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Abstract
The composition of mammalian gut microbiomes is highly conserved within species, 
yet the mechanisms by which microbiome composition is transmitted and maintained 
within lineages of wild animals remain unclear. Mutually compatible hypotheses 
exist, including that microbiome fidelity results from inherited dietary habits, shared 
environmental exposure, morphophysiological filtering and/or maternal effects. 
Interspecific hybrids are a promising system in which to interrogate the determinants 
of microbiome composition because hybrids can decouple traits and processes that 
are otherwise co-inherited in their parent species. We used a population of free-living 
hybrid zebras (Equus quagga × grevyi) in Kenya to evaluate the roles of these four 
mechanisms in regulating microbiome composition. We analysed faecal DNA for both 
the trnL-P6 and the 16S rRNA V4 region to characterize the diets and microbiomes of 
the hybrid zebra and of their parent species, plains zebra (E. quagga) and Grevy's zebra 
(E. grevyi). We found that both diet and microbiome composition clustered by species, 
and that hybrid diets and microbiomes were largely nested within those of the ma-
ternal species, plains zebra. Hybrid microbiomes were less variable than those of ei-
ther parent species where they co-occurred. Diet and microbiome composition were 
strongly correlated, although the strength of this correlation varied between species. 
These patterns are most consistent with the maternal-effects hypothesis, somewhat 
consistent with the diet hypothesis, and largely inconsistent with the environmental-
sourcing and morphophysiological-filtering hypotheses. Maternal transmittance likely 
operates in conjunction with inherited feeding habits to conserve microbiome com-
position within species.
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1  |  INTRODUC TION

Gut microbiomes are important for organismal function in a di-
verse suite of animals (D'Argenio,  2018; Neish,  2009; Sommer & 
Bäckhed, 2013). Among other roles, symbiotic microbes in the diges-
tive tract break down food and toxins and convert them into forms 
that their hosts can assimilate (Bäckhed et al., 2005; Neish, 2009; 
Schluter & Foster, 2012). The gut microbiome is of particular impor-
tance for herbivorous mammals, which rely on bacteria to extract 
energy and nutrients from their cellulose-rich food, synthesize vita-
mins and amino acids that they cannot obtain from their diets, and 
detoxify plant defensive compounds (Dearing & Kohl, 2017; Hammer 
et  al.,  2019; Kohl et  al.,  2014; Muegge et  al., 2011; Neish, 2009). 
Indeed, mammalian herbivores derive nearly all of their nutrition 
from the microbial communities in their gut (Dearing & Kohl, 2017; 
Muegge et al., 2011) and die without their microbial symbionts (Kohl 
et al., 2014). Studies of mammalian herbivore microbiomes consis-
tently find that microbiome composition is highly conserved within 
species and that closely related species have more similar micro-
biomes (Brooks et al., 2016; Groussin et al., 2017; Ley et al., 2008; 
Nishida & Ochman, 2018), even in diverse assemblages of sympat-
ric herbivores that intermingle under natural conditions (Kartzinel 
et  al.,  2019). However, because organisms lack a gut microbiome 
during embryonic development (Blaser & Dominguez-Bello, 2016; 
Koenig et al., 2011; Tanaka & Nakayama, 2017), they must acquire 
the microbes that constitute their microbiome during and after 
birth (Bäckhed et al., 2005; Bergström et al., 2014; D'Argenio, 2018; 
Koenig et al., 2011; Rosshart et al., 2019; Tanaka & Nakayama, 2017), 
a process that remains poorly understood (Baniel et al., 2022; Blaser 
& Dominguez-Bello, 2016; Brooks et al., 2016; Groussin et al., 2017; 
Ley et al., 2008).

