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The microbiome is critical for host survival and fitness, but gaps
remain in our understanding of how this symbiotic community is
structured. Despite evidence that related hosts often harbor simi-
lar bacterial communities, it is unclear whether this pattern is due
to genetic similarities between hosts or to common ecological
selection pressures. Here, using herbivorous rodents in the genus
Neotoma, we quantify how geography, diet, and host genetics,
alongside neutral processes, influence microbiome structure and
stability under natural and captive conditions. Using bacterial and
plant metabarcoding, we first characterized dietary and micro-
biome compositions for animals from 25 populations, representing
seven species from 19 sites across the southwestern United States.
We then brought wild animals into captivity, reducing the influ-
ence of environmental variation. In nature, geography, diet, and
phylogeny collectively explained ~50% of observed microbiome
variation. Diet and microbiome diversity were correlated, with
different toxin-enriched diets selecting for distinct microbial sym-
bionts. Although diet and geography influenced natural micro-
biome structure, the effects of host phylogeny were stronger for
both wild and captive animals. In captivity, gut microbiomes were
altered; however, responses were species specific, indicating again
that host genetic background is the most significant predictor of
microbiome composition and stability. In captivity, diet effects
declined and the effects of host genetic similarity increased. By
bridging a critical divide between studies in wild and captive ani-
mals, this work underscores the extent to which genetics shape
microbiome structure and stability in closely related hosts.
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ut microbial communities assist in nutrition, pathogen
defense, and toxin metabolism and are critical for animal
development, survival, and fitness (1). Although dysbiotic and
low-diversity microbiomes are often associated with disease (2),
healthy hosts also exhibit substantial temporal and interindivid-
ual variation in their gut microbial communities (3, 4). While it
is widely recognized that host genetic background, diet, and
geographic location can influence microbiome composition,
there is substantial interest in understanding the relative impor-
tance of these factors (5, 6). Moreover, previous studies have
largely ignored the role of neutral processes, such as passive
dispersal and ecological drift, known to significantly influence
community assembly (7). To advance our understanding of how
these factors explain microbiome structure and stability, we
quantified the contributions of geography, diet, and phyloge-
netic relatedness (hereon “phylogeny”) in a mammalian genus
(Neotoma) with conserved morphology and life history across
diverse diets and geographic locales.
Closely related animals often host similar bacterial commu-
nities, producing a pattern described as “phylosymbiosis” (5).

PNAS 2021 Vol. 118 No. 47 2108787118

Despite evidence that phylosymbiosis is common in nature and
linked to host health (8), the mechanisms promoting these pat-
terns remain poorly understood (5, 9). Host genetic similarity
impacts microbiome composition within species (10, 11), sug-
gesting that accumulated genetic differences between host
species should also contribute to divergence in microbial com-
munities. Studies involving closely related hosts provide more
mechanistic insight into microbiome structure (12, 13). How-
ever, in cross-species comparisons, genetic differences often
covary with other traits that also significantly influence micro-
biome composition (14).

While host genetics consistently influence microbiome struc-
ture, distinct animal diets can exert selective pressures that
eclipse the effects of host genetics (15, 16). Diet strongly influ-
ences microbiome structure and function in controlled labora-
tory studies (e.g., refs. 17, 18). Although wild animal diets are
difficult to manipulate, seasonal changes in microbiome compo-
sition are often attributed to changes in diet (19, 20). Further
adding to the notion that diet strongly influences microbial
community composition, divergent diets among closely related
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species are often associated with dissimilar microbiomes (13,
21). Conversely, across distantly related hosts, convergent diets
can select for similar communities (15, 22, 23). However, these
multispecies studies often rely on captive hosts, have limited
intraspecific replication, and use coarse diet classifications (e.g.,
herbivore and carnivore). Since these broad dietary shifts are
associated with substantial morphological changes, the influ-
ence of diet alone is difficult to quantify. Such effects could be
disentangled by analyzing diet differences among more recently
diverged, morphologically similar populations. Furthermore,
with advances in diet characterization, most notably the use of
DNA metabarcoding, wild animals can be subject to fine-scale
analyses of the relative abundance and diversity of their dietary
components (24). Such high-resolution characterization permits
exploration of how diet diversity and composition shape the gut
microbiome in wild animal populations.

