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ABSTRACT The bacterial component of the gastrointestinal tract microbiome is com-
prised of hundreds of species, the majority of which live in symbiosis with the host. The
bacterial microbiome is influenced by host diet and disease history, and host genetics
may additionally play a role. To understand the degree to which host genetics shapes
the gastrointestinal tract microbiome, we studied fecal microbiomes in 4 species of non-
human primates (NHPs) held in separate facilities but fed the same base diet. These animals
include Chlorocebus pygerythrus, Chlorocebus sabaeus, Macaca mulatta, and Macaca nemes-
trina. We also followed gastrointestinal tract microbiome composition in 20 Macaca mulatta
(rhesus macaques [RMs]) as they transitioned from an outdoor to indoor environment and
compared 6 Chlorocebus pygerythrus monkeys that made the outdoor to indoor transition
to their 9 captive-born offspring. We found that genetics can influence microbiome compo-
sition, with animals of different genera (Chlorocebus versus Macaca) having significantly
different gastrointestinal (GI) microbiomes despite controlled diets. Animals within the
same genera have more similar microbiomes, although still significantly different, and
animals within the same species have even more similar compositions that are not sig-
nificantly different. Significant differences were also not observed between wild-born and
captive-born Chlorocebus pygerythrus, while there were significant changes in RMs as they
transitioned into captivity. Together, these results suggest that the effects of captivity
have a larger impact on the microbiome than other factors we examined within a single
NHP species, although host genetics does significantly influence microbiome composition
between NHP genera and species.

IMPORTANCE Our data point to the degree to which host genetics can influence GI
microbiome composition and suggest, within primate species, that individual host genetics
is unlikely to significantly alter the microbiome. These data are important for the develop-
ment of therapeutics aimed at altering the microbiome within populations of genetically
disparate members of primate species.
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There is growing interest in understanding the influence of the host microbiome on
health and disease (1). Many of these studies have focused on the role of the gas-

trointestinal (GI) tract microbiome in aiding host digestion, colonization resistance, and
the development and maintenance of the immune and nervous systems (1). Bacteria
are able to influence these host processes through a variety of means—bacterial fer-
mentation results in the production of metabolites and short-chain fatty acids (SCFAs),
which influence digestive processes and contribute to immune regulation, and bacterial
secretion of bacteriocins and other small molecules inhibits pathogen growth (1, 2). These
and other functions cannot be performed or would be impaired if not for the diversity of
the GI tract microbiome (3). For instance, the vitamin synthesis pathways in some bacteria
are incomplete within an individual species, requiring the coordination of two or more bac-
terial species to synthesize a final product for use by the host (3). Understanding the factors
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that contribute to host diversity is necessary in order to guide the development of therapeu-
tics aimed at correcting insufficiencies.

Several factors contribute to the composition of the gut microbiome (4). The GI tract
microbiome is acquired during birth and is shaped by immunoglobulins, enzymes, and
complex oligosaccharides transferred to the offspring from the mother and her micro-
biome (2). The introduction of solid food further shapes the development of the micro-
biome, transitioning the bacterial community to one better capable of processing and
extracting energy from a diet high in fiber and protein (4). Adult dietary intake contin-
ues to shape the composition of the microbiome, with the types and relative amounts
of fats, sugars, fibers, and proteins having significant effects on the abundances of dif-
ferent bacterial phyla within the GI tract microbiome (4).

Host genetics is also thought to shape the composition of the GI tract microbiome,
with certain genetic loci associated with particular microbes (5). Both individual and genome-
wide associations have been described between bacterial frequencies and gene abundance
(5), single nucleotide polymorphisms (6), and gene functionality (7), and similarly, several loci
are associated with variations in b diversity (8). Although adjusted to control for variables,
including age, sex, and ethnicity, it remains unclear from these large studies whether genetics
—absent specific disease-associated polymorphisms—contributes to diversity of the micro-
biome more than diet and environment. Under the control of host genetics are more direct
potential mediators that act on the bacteria living in the GI tract and allow the host to shape
the composition of the microbiome there. Other studies have identified a range of such medi-
ators: mucus production along the GI tract, secretion of antimicrobial peptides, production of
immunoglobulin A, regulation of electron acceptor and donor availability in the gut lumen,
and secretion of microRNAs (miRNAs) (9–11).

To investigate how host genetics may influence the composition of the GI microbiome
in primates, we profiled the GI tract resident bacteria of 15 Chlorocebus pygerythrus (vervet
African green monkeys), 7 Chlorocebus sabaeus (sabaeus African green monkeys), 49Macaca
mulatta (rhesus macaques [RMs]), and 6 Macaca nemestrina (pig-tailed macaques [PTMs])
under controlled dietary and environmental conditions. In addition, we assessed changes in
the composition of the GI tract microbiome of 20 RMs as they were moved from a provi-
sioned outdoor environment to indoor research facilities.