There are several complementary hypotheses for how micro-
biome fidelity might be maintained within species. First, because 
some aspects of diet are phylogenetically conserved, microbiome 
composition might be preserved within species by inherited dietary 
habits (H1) (Abraham et  al.,  2022; Codron et  al.,  2019; Kartzinel 
et  al., 2019; Muegge et  al., 2011; Pansu et  al., 2022). Microbiome 
composition has been shown to covary with diet in both captive 
and free-ranging mammals (David et al., 2014; Kartzinel et al., 2019; 
Muegge et al., 2011; Nielsen et al., 2023; Sanders et al., 2015); ani-
mals may source their microbiome directly from the foods they eat, 
or different diets may select for distinct microbial communities that 
can metabolize those foods and/or tolerate the gut conditions nec-
essary for their digestion (Hammer et  al.,  2019; Kohl et  al.,  2014; 
Schluter & Foster,  2012; Zhang et  al.,  2016). Second, microbiome 
composition might be shaped by species-specific interactions with 
the environment (H2): even closely related species exhibit distinctive 
habitat-use and movement patterns in nature (Abraham et al., 2022; 
Daskin et al., 2023; Elith & Leathwick, 2009; Noonan et al., 2020) 
and might thus be exposed to unique suites of microbes due to 
microbial turnover across space (Grieneisen et  al.,  2019; Metcalf 
et al., 2017; Tasnim et al., 2017; Yatsunenko et al., 2012). Although 
the species-specificity of microbiome composition among captive 

animals suggests that H2 alone is not a sufficient explanation, it may 
play a contributing role in wild populations, which have not been 
as intensively studied. Third, species' morphological and/or physi-
ological traits might act as a filter on the composition of their gut 
microbiomes (H3) (Amato et al., 2019; Godon et al., 2016; Sommer & 
Bäckhed, 2013; Song et al., 2020). Differences in gut size, tempera-
ture and chemistry, for example, might constrain the microbial com-
munity in the gut (Amato et al., 2019; Godon et al., 2016; Sommer 
& Bäckhed, 2013; Song et al., 2020). Last, microbiome composition 
might be determined via maternal effects (H4) (Bäckhed et al., 2005; 
D'Argenio,  2018), through early exposure to the mother's micro-
biome during parturition, nursing and other maternal care (Baniel 
et al., 2022; Bergström et al., 2014; Blaser & Dominguez-Bello, 2016; 
Koenig et al., 2011; Tanaka & Nakayama, 2017). Evaluating the rela-
tive support for these hypotheses is difficult, because they are not 
mutually exclusive and are all linked within a given species (Brooks 
et al., 2016; Groussin et al., 2017; Yatsunenko et al., 2012).

While controlled manipulative experiments are ideal for mech-
anistic inference, they are impractical for large, wild ungulates. 
Hybrid animals—the product of mating between different spe-
cies—are emerging as valuable systems for understanding the 
species-specificity of microbiomes in a wide range of taxa, including 
ungulates (Grieneisen et al., 2019; Li et al., 2016; Miller et al., 2021; 
Nielsen et al., 2023). Among other things, the study of hybrid micro-
biomes offers inroads for exploring the impacts of genes, behaviour 
and environment on the microbiome in natural ecological contexts, 
because hybrids decouple traits and processes that are otherwise 
co-inherited or coupled. Hybrids are often phenotypically intermedi-
ate and more phenotypically variable than their parent species, and 
are thus distinct from either parent (Harrison, 1990; Russell, 1941). 
Also, natural hybrids can only occur where both parent species are 
present (Harrison, 1990; Russell, 1941), thereby reducing potentially 
confounding effects of environmental variation (Metcalf et al., 2017; 
Tasnim et al., 2017). Wild hybrids can therefore be viewed as natu-
ral pseudo-experiments for testing influences of diet, environment, 
morphophysiology and maternal effects on microbiome composi-
tion. Yet naturally occurring hybrids are rare, and there have been 
correspondingly few prior studies on their gut microbiota (but see 
Grieneisen et  al.,  2019; Li et  al.,  2016; Miller et  al., 2021; Nielsen 
et al., 2023).