Another important factor that merits consideration is that, in
natural systems, diets are often site specific, making it difficult
to separate diet effects from the effects of uncharacterized envi-
ronmental differences and other neutral processes (e.g., ref.
25). Bacterial symbionts are often dispersal limited, with geo-
graphic structuring common in host-associated microbiomes
(26, 27). These environmental effects can be controlled by sam-
pling at one site (e.g., refs. 16, 24, 28) or quantified by repli-
cated sampling at multiple sites. Additionally, neutral processes
such as random dispersal, speciation, and extinction, or random
changes in the abundances of species (termed “ecological
drift”) are hallmarks of community ecology (7). While under-
standing the specific processes behind ecological stochasticity is
challenging, neutral models provide a means to explore the
extent of neutral and selective forces in shaping the assembly of
microbial communities (29). Despite this importance, studies of
the gut microbiome have only recently begun to investigate
neutral processes (e.g., refs. 30, 31). Overall, moving toward a
comprehensive understanding of microbiome structure requires
teasing apart the interacting effects of geography, diet, and host
phylogeny in wild animals, while accounting for both neutral
and selective processes.

To advance our understanding of forces shaping mammalian
microbiomes, we leveraged a natural system consisting of many
species in the genus Neotoma (“woodrats”). These herbivorous,
solitary rodents occur throughout North America, reaching
their highest diversity in the southwestern United States, where
multiple species often occur in sympatry (32). Behavior and
morphology are highly conserved within the genus, but diet
composition and specialization vary among species within the
same habitat and among populations within a species (33). Dif-
ferent diets expose woodrats to different nutrients and plant
secondary compounds (PSCs), and their specialized gut micro-
biomes assist in both digestion and PSC detoxification (34, 35).
To quantify how differences in host phylogeny, diet, and geog-
raphy predict Neotoma gut microbiome composition, we char-
acterized diet and bacterial communities in seven woodrat
species from multiple populations across the southwestern
United States. After sampling wild animals, we brought the
same individuals into captivity and placed them on the same
diet. Similar captive conditions were expected to reduce differ-
ences in exposure; however, as wild-caught animals retain at
least part of their natural microbiota in captivity (36), these
experimental conditions were not expected to expose animals
to identical microbial pools. Captivity was anticipated to alter
microbiome composition, with dietary specialists predicted to
be most sensitive to this perturbation. If ongoing exposure to
different diets and environments substantially structured wild
gut microbiomes, we expected captivity to reduce variation in
microbiome composition between hosts. Alternatively, if host
genetics were the dominant structuring factor, we expected that
species would retain distinct microbiomes in captivity, and
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that reducing environmental variation would increase our abil-
ity to detect patterns of phylosymbiosis (8). Furthermore, we
predicted that phylosymbiosis would be strongest for “selected”
microbiota that deviated from patterns predicted under neutral
assembly processes. By using a unique paired longitudinal
sampling of wild and captive animals, we analyzed how host
relatedness, diet, environment, and neutral processes predicted
the structure and stability of naturally assembled mammalian
microbiomes.

Results

To quantify how phylogeny, geography, and diet predicted
mammalian gut microbiome structure, we sampled 25 woodrat
populations representing seven species from 19 sites (Fig. 1 A
and B). Trapping yielded samples from 2 to 10 individuals per
population (SI Appendix, Table S1). While smaller sample sizes
from some populations may reduce our ability to detect varia-
tion in these populations, animals from the same population
generally hosted similar microbiomes, supporting the notion
that samples from two to three individuals can provide insight
into local microbial communities (SI Appendix, Fig. S1). For
each individual, we characterized the natural gut microbiome
and diet using bacterial and plant DNA metabarcoding (SI
Appendix, Text S1). As we found that standard plant primers
poorly amplified cacti, where cacti were abundant, we used sta-
ble isotopes to estimate cactus consumption and adjust individ-
ual diet proportions (SI Appendix, Text S1). We grouped plant
taxa by family and calculated diet diversity as both richness
(number of observed plant families) and Shannon diversity,
which combines richness and relative abundance (SI Appendix,
Fig. S2). As these metrics were correlated (Pearson correlation,
r=0.83, df = 145, t = 17.7, P < 0.001), we used richness in sub-
sequent analyses. Diet richness varied among populations
(ANOVA, Fz4130 = 4.1, P < 0.001), with some exhibiting high
specialization while others consumed a variety of plant taxa.
Diet composition also varied among populations, both when
calculated using plant occurrence (PERMANOVA, Jaccard,
R? =0.52, P = 0.001) or relative abundance (Bray-Curtis, R* =
0.62, P = 0.001). All wild diets included plants known to con-
tain substantial levels of toxic secondary compounds (SI
Appendix, Table S2); however, the presence and abundance of
these plants varied between populations (Fig. 1C). In particu-
lar, multiple populations consumed diets of at least 10% cactus
(n = 6), creosote bush (n = 5), and conifers (n = 6), creating
natural diet replicates across species and sites.