RESULTS
Microbiome variation across all animals. To assess the degree to which host genet-

ics can shape the composition of the gut microbiome, stool samples were collected from
two genera and four species of nonhuman primates (NHPs) (Chlorocebus, n = 22 [sabaeus,
n = 7; vervet, n = 15];Macaca, n = 55 [PTMs, n = 6; RMs, n = 49]), and fecal DNA was assessed
by 16S sequencing. Weighted UniFrac analysis revealed that a significant difference in b di-
versity exists between genera (Adonis, P = 0.001), with principal-coordinate analysis (PCoA)
demonstrating that genera clustered away from each other irrespective of species, facility,
and birth location (Fig. 1A). When analysis is controlled for facility by excluding facility 1
animals—because all Chlorocebus animals were housed at facility 2—or by excluding wild-
born vervets, the significance of the comparisons remains unchanged (results not shown).
Unlike b diversity, a diversity was not significantly different between groups as measured
by Shannon diversity (Fig. 1B). Differences between the microbiomes of NHP genera are
further seen by relative abundances for all represented phyla among the cohort (Fig. 1C).
Bacteroidetes, Firmicutes, and Proteobacteria were the 3 main phyla in both NHP genera.
These phyla and members of the phyla Actinobacteria, Epsilonbacteraeota, Fibrobacteres,
Lentisphaerae, Planctomycetes, Tenericutes, and Verrucomicrobia showed significant differen-
ces by LEfSe (linear discriminant analysis [LDA] effect size) (Fig. 1D).

We looked further within the 3 main phyla—which account for ;90% of total bacte-
rial abundance in our samples—using LEfSe to determine significant differences and
used Krona plots to aid in the visualization of these differences (Fig. 1E to G). Within
Bacteroidetes, the class Bacteroidia, order Bacteroidales, and family Bacteroidaceae were
significantly higher in the NHP genus Chlorocebus (Fig. 1E). Among Firmicutes, the classes
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Clostridia and Erysipelotrichia, the orders Clostridiales and Erysipelotrichales, and the families
Clostridiaceae_1, Lachnospiraceae, and Erysipelotrichaceae were significantly higher in
Chlorocebus, while within the class Bacilli, the order Lactobacillales and families Lactobacillaceaea,
Streptococcaceae, Peptococcaceae, Peptostreptococcaceae, and Veillonellaceae were signifi-
cantly higher in Macaca (Fig. 1F). For Proteobacteria, the classes Deltaproteobacteria and
Gammaproteobacteria, the orders Desulfovibrionales and Betaproteobacteriales, and the
families Desulfovibrionaceae, Succinivibrionaceae, and Burkholderiaceae were significantly
higher in Chlorocebus, with the order Pasteurellales and family Pasteurellaceae significantly
higher in Macaca (Fig. 1G). The remaining phyla make up less than 10% of the total
bacterial abundance in our samples, with significant differences at the phylum level for
Epsilonbacteraeota, Fibrobacteres, Planctomycetes, Tenericutes, and Verrucomicrobia as assessed
by LEfSe. Full results of significant differences down to the genus level are available in Fig. S1 in
the supplemental material, and all operational taxonomic units (OTUs) examined are available
in Table S1.

Microbiome variation across members of Chlorocebus. To determine if the GI tract
microbiomes among NHPs of species of the same genus were disparate, we performed
weighted UniFrac analysis to examine b diversity in a subset of the original cohort, sabaeus
monkeys (n = 7) and vervets (n = 15). Sabaeus monkeys and vervets significantly differed by
(P = 0.002) and clustered away from each other by PCoA (Fig. 2A). While b diversity showed
significant differences between sabaeus monkeys and vervets, a diversity was not signifi-
cantly different between groups (Fig. 2B). Differences between the microbiomes of NHP spe-
cies can further be seen in relative abundances for all represented phyla among the subset
(Fig. 2C). LEfSe analysis revealed significantly different OTU counts among subtaxa of the
phyla Actinobacteria, Bacteroidetes, Fibrobacteres, Firmicutes, Protebacteria, and Spirochaetes.
Only Fibrobacteres significantly differed at the phylum level (Fig. 2D).

A deeper analysis of differences in OTU counts by LEfSe revealed fewer differences
between sabaeus monkeys and vervets (Fig. 2E to G) than between Chlorocebus and
Macaca in the three main phyla of Bacteroidetes, Firmicutes, and Proteobacteria. Within