We studied a naturally occurring population of hybrid zebras 
in Laikipia, Kenya (Cordingley et al., 2009). These hybrid zebra are 
always the products of mating between male Grevy's zebra (Equus 
grevyi, a globally endangered species) and female plains zebra (Equus 
quagga, a near-threatened species) (Cordingley et al., 2009; Schieltz 
& Rubenstein, 2015). Hybrid offspring are morphologically interme-
diate between the two species (Figure  1a) and exhibit behaviours 
distinct from either parent species (Schieltz & Rubenstein,  2015). 
All zebras are monogastric hindgut fermenters; thus, in contrast to 
ruminant herbivores, the site of fermentation is near the end of the 
digestive tract, such that the faecal microbiome is generally rep-
resentative of the microbial community responsible for digestion 
and fermentation (Costa & Weese, 2012; Metcalf et al., 2017; Reed 
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et al., 2017; Stothart et al., 2023). These attributes, coupled with a 
relatively large body of knowledge on equids and their microbiomes 
(Costa & Weese, 2012; McKinney et al., 2020; Metcalf et al., 2017; 
Reed et al., 2017; Rubenstein, 1986; Stothart et al., 2023), make hy-
brid zebras a useful system in which to probe the determinants of 
microbiome composition.

Building on the general hypotheses outlined above, we tested a 
series of specific predictions about how the microbiomes of zebra hy-
brids might relate to those of their parent species (Figure 1b). Under 
a strong influence of diet (H1), patterns of microbiome composition 
should parallel patterns of diet composition (Kartzinel et al., 2019), 

which in turn should differ across locations and between species 
(Kartzinel et al., 2015; Pansu et al., 2022) (Figure 1c). Under a strong 
environmental influence (H2), sampling location should be a princi-
pal determinant of microbiome composition (Couch et al., 2020), and 
sex should have a significant effect on the microbiomes of hybrid 
and Grevy's zebra due to their sex-specific habitat use (Cordingley 
et  al.,  2009; Rubenstein,  1986) (Figure  1d). If microbiome compo-
sition is determined by host morphophysiology (e.g. body size and 
hence gut volume, metabolic rate, etc.; Duque-Correa et al., 2021; 
Godon et  al.,  2016) (H3), then the hybrid microbiome should be 
compositionally intermediate between the two parent species and 

F I G U R E  1 Hypothesized determinants 
of microbiome composition in hybrid 
zebra. (a) Hybrid zebra (HZ) are always 
the products of mating between male 
Grevy's zebra (GZ) and female plains 
zebra (PZ) and are morphologically 
intermediate between the two species. (b) 
Conservation of microbiome composition 
within species might arise via multiple 
mechanisms; although these mechanisms 
are not mutually exclusive, each of them 
suggests a distinct set of relationships 
between the microbiome composition 
of HZ and Ol Pejeta or Mpala PZ and 
GZ (schematized here as hypothetical 
ordinations where proximity of points 
reflects degree of similarity). (c) If diet 
proximately regulates microbiome 
composition, then patterns of microbiome 
composition should parallel patterns of 
diet composition, which should differ 
across locations and between species. 
(d) If environmental attributes regulate 
microbiome composition, then location 
should be a primary axis of microbiome 
differentiation, as should sex for GZ and 
HZ due to their sex-specific landscape 
use. (e) If host morphophysiology filters 
microbiome composition, then HZ 
microbiomes should be compositionally 
intermediate to their parent species, 
because HZ are morphologically 
intermediate. (f) If maternal effects 
regulate microbiome composition, then 
HZ microbiomes should resemble those 
of PZ, as HZ are always born to PZ 
mothers. Panels (c–f) are mock ordinations 
representing expected patterns of 
microbiome composition under the 
different hypotheses.