As predicted, diet influenced microbiome composition and
diversity. Populations feeding on similar plants shared distinct
sets of differentially abundant bacteria, with diets comprising at
least 10% cactus, creosote, or conifer associated with 47, 34,
and 54 enriched bacterial amplicon sequence variants (ASVs),
respectively (SI Appendix, Figs. S3 and S4). Diet and micro-
biome richness were correlated, with each added plant family
corresponding to ~7 additional bacterial ASVs (Generalized
Linear Mixed Model [GLMM]; f = 0.032, SE = 0.0097, z value
= 3.32, P = 0.001, Fig. 2). Populations where individuals fed on
more plant taxa also exhibited higher microbiome dispersion,
but only when microbiome dissimilarity was measured with
metrics that incorporated bacterial phylogeny (GLMM; Uni-
Frac: p = 0.07, SE = 0.02, z value = 2.99, P = 0.003; weighted
UniFrac: § = 0.08, SE = 0.03, z value = 2.68, P = 0.007; P >
0.05 for Jaccard and Bray—Curtis). Finally, using hierarchical
clustering of population-averaged microbiome and diet data
from all 25 populations, we found that diet and microbiome
composition were more congruent than expected by chance
(normalized clustering information distance: diet vs. micro-
biome = 0.32; random pairs = 0.15, P value <0.001, Fig. 1F).
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Phylogeny, geography, and diet all contributed to microbiome structure in wild woodrats (Neotoma). (A) Sampled populations represented seven

MICROBIOLOGY

species (phylogeny and branch lengths from ref. 62) from (B) 19 sites (S/ Appendix, Table S1). (C) Wild populations consumed different diets and exhibited
different levels of dietary specialization. In the bipartite plot, lines connecting woodrat populations to the plants they feed on are scaled based on the
relative abundance of each plant in the population’s diet. Dietary specialists (diet >60% one taxa) (63) are indicated with an asterisk. (D) In wild woodrat
populations, microbiome composition was structured by host evolutionary history, (E) geography, and (F) diet (animals feeding on plant families known

for substantial amounts of PSCs are colored by plant family as per C).

Naturally assembled microbiomes also showed evidence of geo-
graphic structuring, driven by strong site effects. Bacterial communi-
ties differed among sites for all dissimilarity metrics (PERMA-
NOVA, all distance metrics P = 0.001) and, when controlling for
host relatedness, increasing geographic distance among individuals
significantly increased microbiome dissimilarity (partial Mantel test, r
= 0.24, P = 0.0001). These patterns likely reflect high interindividual
similarity within sites, as geographic effects were no longer significant
when microbiomes were aggregated by host population (partial
Mantel test, 7 = 0.10, P = 0.13, Fig. 1D). Local environmental effects
were also detectable at sites where multiple species occurred in sym-
patry. Using species pairs where both sympatric and allopatric indi-
viduals were sampled, we found that heterospecific animals from the
same site had more similar microbiomes than matched species pairs
from different sites (Welch’s ¢ test, Jaccard dissimilarity, all three
pairs P < 0.02, SI Appendix, Fig. S5). Furthermore, although
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sympatric and allopatric Neotoma lepida and Neotoma macrotis pop-
ulations shared a similar percentage of ASVs (9.4 vs. 10.4%), sym-
patry increased shared ASVs for N. lepida and Neotoma bryanti (39.4
vs. 26.0%) and N. bryanti and N. macrotis (28.1 vs. 12.4%), suggest-
ing that sympatric animals share a microbial source pool.