FIG 1 Gut microbiomes by NHP genus differ significantly in b diversity. (A) Principal-coordinate analysis (PCoA) of weighted UniFrac distances (b diversity)
of gut microbiota in Chlorocebus (n = 22) and Macaca (n = 61). Significance between NHP genera in fecal b diversity was assessed by Adonis. Lines
represent the distance from each sample to the group’s centroid. (B) Shannon diversity (a diversity) comparison of fecal microbiome between NHP genera.
Lines denote means. Significance between groups was determined by unpaired, two-way t test. (C) Relative abundance of bacterial families in NHP genera
measured by 16S rRNA gene sequencing. Color is by phylum, and line divisions are by family. (D) LEfSe cladogram representing all taxa in the fecal
microbiome down to the genus level, with red (greater in Chlorocebus) or green (greater in Macaca) nodes indicating significant differences. Gold nodes
indicate no significant difference. Labels were restricted to phylum level for ease of visualization, full results of significant differences down to genus level
are available in Fig. S1, and all OTUs examined are available in Table S1. (E to G) Krona plots representing relative frequency of fecal Bacteroidetes (E),
Firmicutes (F), and Proteobacteria (G) subtaxa comprising $5% phylum composition to the family level. The shown taxa are collapsed to the lowest
common taxon. The percentage given after phyla in panels E to G is the percentage of total bacteria that phylum made up in the group.
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the phylum Bacteroidetes, the families Muribaculaceae and Rikenellaceae were significantly
higher in sabaeus monkeys, while the order Flavobacteriales and family Flavobacteriaceae were
higher to a significant degree in vervets (Fig. 2E). In Firmicutes, the families Christensenellaceae,
Clostridiaceae_1, and Eubacteriaceae were higher in sabaeus monkeys, whereas the families
Aerococcaceae and Lachnospiraceae were significantly higher in vervets (Fig. 2F). Among
Proteobacteria, the class Deltaproteobacteria, the order Desulfovibrionales, and the family
Desulfovibrionaceae were significantly higher in sabaeus monkeys, with the orders
Aeromonadales and Pseudomonadales and the families Succinivibrionaceae andMoraxellaceae
higher in vervets (Fig. 2G). Full results of significant differences down to the genus level are
available in Fig. S1, and all OTUs examined are available in Table S1.

Microbiome variation across vervets. Environmental conditions surrounding birth
and early life are proposed to have lasting effects on immunity and the commensal
microbiome (4). To investigate if being born in captivity or the wild could have lasting effects
on the composition of the GI tract microbiome, we performed weighted UniFrac analysis to
examine b diversity in subdivided groups of the vervets from the original cohort, those
born in captivity (n = 9) and those born in the wild (n = 6). Vervets did not significantly differ
(Adonis, P = 0.744) and did not cluster away from each other by birth status (Fig. 3A). a di-
versity was also not significantly different between the vervet subsets (Fig. 3B). Comparable
relative abundances for all represented phyla among the subset of vervets can be seen in
Fig. 3C. LEfSe analysis of OTU counts revealed no significant differences from the phylum
level down to the family level between the vervets by birth status; only 3 genera within the
Firmicutes phylum were significantly different between the subsets of vervets (Fig. 3D to G).
Full results of significant differences down to the genus level are available in Fig. S1, and all
OTUs examined are available in Table S1.

Related individuals have been shown to have similar microbiomes, sharing features
that are conserved irrespective of lifelong cohabitation; however, it remains unclear
whether these similarities are the result of genetic relatedness or early life exposure
events (5, 12). To determine if genetic relatedness significantly contributes to the

FIG 2 Gut microbiomes by Chlorocebus species differ significantly in b diversity. (A) Principal-coordinate analysis of weighted UniFrac distances (b diversity) of gut
microbiota in sabaeus monkeys (n = 7) and vervets (n = 15). Significance between NHP species in fecal b diversity was assessed by Adonis. Lines represent the
distance from each sample to the group’s centroid. (B) Shannon diversity (a diversity) comparison of fecal microbiomes between NHP species. Lines denote means.
Significance between groups was determined by unpaired, two-way t test. (C) Relative abundance of bacterial families in NHP species measured by 16S rRNA gene
sequencing. Color is by phylum, and line divisions are by family. (D) LEfSe cladogram representing all taxa in the fecal microbiome down to the genus level, with
red (greater in sabaeus monkeys) or green (greater in vervets) nodes indicating significant differences. Gold nodes indicate no significant difference. Labels were
restricted to the phylum level for ease of visualization. Full results of significant differences down to the genus level are available in Fig. S1, and all OTUs examined
are available in Table S1. (E to G) Krona plots representing relative frequency of fecal Bacteroidetes (E), Firmicutes (F), and Proteobacteria (G) subtaxa comprising $5%
phylum composition to the family level. Shown taxa are collapsed to the lowest common taxon. The percentage given after phyla in panels E to G is the
percentage of total bacteria that phylum made up in the group.
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development of the microbiome, we assessed b diversity by weighted UniFrac analysis
on the same data subset, stratified by groups of related vervets (family 1, n = 2; family
2, n = 2; family 3, n = 3; family 4, n = 6; n = 2 vervets unrelated to others in the cohort).
Certain captive- and wild-born vervets belonged to the same family unit due to a
small-scale breeding program conducted at their housing facility to maintain a popula-
tion of vervets after the initial group was imported. The wild-born animals were more
than 20 years old; thus, understanding how their transition from outdoor to indoor
facilities led to microbiome alterations was not possible. Family groups were deter-
mined by individuals directly related to each other (parent-child relationships) being
grouped together; family 4 includes an additional generation: hence its larger n.
Vervets did not differ significantly by family group (Adonis, P = 0.923), nor did they
cluster away from each other by PCoA (Fig. 3H). Thus, neither early life environment
nor family relatedness significantly contributed to the differences in the fecal micro-
biomes of outbred animals within the same species.