(d)

Ol Pejeta
Mpala/
Ol Jogi

♀

H2: sourced from
environment

♀
♀

paternal species:
Grevy’s zebra (GZ)
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should also be more variable than those of their parent species 
(Figure 1e). Finally, if maternal effects determine microbiome com-
position (H4), then hybrid microbiomes should be less variable than 
those of their parent species, should be nested entirely within those 
of the maternal species (always plains zebra) (Nielsen et al., 2023), 
and microbiome composition should cluster by host species overall, 
irrespective of location (Figure 1f). Thus, despite the infeasibility of 
controlled experimentation in these imperilled large herbivores, the 
contrasting patterns predicted by four priorly defined hypotheses 
(Figure 1) provide a basis for evaluating the influences of different 
but mutually compatible mechanisms of microbiome maintenance.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

In January 2020, we collected faecal samples from plains, Grevy's 
and hybrid zebras in two localities in Laikipia County, central Kenya 
(Figure 2). Laikipia encompasses ~10,000 km2 of conservancies, com-
munal rangelands and private ranches (Georgiadis et al., 2007). Mean 
annual rainfall across the region ranges from ca. 500–900 mm, in-
creasing with elevation from north to south (Georgiadis et al., 2007). 
Our sampling localities were 20 km apart along this rainfall gradient 
and therefore differ in mean annual rainfall by >250 mm (Figure 2). 
To the north, two neighbouring conservancies, Mpala and Ol Jogi, 
jointly encompasses ca. 440 km2 (Kartzinel et al., 2019), with mean 
annual rainfall of ~640 mm in the area where sampling was con-
ducted (Alston et al., 2022). Ol Pejeta spans ~360 km2 to the south 
and receives ~900 mm mean annual rainfall (Georgiadis et al., 2007). 

The two sampling localities further differ in soil, consequently 
supporting distinct vegetation communities. Within the Mpala/
Ol Jogi complex (henceforth, ‘Mpala’), sampling was conducted on 
red sandy alfisols, which supports a mosaic of diverse, structurally 
variable thorn-scrub savanna dominated by three Acacia (sensu lato) 
species with a patchy understory (Goheen et al., 2013). Ol Pejeta oc-
cupies exclusively clay-rich vertisols and is more open, with patches 
of Acacia s.l. and Euclea savanna interdigitating large open grasslands 
(Fischhoff et al., 2007). Dominant grasses across both locations in-
clude Cynodon spp., Themeda triandra and Pennisetum spp. (Fischhoff 
et al., 2007).

2.2  |  Study species

Grevy's and plains zebra occur sympatrically in grasslands 
and savannas of north-central Kenya (Cordingley et  al.,  2009; 
Rubenstein, 1986). However, plains zebra are more water-dependent 
(Kihwele et  al.,  2020) and consequently favour cooler and wet-
ter environments than do Grevy's zebra (Cordingley et  al.,  2009; 
Rubenstein, 1986). Grevy's zebra (400 kg) are also ~30% larger than 
plains zebra (300 kg) (Soria et  al.,  2021) (Figure  1a). Hybrids are 
smaller than Grevy's zebra but larger than plains zebra and exhibit 
other intermediate traits (Schieltz & Rubenstein, 2015) (Figure 1a). 
Plains and Grevy's zebra exhibit markedly different social structures 
(Schieltz & Rubenstein,  2015). Plains zebra form herds composed 
of multiple harems (each with a stallion, several females and de-
pendent offspring) as well as groups of bachelor males (Cordingley 
et al., 2009; Rubenstein, 1986). As a result, male and female space use 
is similar for plains zebras. In contrast, landscape use is sex-specific 