Across all sites, different host species harbored distinct
microbial communities (PERMANOVA, all distance metrics,
P = 0.001) with more closely related individuals hosting more
similar microbiomes (partial Mantel test controlling for geo-
graphic distance, r = 0.39, P = 0.0001; analyses based on nor-
malized clustering information distance produced similar
results and are included in SI Appendix, Text S1). This pattern
of phylosymbiosis was even stronger when microbiome data
were aggregated at the population level (r = 0.63, P = 0.0001),
but was no longer detectable when data were aggregated by
host species (Mantel test, all distance metrics: P > 0.15),
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Fig. 2. Wild woodrat populations varied in dietary specialization, and for
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correlated with microbial richness (number of ASVs). Analyses were con-
ducted using mixed effects models that included DNA concentration as a
fixed effect and host species, sequencing run, and population as random
factors, using all individuals (n = 147) with both wild microbiome and diet
data. The displayed regression line depicts population-level predictions cal-
culated using the ggpredict function in the ggeffects package v1.1.1 (64).
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suggesting that congruence in individual and population level
analyses resulted from strong similarity within species. Alterna-
tively, the nonsignificant results at the species level may simply
reflect the smaller sample size (e.g., trees with 7 vs. 25 tips).

When the relative contributions of geography, phylogeny,
and diet were analyzed together in multiple regression on dis-
tance matrices (MRM) models, all three factors were signifi-
cant (P = 0.001) and together explained 49% of microbiome
variance in wild hosts (Fig. 3). Phylogeny, geography, and diet
each explained 35, 20, and 16% of observed variance, respec-
tively (Bray—Curtis dissimilarities, Fig. 34). As expected for a
natural system, some variance was attributed to multiple factors
(depicted as overlapping Venn diagram regions, Fig. 34), with
phylogeny, geography, and diet each uniquely explaining 21, 5,
and 6% of the variance, respectively. Analyses with Jaccard dis-
similarities produced similar results, while models with phylo-
genetically weighted distances explained less variance (Fig. 3B
and SI Appendix, Table S3), consistent with related populations
hosting distinct, but closely related taxa.

If community assembly were driven primarily by neutral pro-
cesses such as bacterial dispersal, the distribution of ASVs
should follow frequency and occurrence patterns predicted
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under the prokaryote neutral model (PNM) (29, 30). As devia-
tions from this model provide evidence for nonneutral pro-
cesses such as host selection, we fit the PNM to ASVs from
each site with more than seven animals to test whether
increased host species diversity reduced model fit. As predicted,
model fit decreased with increasing Neotoma diversity at a site
(linear regression, R* = 0.27, P = 0.048, SI Appendix, Fig. S6),
further emphasizing that different host species preferentially
selected different ASVs from shared environments. We also
used the prokaryote neutral model to test whether observed
patterns in microbiome composition were driven by the subset
of ASVs exhibiting evidence of selection. Using the PNM, we
classified ASVs from all wild woodrats as “neutral” or selected
(over or under the frequency expected under neutral assembly)
(Fig. 44) (30). As expected, compared to MRM models with
neutral taxa, models with selected taxa explained more total
variance (R* = 0.45 vs. 0.38). Furthermore, the extent to which
host phylogeny, diet, and geography explained microbiome var-
iance differed between neutral, over-, and underrepresented
taxa (Fig. 4B). Notably, while phylogenetic effects were weaker
for neutral compared to over- and underrepresented bacterial
taxa (R* = 0.21 vs. 0.26 vs. 0.26, respectively), geographic effects
were stronger (R? = 0.22 vs. 0.16 vs. 0.15). Neutral and overrep-
resented ASVs occurred in most bacterial families detected in
woodrats. In contrast, underrepresented taxa were found only
in the families Ruminococcaceae, Lactobacillaceae, Lachno-
spiraceae, Prevotellaceae, Muribaculaceae, Bifidobacteriaceae,
and Desulfovibrionaceae (Fig. 4C).