Microbiome variation across Macaca species.Within the Macaca genus, pigtailed
macaques exhibit a higher degree of gastrointestinal pathologies and elevated immune activa-
tion compared to rhesus macaques, and yet, a detailed comparison of the fecal microbiomes
is lacking (13, 14). To determine if differences in gut microbiomes of the macaque species are

FIG 3 Gut microbiomes by vervet birthplace are not significantly different. (A) Principal-coordinate analysis of weighted UniFrac distances (b diversity) of
gut microbiota in vervets born in captivity (n = 9) and vervets born in the wild (n = 6). Significance between vervet groups in fecal b diversity was
assessed by Adonis. Lines represent the distance from each sample to the group’s centroid. (B) Shannon diversity (a-diversity) comparison of fecal
microbiome between vervet groups. Lines denote means. Significance between groups was determined by unpaired, two-way t test. (C) Relative
abundance of bacterial families in vervet groups measured by 16S rRNA gene sequencing. Color is by phylum, and line divisions are by family. (D) LEfSe
cladogram representing all taxa in the fecal microbiome down to the genus level, with red nodes (greater in captive-born vervets) indicating significant
differences. Gold nodes indicate no significant difference. Labels were restricted to the phylum level for ease of visualization; full results of significant
differences down to the genus level are available in Fig. S1, and all OTUs examined are available in Table S1. (E to G) Krona plots representing relative
frequency of fecal Bacteroidetes (E), Firmicutes (F), and Proteobacteria (G) subtaxa comprising $5% phylum composition to the family level. Shown taxa are
collapsed to the lowest common taxon. The percentage given after phyla in panels E to G is the percentage of total bacteria that phylum made up in the
group. (H) Principal-coordinate analysis of weighted UniFrac distances of gut microbiota in vervets grouped by those related to one another (family 1,
n = 2; family 2, n = 2; family 3, n = 3; family 4, n = 6; 2 vervets were not related to any others in the cohort). Significance between these groups was
assessed by Adonis. Lines connect related vervets.
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present, we assessed b diversity by weighted UniFrac analysis in a subset of the original
cohort, PTMs (n = 6) and RMs (n = 49). PTMs and RMs differed significantly in b diversity
(Adonis, P = 0.047) and showed a modest separation from each other by PCoA (Fig. 4A).
While b diversity showed significant differences between PTMs and RMs, a diversity was not
significantly different between groups (Fig. 4B). Differences between the microbiomes of the
NHP species of PTMs and RMs can further be seen in relative abundances for all represented
phyla among the subset (Fig. 4C). Members of the Actinobacteria, Bacteroidetes, Elusimicrobia,
Epsilonbacteraeota, Fibrobacteres, Firmicutes, Patescibacteria, Proteobacteria, and Spirochaetes
phyla were shown to be significantly different between the two species by LEfSe analysis of
OTU counts (Fig. 4D). Full results of significant differences down to the genus level are avail-
able in Fig. S1, and all OTUs examined are available in Table S1.

A closer look at these differences determined by LEfSe, with Krona plots to provide clearer
visualization, shows fewer significant differences among the three major phyla of Bacteroidetes,
Firmicutes, and Proteobacteria in the GI microbiome of PTMs versus RMs (Fig. 4E to G) compared
to the differences seen in Chlorocebus versus Macaca. Among the members of the phylum
Bacteroidetes, only the family Tannerellaceae was significantly higher in PTMs (Fig. 4E). For
Firmicutes, the family Lactobacillaceae was significantly higher in PTMs, whereas the class
Clostridia, the order Clostridiales, and the families Planococcaceae, Clostridiaceae_1, and
Family_XIII were higher in RM (Fig. 4F). In Proteobacteria, the order Pasteurellales and
the family Pasteurellaceae were higher to a significant degree in PTMs, while the class
Deltaproteobacteria, the orders Desulfovibrionales and Pseudomonadales, and the families
Desulfovibrionaceae andMoraxellaceae were significantly higher in RMs (Fig. 4G).