F I G U R E  2 Map of study locations 
and sample collection locations. 
Faecal sampling was conducted at two 
locations: the adjacent Mpala and Ol 
Jogi conservancies to the north and Ol 
Pejeta Conservancy 20 km to the south. 
The background is coloured by elevation, 
which increases from north to south, with 
a corresponding gradient of increasing 
mean annual rainfall across the study 
region. Point colours correspond to the 
five zebra subpopulations, point shapes 
correspond to the three zebra species.
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for Grevy's zebra, with territorial males and more nomadic females: 
male Grevy's zebra control access to unstable groups of females by 
defending areas with key resources, such as waterholes and high-
quality forage patches (Cordingley et al., 2009; Rubenstein, 1986). 
Because they are born exclusively to plains zebra mothers, hybrids 
are raised entirely in plains zebra society (Cordingley et al., 2009). 
Hybrid females continue to behave like plains females into adult-
hood, whereas hybrid males sometimes establish territories as 
Grevy's males do (Schieltz & Rubenstein,  2015), such that hybrid 
space use is also somewhat sex-specific. Although Grevy's and plains 
are both strict grazers, their diets differ significantly in the relative 
abundance of different grass taxa (Kartzinel et  al.,  2015; Pansu 
et al., 2022), possibly as a consequence of their morphological and 
behavioural differences. The diets of hybrid zebra have not previ-
ously been characterized.

2.3  |  Sample collection

All hybrid zebra samples were collected from Ol Pejeta, the only place 
where these hybrids are known to occur, while plains and Grevy's 
samples were collected from both sampling localities (Figure 2). At 
Ol Pejeta, Grevy's zebras are kept in a separate fenced-off section of 
the reserve to protect them from predators and prevent further in-
trogression with hybrids (Schieltz & Rubenstein, 2015). Hybrid sam-
ples were collected from the main reserve, all within 10 km of where 
Grevy's zebra samples were collected, and plains samples were col-
lected from both areas of Ol Pejeta (Figure 2).

Hybrid zebra and their natal harems were opportunistically lo-
cated each day, informed by scouting reports and previous days' 
sampling and ranging patterns. All hybrid zebras and their affili-
ated harems were known prior to sampling (Cordingley et al., 2009; 
Schieltz & Rubenstein, 2015). We tried to sample each known hybrid 
once and to collect a faecal sample from both a male and female 
adult from the same harem; for each hybrid faecal sample collected, 
at least one sample from an adult plains zebra of the same sex as the 
hybrid was collected on the same day.

Once located, zebras were followed at a distance until they def-
ecated, after which the faecal sample was collected immediately. 
We only collected faecal material from the center of each dung pile 
(i.e. faecal material not directly in contact with the ground or any 
surrounding vegetation). Samples were placed in sterile containers 
with 70% ethanol and stored in a cooler for transport to the lab. We 
took photographs (right flank) of each zebra individual from which 
samples were obtained to avoid pseudo-replication from repeated 
sampling of the same individual. We also recorded GPS locations 
and metadata including time, location, species, sex, age (adult vs. 
juvenile), group structure, habitat/vegetation type, and individual 
behaviour.

Altogether, we collected 88 samples from five ‘subpopulations’ 
(Table  S1), defined by the location where samples were collected: 
Ol Pejeta hybrids (n = 16), Ol Pejeta plains (n = 34), Ol Pejeta Grevy's 
(n = 22), Mpala plains (n = 9) and Mpala Grevy's (n = 7).