To reduce diet and environmental influences, wild woodrats
were brought into the same captive facility for 1 mo and fed the
same nontoxic alfalfa chow (Harlan Teklad, formula 2031).
Captivity did not reduce variation among individuals for most
distance metrics (Bray-Curtis, Jaccard, UniFrac: P > 0.1;
weighted UniFrac; distance to median: captive = 0.13, wild =
0.15, permutation test P = 0.001), suggesting that homogenous
conditions did not generally homogenize gut microbiomes.
After a month in captivity, microbiomes still differed between
populations (PERMANOVA, R* = 0.43, P = 0.001), but indi-
viduals changed significantly from their state at capture (PER-
MANOVA, R* = 0.02, P = 0.001, Fig. 5 4 and B). Although
microbiomes in dietary specialists were expected to be more
sensitive to perturbation (37), we found no evidence that the
degree of dietary specialization predicted changes in micro-
biome richness or composition (all models, P > 0.1, SI
Appendix, Table S4). The extent to which captivity altered
microbiome richness and composition differed among host spe-
cies (SI Appendix, Table S4 and Fig. 5C) and was not conserved
among closely related species (Moran’s I, p,q; > 0.10 for all
metrics). Captivity induced the largest microbiome changes in
N. macrotis. Although microbial communities from captive N.
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Fig. 3. Diet, geography, and phylogenetic relatedness all contributed to wild microbiome structure, but host phylogeny was the most influential factor
(A). The relative structuring effects of geographic origin (site), phylogeny, and diet differed between wild and captive animals, and Bray—Curtis (BC), Jac-
card (J), weighted UniFrac (WU), and unweighted UniFrac (U) microbiome dissimilarity metrics (B). In captivity, the effects of wild diet decreased, but phy-

logeny effects increased, resulting in more explained variance (C).
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Fig. 4. We fit the neutral model to ASVs from all wild woodrats. (A) ASVs that occur more or less frequently than predicted by the model are shown in
blue and orange, respectively. (B) Neutral, over-, and underrepresented taxa explained different components of microbiome variance, calculated using
multiple regression on distance matrix models with different microbial groups. (C) Neutral, over-, and underrepresented taxa differed in taxonomic distri-
butions. Each point represents an ASV, showing all ASVs with at least 10 reads, sized by total abundance, and colored with respect to neutral model fit.
For “Coriobacteriales,” the asterisk indicates incertae sedis, and for phyla, Actinobacteria is abbreviated as “Actino.”

macrotis were still most similar to their wild counterparts (Fig.  individuals, 58 + 11% of ASVs detected in the wild were not
5B), individuals exhibited a 55 + 11% decline in ASV richness  found in subsequent captive samples (Fig. 5 E and F), with low
(Fig. 5C), with significant declines in ASVs from Muribacula-  abundance taxa the least likely to be detected again (GLMM, f
ceae, Lachnospiraceae, and 11 other bacterial families. While = 0.97, SE = 0.02, z value = 39.17, P < 0.001). In captivity, the
these changes were most pronounced in N. macrotis, for each  bacterial ASVs that were enriched in natural cactus, conifer,
woodrat population, captivity significantly altered the abun- and creosote diets became less abundant [mean log, fold
dance of 27.8 + 22 ASVs (increasing 12 + 9 and decreasing 16 ~ change (LFC), wild to captive = 0.30, #(131) = 6.6, P < 0.001].
+ 17, respectively), with differential abundance analyses identi-  Furthermore, across all hosts, captivity significantly altered the
fying a distinct set of ASVs that changed within each popula-  relative abundance of 20 bacterial families and 36 genera, with
tion. Most of these differentially abundant ASVs were from  the greatest increases seen in Bacteriodaceae and the greatest
Muribaculaceae (48%) or Lachnospiraceae (31%), families reductions seen in Oxalobacteraceae, Eggerthellaceae, and
which also comprised 43 and 26% of ASVs detected in wood-  Coriobacteriales (Fig. 5D and SI Appendix, Tables S5 and S6).
rats (SI Appendix, Fig. S7 A and B). Captivity reduced natural diet and environmental differences,
Animals with less diverse wild microbiomes maintained less  and the resulting changes to animal microbiomes increased pat-
diverse communities in captivity (LM, p = 0.52, SE = 0.09, terns of phylosymbiosis. Compared to MRM models for wild
t value = 5.83, P < 0.001), with no evidence for invasion by  hosts, models for captive hosts explained more total variance (Fig.
novel microbes from the captive facility or diet (SI Appendix,  3B), with geography, phylogeny, and diet together explaining 62%
Text S2). While collectively most ASVs (>90%) occurred in  of microbiome composition (Fig. 3C). Consistent with the
woodrats under both wild and captive conditions, for increased variance explained by captive MRM models, neutral
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Fig. 5. Captivity altered gut microbiomes. (A) Within a population (S18
shown), individuals (represented by letters) showed consistent community-
specific shifts. (B) Despite changes, captive microbiomes still clustered with
their counterparts from wild hosts (points represent individuals, colored
by species as in C). (C) Animals varied in their response to captivity, with
different species exhibiting different changes in ASV richness (letter codes
indicate significant differences in percent change of observed ASVs).
(D) Captivity also altered the abundance of 20 bacterial families (asterisks
indicate incertae sedis), reducing taxa known to degrade PSCs. (E) In cap-
tivity, individuals retained <50% of their wild ASVs; (F) however, across all
animals, >90% of wild ASVs were detected in captivity.