Microbiome variation across indoor facilities. To investigate if individual housing
facilities of NHPs can have effects on the composition of the GI tract microbiome, we
performed weighted UniFrac analysis to examine b diversity in subdivided groups of the
Macaca, which were housed in facility 1 (n = 21) and housed in facility 2 (n = 28). RM b diver-
sity did not significantly differ by housing facility (Adonis, P = 0.126), and samples did not clus-
ter away from each other by facility (Fig. 5A). a diversity was significantly different between

FIG 4 Gut microbiomes by Macaca species differ significantly in b diversity. (A) Principal-coordinate analysis of weighted UniFrac distances (b diversity) of
gut microbiota in PTMs (n = 6) and RMs (n = 49). Significance between NHP species in fecal b diversity was assessed by Adonis. Lines represent the
distance from each sample to the group’s centroid. (B) Shannon diversity (a diversity) comparison of fecal microbiomes between NHP species. Lines denote
means. Significance between groups was determined by unpaired, two-way t test. (C) Relative abundance of bacterial families in NHP species measured by
16S rRNA gene sequencing. Color is by phylum, and line divisions are by family. (D) LEfSe cladogram representing all taxa in the fecal microbiome down to
the genus level, with red (greater in PTM) or green (greater in RM) nodes indicating significant differences. Gold nodes indicate no significant difference.
Labels were restricted to the phylum level for ease of visualization; full results of significant differences down to the genus level are available in Fig. S1,
and all OTUs examined are available in Table S1. (E to G) Krona plots representing relative frequency of fecal Bacteroidetes (E), Firmicutes (F), and
Proteobacteria (G) subtaxa comprising $5% phylum composition to the family level. Shown taxa are collapsed to the lowest common taxon. The
percentage given after phyla in panels E to G is the percentage of total bacteria that phylum made up in the group.
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the RM subsets, with a P value of 0.009 (Fig. 5B). Comparable relative abundances for
all represented phyla among the subset of RMs can be seen in Fig. 5C. By LEfSe analysis
of OTU counts, there were members of the phyla Actinobacteria, Bacteroidetes, Firmicutes,
Proteobacteria, and Spirochaetes that were significantly different in abundance between
facilities (Fig. 5D). Full results of significant differences down to the genus level are avail-
able in Fig. S1, and all OTUs examined are available in Table S1.

Between the two housing facilities, there were no significantly different OTU counts,
as determined by LEfSe, down to the family level for either Bacteroidetes or Firmicutes
(Fig. 5E and F). For Proteobacteria, the order Rickettsiales and family Anaplasmataceae
were significantly higher in facility 2 RMs (Fig. 5G).

Microbiome variation from provisioned outdoor environment to captivity for
research. To determine if NHPs undergo significant and durable changes in their GI tract
microbiomes as they move from a provisioned outdoor environment into controlled, indoor
research facilities, we performed weighted UniFrac analysis to examine b diversity in a group
of RMs moved from a free-ranging Indian-origin rhesus breeding colony to facility 2 (n = 20).
Transfer included deworming by ivermectin and fenbendazole and movement from a social
setting to an individual caged setting where animals were unable to physically interact, forage,
or otherwise encounter environmental immunogens. The four time points studied (days 0, 7,
18, and 63 of transfer [D0, D7, D18, and D63, respectively]) significantly differed in b diversity
(Adonis, P = 0.001) and clustered away from each other by PCoA (Fig. 6A). While b diversity
showed significant differences between RM time points across all days, a diversity was only
significantly different between D7 versus D18 (P = 0.003) and D7 versus D63 (P = 0.009)
(Fig. 6B). Differences between themicrobiomes of the RMs over the four time points can further
be seen in relative abundances for all represented phyla among the subsets (Fig. 6C).

Krona plots were used to create a more in-depth visualization of differences in abundance
(Fig. 6D to F), and limmawas used to determine significantly altered amplicon sequence var-
iants (ASVs) (Fig. 6G). The phylum Bacteroidetes decreased slightly from D0 (3%) to D7 (2%)
before it expanded greatly by D18 (28%) in its contribution to the overall composition of
the fecal microbiome, then contracted again by D63 (10%) (Fig. 6D), with 62 significantly

FIG 5 Gut microbiomes by RM housing location are not significantly different. (A) Principal-coordinate analysis of weighted UniFrac distances (b diversity)
of gut microbiota in RMs housed in facility 1 (n = 27) and RMs housed in facility 2 (n = 28). Significance between RM groups in fecal b diversity was assessed by
Adonis. Lines represent the distance from each sample to the group’s centroid. (B) Shannon diversity (a diversity) comparison of fecal microbiomes between RM
groups. Lines denote means. Significance between groups was determined by unpaired, two-way t test. (C) Relative abundance of bacterial families in RM groups
measured by 16S rRNA gene sequencing. Color is by phylum, and line divisions are by family. (D) LEfSe cladogram representing all taxa in the fecal microbiome
down to the genus level, with red (greater in facility 1 RMs) or green (greater in facility 2 RMs) nodes indicating significant differences. Gold nodes indicate no
significant difference. Labels were restricted to the phylum level for ease of visualization; full results of significant differences down to the genus level are available
in Fig. S1, and all OTUs examined are available in Table S1. (E to G) Krona plots representing relative frequency of fecal Bacteroidetes (E), Firmicutes (F), and
Proteobacteria (G) subtaxa comprising $5% phylum composition to the family level. Shown taxa are collapsed to the lowest common taxon. The percentage given
after phyla in panels E to G is the percentage of total bacteria that phylum made up in the group.
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altered ASVs in the families Prevotellaceae and Rikenellaceae enriched at D63 relative to
baseline (Fig. 6G). There were 3 significantly altered ASVs in the families Muribaculaceae
and Rikenellaceae enriched at D0 relative to D63. Firmicutes trended in the opposite direction,
with a small increase from D0 (90%) to D7 (94%), followed by a large decrease at D18 (64%),
with a reexpansion by D63 (87%) (Fig. 6E). Within Firmicutes and between D0 and D63, there
were 68 ASVs significantly enriched in D0 samples from the families Christensenellacea,
Clostridiaceae_1, Erysipelotrichaceae, Family_XIII, Lachnospiraceae, and Ruminococcaceae,
while D63 contained 148 significantly enriched ASVs across the families Erysipelotrichaceae,
Lachnospiraceae, Lactobacillaceae, Ruminococcaceae, and Streptococcaceae (Fig. 6G).