2.4  |  DNA sequencing and bioinformatics

We used laboratory procedures and bioinformatics pipelines em-
ployed in previous faecal metabarcoding studies of large herbivores 
in central Kenya and elsewhere (Kartzinel et al., 2015, 2019; Pansu 
et al., 2022). Samples were stored at −20°C prior to DNA extraction. 
DNA was extracted in a clean laboratory at Mpala Research Centre 
using Zymo Research Quick-DNA Faecal/Soil Microbe kits accord-
ing to manufacturer's instructions. Samples were processed in small 
batches (4–27; typically 6) with one extraction control (sample-free 
extract) per batch to check for contamination. We conducted PCR 
on all samples in triplicate, to enable quality assessment via com-
parison of technical replicates, as well as on all extraction and PCR 
controls (nuclease-free water instead of DNA extract). For diet anal-
ysis, we amplified the P6 loop of the chloroplast trnL(UAA) region, 
using indexed primers g and h (Kartzinel et al., 2015, 2019; Pansu 
et al., 2022; Taberlet et al., 2007). For microbiome analysis, we ampli-
fied the V4 hypervariable region of the 16S rRNA gene with indexed 
Illumina primers 515F/806R (Kartzinel et  al.,  2019). Because each 
sample and control was uniquely barcoded during library prepara-
tion, diet and microbiome PCR products (and their respective nega-
tive controls) were pooled in separate libraries for purification. Diet 
and microbiome libraries were purified with MinElute™ purification 
kits (Qiagen, MD, USA). Purified libraries were then sequenced on an 
Illumina MiSeq (2 × 200 bp paired-end reads) at the Genomics Core 
Facility in Princeton University's Lewis-Sigler Institute for Integrative 
Genomics. We obtained 3,901,345 reads from the diet sample li-
brary and 6,081,642 reads from the microbiome sample library.

Diet sequence data were curated using the OBITools v2 package 
(Boyer et al., 2016), while microbiome sequence data were processed 
using the DADA2 v1.18 big data pipeline (Callahan et al., 2016), im-
plemented in R v4.0.2 (R Core Team, 2020). In both cases, we as-
sembled paired-end reads, assigned sequences to their original 
samples, merged identical sequences, and then removed low-quality 
sequences and those likely to have resulted from PCR or sequencing 
errors (sequences <8 bp and those with nucleotide ambiguities or 
mean Illumina fastq quality scores <30) as well as sequences repre-
sented only once in the entire data set. We identified and eliminated 
chimeras (sequences potentially resulting from PCR and/or sequenc-
ing errors). For diet data, we identified chimeras using the obiclean 
command (with parameters d = 1 and r = 0.25) in OBITools, which 
determines whether a sequence is more likely to be a true sequence 
(‘head’), a sequence derived from another one (‘internal’), or a se-
quence from which no other sequence is derived and is not derived 
from another (‘singleton’). We discarded all sequences that were 
more frequently categorized as derivative (‘internal’) than ‘head’ or 
‘singleton’ (n = 3835 sequences). For microbiome data, we identified 
and removed chimeras using the removeBimeraDenovo command in 
DADA2 (n = 2054 sequences). For both diet and microbiome data, 
we identified putative contaminants by comparing the abundance 
of sequences between samples and negative controls; we discarded 
any sequences that were more abundant in negative controls than 
in samples (n = 41 and 88 sequences for diet and microbiome data). 
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Outlying PCR replicates were identified and discarded by comparing 
dissimilarity distributions between vs. within replicates (see Pansu 
et al., 2022). We discarded any samples with only one PCR replicate 
remaining after filtering. For the remaining samples, we averaged 
the number of reads per sequence across PCR replicates.

We then assigned taxonomic identifications to sequences. For 
diet analysis, all unique sequences retained after filtering were des-
ignated as molecular operational taxonomic units (mOTUs) and tax-
onomic assignments were made by comparison to a reference library 
containing 460 of the roughly 500 plant species known to occur at 
Mpala (Gill et al., 2019) as well as a global reference library generated 
from the European Molecular Biology Laboratory database (Ficetola 
et al., 2010). We eliminated sequences (n = 579) that did not perfectly 
match a sequence in either reference library (which we consider jus-
tified given the near-comprehensive coverage of the local library) 
to further eliminate chimeras, PCR artefacts, and sequencing errors 
(Kartzinel et al., 2019). For microbiome analysis, amplicon sequence 
variants (ASVs) were assigned to taxonomic classifications using the 
SILVA SSU v138.1 bacterial reference database (Yilmaz et al., 2014). 
ASVs derived from chloroplasts or mitochondria were removed, as 
were ASVs identified as non-bacterial or unidentified at the king-
dom level (n = 2297 sequences). The sequences of remaining bac-
terial ASVs were then used to construct a phylogenetic tree using 
QIIME2 (Bolyen et al., 2019): bacterial sequences were aligned, the 
alignment was masked to reduce ambiguity, and the phylogeny was 
constructed with the command fasttree.