model fit was also lower for captive microbiomes (wild R* = 0.37,
captive R* = 0.27), potentially due to either the reinforcement of
structuring effects of host phylogeny or fewer opportunities for
animals to acquire neutral ASVs in the relatively clean captive
environment. In captivity, the effects of geographic origin
remained similar, while variance explained by natural diet
declined from 16 to 9% and variance explained by phylogeny
increased from 35 to 56% (Fig. 3C and SI Appendix, Fig. S8).
Together, these data suggest that host genetics are a dominant fac-
tor structuring gut microbial communities in woodrats.
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Discussion

Mammalian microbiomes are frequently observed to exhibit
phylosymbiosis, with closely related hosts maintaining more
similar microbiomes (8). This pattern is thought to be mediated
by multiple factors, ranging from stochastic influences such as
the availability and ability of microbes to disperse in shared
environments, to the adaptive pressures of shared ecological
niche, diet, and genetics (5, 9). However, the relative contribu-
tions of these factors are not well understood because few
groups of closely related animal species experience the diet and
environmental variation required for accurate study. To quan-
tify how these factors predict the structure of mammalian
microbiomes, we used woodrats—a clade of closely related,
morphologically similar rodents with extensive natural diet and
geographic diversity.

In wild woodrats, host relatedness proved to be the strongest
predictor of microbiome structure, with diet and local environ-
ment also playing an important role in determining composi-
tion and diversity. While host and bacterial cospeciation can
yield phylosymbiosis (38), woodrats originated too recently
(<10 Ma) (39) and the 16S rRNA gene mutates too slowly
(1 to 2% per 100 Ma) (40) for cospeciation to be detectable in
this dataset. This suggests that closely related woodrats assem-
bled similar communities due to similarities in host filtering.
Host filtering, due to differences in physiology or selective pres-
sures, has been proposed as an important driver of phylosym-
biosis (14). Despite extensive differences in diet and local envi-
ronment, closely related wild woodrats hosted more similar
microbiomes, suggesting that similar filtering is primarily medi-
ated by host genetics. The specific genes producing these pat-
terns in woodrats are unknown; however, as genes mediating
innate immunity are linked to microbiome variation in model
organisms (41), similar pathways might also contribute to phy-
losymbsiosis in wild mammals.

Different woodrat populations consumed distinct diets,
which significantly affected microbiome composition and diver-
sity. While it is often unclear whether diet effects are due to
differences in diet components or gut morphology, gut mor-
phology in all woodrats is similar (42), suggesting the observed
microbiome variation was due to different diet components.
Natural woodrat diets differed in PSCs and nutrients, both of
which can influence gut microbial communities. In woodrats,
PSCs are primarily metabolized in the foregut and act as both
antimicrobials and microbial substrates (33). Changing expo-
sure to PSCs alters the woodrat gut microbiome in controlled
laboratory settings (43) and should also exert strong selection
on microbial communities in wild animals. Microbes also play
an important role in metabolizing dietary fiber and regulating
energy homeostasis, with different microbes specializing on dif-
ferent polysaccharides (44). Although all woodrats consume
relatively high fiber diets, the type and quantity of these fer-
mentable compounds differ among plants. For hindgut fer-
menters like woodrats, differences in dietary fiber are expected
to particularly impact microbes in the cecum, where fiber is
degraded. As microbiota in the feces are often most similar to
those in the hindgut (45, but see ref. 42), studies such as ours,
that rely on noninvasive fecal samples, are likely to be particu-
larly sensitive to changes in dietary fiber. While PSCs can also
be metabolized as an energy source (46), it seems likely that
their energetic contribution is minor, and that their effects arise
from their ability to act as antimicrobials and of course, to
sicken the host. In our dataset, diet likely impacts the micro-
biome via differences in both toxins and nutrients, particularly
dietary fiber.