FIG 6 Gut microbiomes of RMs transitioning from a provisioned outdoor environment to research facilities change significantly. (A) Principal-coordinate
analysis of weighted UniFrac distances (b diversity) of gut microbiota in RMs (n = 20) as they move from a provisioned outdoor environment (D0) to
facility 2 (D63). Significance between RM time points in fecal b diversity was assessed by Adonis. Lines represent the distance from each sample to the
group’s centroid. (B) Shannon diversity (a diversity) comparison of fecal microbiomes between RM time points. Lines denote means. Significance between
time points was determined by unpaired, two-way t test performed between each time point. (C) Relative abundance of bacterial families in RM time points
measured by 16S rRNA gene sequencing. Color is by phylum, and line divisions are by family. (D to F) Krona plots representing relative frequency of fecal
Bacteroidetes (D), Firmicutes (E), and Proteobacteria (F) subtaxa comprising $5% phylum composition to the family level. Shown taxa are collapsed to the lowest
common taxon. The percentage given after phyla in panels D to F is the percentage of total bacteria that phylum made up in the group. (G) limma analysis
showing significantly altered ASVs between D0 and D63. The dashed line delineates increased from decreased abundance between time points.
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Proteobacteria followed the same trend as Bacteroidetes in terms of overall abundance in
the fecal microbiome, with a small decrease from D0 (0.05%) to D7 (0.04%), followed by a
large increase by D18 (0.5%), and contracting again by D63 (0.4%) (Fig. 6F). There were no
significantly altered ASVs between D0 and D63 as assessed by limma. Isolated fluctuations
were observed among Actinobacteria, Patescibacteria, and Spirochaetes. For a complete list
of significantly altered ASVs labeled down to the genus level, see Table S2.

DISCUSSION

Here, we studied the compositions of the fecal microbiomes in two genera of NHPs,
including four species across these genera, in two different facilities, where diet is controlled
across the groups. We found that the microbiomes of the four species of NHPs we studied are
distinct from each other by measures of b diversity despite controlled dietary and environmen-
tal conditions. The birth location of vervets did not significantly contribute to a or b diversity
(Fig. 3), while housing facility among RMs did influence the fecal microbiome composition and
a diversity but not b diversity (Fig. 5). This difference in a diversities among the RMs depend-
ing on housing facility, despite similar base diets, may be due to differences in caretaking, water
supply, or types of treats supplied to animals between facilities.

Within a cohort of RMs moved from a semiprovisioned outdoor environment to an
indoor research facility, b diversity of the gut microbiome significantly changed, while
a diversity was only transiently altered (Fig. 6). Based on phylum abundances over the four
time points studied, the compositions of the RM GI microbiomes appear to be in the process
of returning themselves to a state more like that before they were moved to our research
facilities by day 63 after transition. However, when examined down to the ASV level, this is
not a process of restoration. The types of Firmicutes that make up the GI microbiome at D63
are significantly enriched for members of the families Erysipelotrichaceae, Lactobacillaceae,
Lachnospiraceae, Ruminococcaceae, and Streptococcaceae compared to precaptivity abun-
dance, along with the Bacteroidetes component being enriched for Prevotellaceae. While iver-
mectin, fenbendazole, and other anthelminthics have been shown to have effects on the GI
microbiome (15–17), previously observed shifts in GI microbiome composition induced by
anthelminthics do not align with the changes we observed. The enrichment of Lactobacillaceae,
Ruminococcaceae, and Prevotellaceae, the lower abundance of Clostridiaceae, and the higher
Bacteroidetes/Firmicutes ratio at D63 are more in line with the GI microbiome observed in
humans following a vegetarian or vegan diet (18, 19). Thus, the observed changes in the GI
microbiome of the RMs that transitioned from the semiprovisioned outdoor environment to our
research facilities may be more reflective of the dietary changes they underwent, as the monkey
chow they receive in our research facilities is plant based. While the samemonkey chow is given
to the animals in the semiprovisioned outdoor environment, these animals also have access to
plant species not found in themonkey chow in addition to insects and small animals found nat-
urally in the environment, which RMs are known to consume as a part of their diet in the wild.
However, since all RMs in this cohort received ivermectin and fenbendazole, we cannot defini-
tively conclude whether anthelminthic treatment or dietary changes were the driving factor
behind the shifts in GI microbiome composition. Or these changes could have been caused by
other factors associated with captivity, which has been shown in other studies to have signifi-
cant effects on the composition of the GI microbiome (20–22). However, given all the changes
that occur during the transition from the wild to captivity, it is unclear which specific factor(s)
may be driving the observed changes. It is clear though from our study that this transition into
captivity induces more significant changes in the GI microbiome than are induced by genetics
within a single host species when provided the same base diet.

