial lineages in captivity raises questions about the mechanisms underlying this pattern. One
explanation is that each NHP species contains a distinct set of microbial lineages that are better adapted
to the gut environment of their respective host species relative to the congeneric microbial lineages found in
humans. For example, microbial genera whose ASVs were retained from the wild in captive NHP populations
(i.e., genera displaying a log-transformed HSS > 0) represent microbial lineages that may, in captive NHPs,
outcompete microbial lineages found in humans. Discordance of per-genus HSSs between NHP species could
arise if the microbial lineages that outcompete congeneric lineages derived from humans belong to different
genera in different NHP species. In addition, differences in diet may affect the process of gut microbiota
humanization in captivity, leading to discordance between species but reproducibility within species. For
example, previous work has shown that global patterns of gut microbiota composition (i.e., alpha and beta
diversity) are more affected by captivity in folivorous NHP species than in less dietary specialized NHP species
(Frankel et al., 2019). Under this scenario, differences in the degree of dietary shifts experienced in captivity
could lead to different effects on individual microbial lineages and genus-level patterns of humanization
between NHP species.

Our results highlight the importance of population-level sampling of captive NHPs in order to identify specific
gut microbial lineages most affected by captivity. Studies of fewer numbers of captive individuals per NHP
species have statistical power to detect differences in alpha and beta diversity between captive and wild gut
microbiotas and have yielded important insights into the effects of captivity on the gut microbiota (Uenishi et
al. 2007; Nakamura et al. 2011; Clayton et al. 2016; McKenzie et al. 2017; McKenzie et al. 2017; Tsukayama
et al. 2018; Frankel et al. 2019; Hale et al. 2019; Lee et al. 2019; Frankel et al. 2019; Campbell et al. 2020;
Narat et al. 2020). However, identifying individual microbial lineages or clades (e.g., ASVs or genera) that
display significantly different relative abundances between populations requires sampling sufficient numbers
of individuals to overcome high false-discovery rates inherent in multiple testing. Our results suggest that
future studies focused on identifying specific microbial lineages in the gut microbiota that are affected by
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captivity should when possible prioritize replication at the level of host individual.

The statistics that we developed (HSSs and MCSs) provide quantitative means to identify the specific
clades of microbial lineages that display the strongest evidence of humanization in captive hosts. HSSs and
MCSs can be applied to any microbial clade or taxonomic rank as well as any captive population for which
microbiota data from wild conspecifics are available. In addition to captive populations, these statistics
could also be applied to identify humanized gut microbial taxa in animals associated with humans in other
contexts, such as urban settings or other habitat disruptions that may affect the gut microbiota (e.g., Amato
et al. 2013). In the case of captive NHPs, the identification of individual microbial taxa that are repeatably
humanized has important implications for managing the health of captive hosts. Humanized microbial taxa
represent candidate contributors to gastrointestinal dysbiosis in captive NHP populations, in particular if
they are reproducibly humanized in individuals that develop gastrointestinal dysfunction (Amato et al. 2016).
For example, the genusCollinsella was repeatably humanized in replicate captive chimpanzee populations,
and overrepresentation of this genus in the gut microbiota has been associated with reduced fiber intake,
insulin resistance, and rheumatoid arthritis in human populations (Chen et al. 2016; Gomez-Arango et
al., 2018; Mena-Vázquez et al. 2020). Similarly,Clostridium lineages were repeatably humanized in replicate
captive chimpanzee populations, and lineages from this genus are the most common causes of gastrointestinal
infections in humans (Smits et al. 2016). The gut microbial lineages that are reproducibly humanized in
captive populations represent high priority for targeted culturing from wild NHP populations. Culturing and
biobanking representatives of these microbial lineages from wild NHPs could provide opportunities to restore
the gut microbiotas of captive NHP populations.
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dissimilarities between primates (wild or captive) and humans. Boxes are colored by primate species as in
(A). Significant differences between means based on permutation tests are indicated by asterisks; *** p =
0.001.

Figure 2. Differential abundance of microbial genera between captive and wild NHP individu-
als. Volcano plots show the ANCOM test statistic (y-axis) and the centered logarithmic transformed (CLR)
log-fold difference in relative abundance between captive and wild individuals for each microbial genus. Dots
represent microbial genera colored by captive NHP population based on Figure 1, and each plot shows results
for a single captive primate population: captive chimpanzee (USA2) (A), captive chimpanzee (USA1) (B),
captive gorilla (C), captive douc (USA) (D), and captive douc (SGP) (E). Dashed line in each plot repre-
sents W statistic cutoff of 0.9. Statistics for all ASVs for each pair of captive and wild NHP populations
are presented in Table S3. Venn diagrams (F and G) show overlap of the sets of differentially abundant
microbial genera between pairs of captive NHP populations, represented by circles colored by captive NHP
population as in Figure 1 and in the key. In (F), the number of genera shared by each pair of captive NHP
populations is shown above lines connecting cartoons colored as in Figure 1. In (F) and (G), numbers in
non-overlapping portions of circles represent differentially abundant microbial genera detected in both NHP
populations but differentially abundant in only one NHP population. Numbers in overlapping portions of
circles represent microbial genera that were differentially abundant in both NHP populations. Significance
of overlap for each comparison is shown by asterisks: *** p -value < 0.001; NS not significant.

Figure 3. Host Specificity Scores reveal microbial genus-specific humanization of captive NHP
gut microbiotas. Shown are examples of two microbial genera that display evidence of humanization (A)
or retention from the wild (B) in captive chimpanzees. Boxplots show the maximum, minimum, interquartile
range, and median of BSD dissimilarities between wild chimpanzees and captive chimpanzees or between
humans and captive chimpanzees. The logarithm of the Host Specificity Score, calculated as the ratio of
the means of boxplots within each panel, was <0 for Collinsella (A) and >0 for vadinCA11 (B), indicating
humanization and retention from the wild, respectively. Boxes are colored by primate species as in Figure
1. Significant differences between means based on permutation tests are indicated with asterisks; *** p =
0.001.

Figure 4. Humanization of gut microbial genera in captive NHPs is reproducible and host-
species specific. Plots show relationships of microbial genus-level Host Specificity Scores (HSSs) between
pairs of captive NHP populations. Each point represents the HSSs of a bacterial genus in two captive NHP
populations (rows and columns), and lines indicate best-fit linear regressions. Cartoons represent NHP
species and are colored as in Figure 1. Tree connecting cartoons shows phylogenetic relationships among
NHPs. Rows and columns correspond to NHP species, with each plot showing a regression between HSSs
for a pair of NHP species. Boxes are colored based on R2 of regression, with R2 > 0.8 colored dark red,
0.8> R2 > 0.1 colored light red, and R2 < 0.1 colored gray. R2, Spearman rho, and corresponding p- values
are reported in the top left corner of each plot. Significance for non-zero slope of regression line (based on
Pearson correlation) is indicated in the bottom right corner of each plot; NS not significant, *p < 0.05, **
p < 0.01, *** p< 0.001.
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