Our dataset included populations that varied in degree of
dietary specialization, presenting an opportunity to examine the
extent to which diet diversity predicts microbiome diversity.
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Populations that fed on more diverse diets maintained more
diversity in their gut microbial communities, consistent with
expectations (47) and likely driven by a selective pressure to
harbor a diverse array of polysaccharide lyases. It should also
be noted that increased diet diversity naturally increases oppor-
tunities for animals to acquire novel microbes. Approximately
one quarter of the microbes in woodrat feces also occur on veg-
etation (36), indicating that plant-associated microbes likely
contribute substantially to the woodrat gut microbiome. Many
of these plant-associated microbes are anticipated to be tran-
sient in the animal gut (48), but if some are adapted to metabo-
lize plant polysaccharides and/or toxins, then the maintenance
of these bacteria, or the transfer of their genetic material to gut
microflora (49), could enhance an herbivore’s ability to feed on
novel diets.

While wild individuals retained a substantial part of their
microbiome when brought into captivity, captivity altered
woodrat gut microbiomes in ways similar to those seen in other
vertebrates (37, 50). These changes could be explained by a
range of factors, including physiological responses to stress,
exposure to new microbes, loss of natural microbial sources,
and novel diets (51). In our study, all animals were provided
with the same captive conditions, creating an opportunity to
examine the extent to which host factors such as genotype and
dietary specialization predict microbiome stability. Although
past work found that the microbiome of a dietary specialist,
Neotoma stephensi, was more sensitive to captivity than that of
a dietary generalist, Neotoma albigula (37), here we found that
natural diet breadth had no effect on changes in microbiome
richness or composition. For woodrats, microbiome responses
were most strongly predicted by host species identity, with one
species (N. macrotis) showing particularly large declines in
diversity and pronounced community changes when brought
into captivity. These species-specific responses to the same dis-
turbance suggest that host genetics control not only micro-
biome composition, but also the stability of these communities.

Novel diets were likely the primary driver of observed micro-
biome changes in captivity (18). For captive animals, we
replaced diverse PSC-rich natural diets with simple, nontoxic,
alfalfa-based chow. On this chow, microbiome variation attrib-
uted to past natural diets declined, as did the abundance of
taxa in families known to degrade PSCs (e.g., Coriobacteriales,
Eggerthellaceae, and Oxalobacteriaceae) (35, 52). This suggests
that these taxa are lost in the absence of direct selection from
PSCs and other natural diet components. However, it should
be noted that these taxa could be maintained at low levels (i.e.,
below our detection threshold) and recover when preferred
resources become available (17, 53). Such storage effects play a
key role in maintaining diverse communities of free-living spe-
cies (54), and might also help maintain diverse symbiont
assemblages that allow hosts to recover from perturbation,
undergo niche expansion, and acclimate to changing environ-
ments (44).

While the structuring effects of diet declined in captivity,
geographic effects persisted. Geographic structuring is com-
monly seen in vertebrate microbiomes (e.g., (refs. 27, 55, 56),
potentially due to drift, in situ diversification, or different local
selective pressures (26). Geographic effects could reflect expo-
sure to transient environmental microbes through activities
such as foraging or grooming (56). However, persistence of
geographic patterns in captive woodrats indicates that animals
retained site-specific microbes, suggesting that these symbionts
contribute to core microbiome functions. Alternatively, some
retained geographic effects might reflect population-level
genetic differences that influenced bacterial filtering. Although
efforts were taken to minimize genetic differences within spe-
cies (e.g., N. lepida were all derived from the same clade (2A)
(57), genetic differences between populations, and even single
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genes (58), can alter microbiome structure (11). While studies
in wild house mice suggest that the effects of geography are
stronger than those of host population structure (27), as pat-
terns observed in captive woodrats are likely influenced by the
microbial communities that animals assembled in the wild,
woodrats from each population would need to be reared under
conditions where microbial inputs are fully controlled to differ-
entiate the effects of exposure and host filtering.