Another limitation of the study was the inability to examine potential sex-based dif-
ferences due to a lack of female NHPs among our cohort (as females are usually kept for
breeding), with only 2 out of 97 sampled animals being female. Some comparisons are also
not possible between age-matched individuals, a limitation imposed by availability of ani-
mals as well, in addition to uncertainty around the age of wild-caught animals. We also
acknowledge the differences in sample sizes between species of NHPs, imposed again by
availability of animals. When analysis is redone after randomly selecting the same number of
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animals from each species, significant differences in b diversity between NHP genera and
species persist (results not shown). Additional work is certainly merited.

A diverse gut microbiome synthesizes vitamins, essential amino acids, and short-chain fatty
acids SCFA, which contribute to the health and integrity of the intestinal epithelial barrier (23).
Components of commensal taxa such as lipopolysaccharide (LPS) and peptidoglycan and
secreted factors such as SCFAs can also directly influence local immunity by supporting the
differentiation and maintenance of antigen-presenting cells, lymphocytes, and innate immune
cells (23). In turn, the host can mediate changes in the GI microbiome through various
secreted proteins, miRNAs, and microvesicles, enhancing or inhibiting the growth of particular
bacteria (9–11). When the gut microbiome is dysbiotic, various disease states can result, with
inflammation being a common observation. Associations have been found between the gut
microbiome composition and inflammatory bowel disease, Crohn’s disease, type 2 diabetes,
and obesity (23). Infectious diseases have also been found to have associations with the gut
microbiome. Clostridium difficile infections often develop after perturbations to the micro-
biome (24). Human immunodeficiency virus type 1 (HIV-1) infections have been associated
with decreased intestinal abundances of Firmicutes and Bacteroides and increased abundances
of Proteobacteria and Prevotella (25). In humans, confounding variables contribute to the dys-
biosis, which have been observed in different disease states—variables that can be assessed
or controlled for in the nonhuman primate model (26, 27).

Many studies have found associations between host genetics and the shaping of
the composition of the GI tract microbiome (5–8). Our study demonstrates that host genet-
ics contributes to the composition of the GI tract microbiome, although not to an overly
large degree. The host’s genetic contribution to GI tract microbiome composition is clear
when comparing between genera under controlled dietary conditions, but these differences
become less apparent when comparing within genera, and even less so when comparing
microbiome compositions within species under controlled conditions.

In summary, we found that the gut microbiomes of four NHP species were significantly
different from one another despite highly controlled dietary and environmental conditions.
These findings could better inform the interpretation of microbiome data from NHP species,
as viewing studies through this lens may allow for better understanding of what is a typical
composition for an NHP on a species-specific basis, accounting for the contribution of host
genetics to the final gut microbiome environment. These data highlight the utility of NHP
studies where environmental variables can be more tightly controlled and provide a bench-
mark against which studies of outbred human populations can be measured.

MATERIALS ANDMETHODS
Animals. More than 1 mL of feces was collected from 7 sabaeus monkeys (Chlorocebus sabaeus), 15

vervets (Chlorocebus pygerythrus), 6 pig-tailed macaques (PTMs) (Macaca nemestrina), and 49 rhesus macaques
(RMs) (Macaca mulatta) for single-time-point analysis as previously described (28). All NHPs were male, except for
two vervets. Among the vervets, six were imported from outdoor environments in Tanzania and nine were cap-
tive born from six parental couples among these animals. Only the parents living at study initiation were sampled
(29). Among the RMs, 21 were housed in facility 1 at the National Institutes of Health (NIH) in Bethesda, MD, USA,
and 28 were housed at facility 2 at the NIH. Longitudinal stool samples were taken from 20 male RMs at the
National Institute of Allergy and Infectious Diseases (NIAID) free-ranging Indian-origin rhesus breeding colony—
these 20 RMs are not among the RMs included in the cross-genera/cross-species comparisons. These 20 RMs
were given one dose of ivermectin (0.2 mg/kg of body weight by subcutaneous injection) following their initial
exam as well as fenbendazole (50 mg/kg by oral administration) once a day for 3 days after the initial exam.
Samples were taken the day of initial exam (D0) and then 7 days post-initial exam (D7), 18 days post-initial exam
(D18), and 63 days post-initial exam (D63). The other RMs in this study received similar treatment, although sev-
eral years before study initiation. Stool was collected from the bottom of individual animals’ cages, placed inside
polypropylene tubes, then flash frozen on dry ice before being stored at280°C.