Although captivity altered microbial communities, woodrat
populations still retained distinct microbiomes under these con-
ditions. Removing animals from natural habitats reduced envi-
ronmental and dietary variation, revealing the extent to which
host genetics mediate microbiome structure (8). In captivity,
congruence between the host and microbial community dendro-
grams increased, underscoring the fact that environmental dif-
ferences can obscure patterns of phylosymbiosis, perhaps
explaining why this pattern is observed in many, but not all,
mammalian clades (5, 9, 59). In general, congruence between
host phylogeny and microbial community structure will only
establish and persist if selection favors certain community
members enough to overcome the alternative selective and sto-
chastic effects of diet and environment, as well as other neutral
processes. For some systems, the structuring effects of host
genetics might only be detectable when other sources of micro-
biome variation are reduced, highlighting a potential utility of
captive studies.

While differences in host phylogeny, diet, and geography
explain substantial amounts of microbiome variation, neutral
processes like dispersal and ecological drift also contribute to
the observed differences across hosts. Stochastic processes
alone explain a substantial amount of microbiome structure for
model organisms under controlled conditions (30), as well as
for a population of wild house mice (31). Across wild woodrats,
~55% of ASVs occurred at frequencies predicted by neutral
assembly processes, suggesting that for these neutral taxa, all
woodrats are equally accessible and colonizable. Thus, neutral
processes should be considered when investigating the forces
that sculpt host-associated microbiomes (31). However, in con-
trast to more homogenous systems, the neutral model was a rel-
atively poor fit for microbiota samples from wild woodrats with
diverse diets and genotypes.

Neutral models also allow recognition of microbial ASVs
that are more or less widespread than predicted. A number of
taxa were identified as “overrepresented.” These taxa may be
beneficial and, due to their ability to provide important meta-
bolic functions, are potentially maintained by deterministic pro-
cesses, such as host selection. Alternatively, higher prevalence
in overrepresented taxa may reflect greater dispersion capabili-
ties, or association with dietary plants. For example, in our
study, the majority of spore-forming, anaerobic Clostridia were
found to be overrepresented, consistent with the hypothesis
that spore-forming bacteria are more transmissible. A much
smaller, more taxonomically restricted set of “underrep-
resented” ASVs occurred less frequently than expected, show-
ing distribution patterns consistent with being selected against
(e.g., pathogens). Alternatively, these underrepresented ASVs
could be associated with specific sites, diets, or host genotypes,
because they provide distinct, beneficial metabolic functions to
specific populations of animals. For example, several of the
microbial families that were underrepresented in our analysis
are known to contribute to fiber digestion [Ruminococcaceae,
Prevotellaceae (44, 60) and associated hydrogen metabolism
Desulfovibrionaceae (61)]. Increasing our understanding of the
influence of deterministic processes in the maintenance of
microbes should enhance our ability to identify functionally
important members of microbial communities.

Determining how selective and stochastic factors contribute
to mammalian microbiome structure has proven difficult as few
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natural systems allow replicated sampling of closely related
host species that also exhibit dietary and geographic variation.
Using the extensive natural replication found in wild woodrats,
our work shows that diet, geography, and other stochastic pro-
cesses influence microbiome structure. However, host related-
ness is the most important and persistent predictor of microbial
community composition and stability.

Materials and Methods

To examine factors influencing mammalian microbiome structure, we sam-
pled 2 to 10 individuals from 25 woodrat populations across the southwestern
United States between 2017 and 2019 (Fig. 1 A and B and S/ Appendix, Table
S1). To assay natural diets and gut microbiomes, we collected a “wild” fecal
sample from each animal at the time of capture, before transporting animals
to the University of Utah's School of Biological Sciences animal facility. We fed
individually housed woodrats commercial high-fiber chow and collected a
second “captive” fecal sample after approximately 1 mo. We used lllumina
sequencing to generate microbiome and diet data. As plant primers poorly
amplified cactus, we used stable-isotope ratios to adjust dietary cactus propor-
tions. Using a woodrat phylogeny based on the Bayesian inference analyses
in refs. 62 and 57, we examined how geography, phylogeny, and diet contrib-
uted to wild and captive microbiome structure. We first examined factors indi-
vidually using PERMANOVAs, tests for tree congruence, and differential abun-
dance analyses. We then examined the combined effects of all three factors
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