The NIAID institutional animal care and use committee, as part of the NIH intramural research pro-
gram, approved all experimental procedures pertaining to NHPs (protocol LVD 26E). The animals in this study
were housed and cared for under the supervision of the Association for the Assessment and Accreditation of
Laboratory Animal Care (AAALAC)-accredited Division of Veterinary Resources and as recommended by the
Office of Animal Care and Use nonhuman primate management plan. Care at these facilities met the standards
set forth by the Animal Welfare Act, animal welfare regulations, United States Fish and Wildlife Services regula-
tions, as well as the 8th edition of the Guide for the Care and Use of Laboratory Animals (30). The physical condi-
tions of the animals were monitored daily. The animals were provided continuous access to water and offered
commercial monkey biscuits twice daily as well as fresh produce, eggs and bread products, and a foraging mix
consisting of raisins, nuts and rice. Enrichment to stimulate foraging and play activity was provided in the form
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of food puzzles, toys, cage furniture, and mirrors. All animals had the same base food of monkey diet (LabDiet,
St. Louis, MO, USA).

Microbiome analysis. Total DNA was extracted from stool and sequenced using the Illumina MiSeq
platform with primers for the V4 region of the 16S rRNA gene (515F to 806R) as previously described (28). Single-
time-point samples from the four species of NHPs were extracted and sequenced together to avoid batch effects,
as were the longitudinal RM samples. Illumina FASTQ files were analyzed using a custom R script. Paired-end
FASTQ reads were filtered and processed using the dada2 package (version 1.18.0) in R (version 4.1.0). Reads
were trimmed to 225 bp (forward) and 200 bp (reverse) and filtered to exclude sequences with degenerate bases
(N), more than 2 expected errors (maxEE), or chimerism. Before filtering, 12.02 million reads for single-time-point
analysis were included in 83 samples with an average of 144,800 reads per sample. After filtering and quality trim-
ming, 7.1 million reads were included across all single-time-point samples, with an average of 85,500 reads per
sample. Five samples with less than 1,000 reads were omitted from further analysis. Before filtering and quality
trimming, 5.93 million reads for longitudinal analysis were included in 80 samples, with an average of 74,100
reads per sample. After filtering and quality trimming, 2.64 million reads were included across all longitudinal
time point samples, with an average of 32,900 reads per sample. Six samples with less than 1,000 reads were
omitted from further analysis. Reads were binned into amplicon sequence variants (ASVs), and taxonomies were
annotated with the SILVA taxonomic framework (release 132) at a 99% identity threshold and then analyzed
using PhyloSeq (version 1.36.0) in R. ASVs identified as non-Bacteria, Cyanobacteria, or mitochondria (Rickettsiales
mitochondria) were removed from further consideration, as were resultant genera at less than 3% prevalence or
phyla with no genera diversity. (Archaea were excluded under these criteria for rarity and inconsistency of
sequences.) In our study, genera were considered the operational definition for an operational taxonomic unit
(OTU). Identified ASVs were grouped by genera and summed to yield OTU count using dplyr (version 1.0.10).

Statistical analysis. All statistical analyses were run at the OTU level unless otherwise noted. Weighted
UniFrac and Shannon diversity analyses were performed using the PhyloSeq package (version 1.36.0) in R. Adonis
analysis was performed on weighted UniFrac values using the vegan package (version 2.5-7) in R. A separate anal-
ysis was run for each subset of the data to generate weighted UniFrac values and PCoA plots for the comparisons
between NHP genera, between NHP species within the two genera we looked at, between vervets by birth sta-
tus, between RMs by facility, and between all time points for the longitudinal samples. Unpaired, two-way t tests
to compare Shannon diversity values were performed in R between NHP genera, between NHP species within
the two genera analyzed, between the vervets by birth status, and between RMs by facility. OTU counts were
uploaded to the Huttenhower lab Galaxy server for LEfSe (linear discriminant analysis [LDA] effect size) and then
used to construct LEfSe cladograms and bar graphs (31, 32). Logarithmic LDA scores were set to a threshold of
2.0, with a values set to 0.05 for the factorial Kruskal-Wallis test among classes and the pairwise Wilcoxon test
between subclasses. OTU counts were exported from R, averaged within groups, and then used to construct
Krona plots (version 1.3) (33). The voom function within the R package limma (version 3.48.3) was used to deter-
mine significantly altered ASVs between time points for the longitudinal samples (34).

Data availability. The data sets generated and analyzed during the current study, including FASTQ
files and metadata, are available in the NCBI Sequence Read Archive under accession no. PRJNA772263.
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