We then rarefied the number of reads in each sample to account 
for differences in sequencing depth, using the average across 1000 
iterations. While opinions differ on the utility of rarefying sequence 
data for some purposes, it remains a valuable approach for studies 
such as ours aimed primarily at evaluating dissimilarity in commu-
nity composition (McKnight et al., 2019; McMurdie & Holmes, 2014; 
Schloss,  2024; Weiss et  al.,  2017). For diet, the mOTU-by-sample 
matrix was iteratively rarefied to 3700 reads per sample (minimum 
reads per sample was 3739). For microbiome, ASV-by-sample ma-
trix was iteratively rarefied to 5000 reads per sample, resulting in 
the removal of 2 microbiome samples with <5000 reads (Figure S4); 
this read threshold is comparable to those used in related studies 
of microbiome composition (e.g. Kartzinel et  al.,  2019) and was 
sufficient to capture the asymptote of ASV accumulation for most 
samples (Figure S4). Finally, both matrices were converted into pro-
portions to yield relative read abundance (RRA) matrices. The final 
rarefied diet dataset contained 144 unique plant mOTUs from 79 
faecal samples and the rarefied microbiome dataset contained 2892 
unique bacterial ASVs from 84 faecal samples, with 75 faecal sam-
ples shared between the two datasets.

2.5  |  Data analyses

Data were analysed and visualized in R v4.0.2 (R Core Team, 2020). 
We evaluated whether the five zebra subpopulations differed in 
the diversity of their diets and microbiomes, quantifying richness 

as the number of mOTUs/ASVs per sample and diversity using the 
Shannon-Weiner index in the vegan package (Oksanen et al., 2013). 
We then used analysis of variance (ANOVA) with Tukey's honest 
significant difference (HSD) test to assess pairwise differences be-
tween the subpopulations (Figures 3c and 4c, Tables S2 and S5).

To interrogate differences in beta-diversity among samples and 
subpopulations, we calculated pairwise Bray–Curtis dissimilarity 
between all samples and visualized patterns with principal coordi-
nate analysis (PCoA) for both diet (Figures 3a and S2) and microbi-
ome (Figures 4a and S8) data using the ‘vegan’ package (Oksanen 
et al., 2013). We then conducted pairwise permutational multivar-
iate analyses of variance (perMANOVA) to test for differences in 
diet and microbiome composition between the five subpopulations 
(Figures 3 and 4, Tables S3 and S6). We likewise performed analyses 
of multivariate homogeneity of group dispersions and tested for dif-
ferences in the variability of diet and microbiome between the five 
subpopulations using Tukey HSD (Tables S3 and S6).

We used Bray–Curtis dissimilarity in part to facilitate direct 
comparison between the diet and microbiome data in this study 
and those in previous work, including from our study system 
(Brown et  al.,  2023; Kartzinel et  al.,  2019). To evaluate the sensi-
tivity of these results in light of debates over the best approach to 
analysing microbiome composition data (e.g. Aitchison et al., 2000; 
McKnight et  al.,  2019; Reed et  al.,  2017; Regalado et  al.,  2020; 
Stothart et al., 2023; Weiss et al., 2017), we also calculated micro-
biome compositional dissimilarity between samples using three 
alternative approaches: Bray–Curtis dissimilarity, but with ASVs oc-
curring in only one sample (‘single-sample ASVs’) removed, to assess 
whether Bray-Curtis results were driven by rare or low-abundance 
ASVs (Table  S7); Aitchison distance, the Euclidean distance be-
tween samples after abundance data have been centered and log-
ratio-transformed (Table S8), which is less sensitive to differences 
in presence-absence across samples than other distance metrics 
(Aitchison et al., 2000); and the weighted UniFrac distance metric 
(Lozupone & Knight, 2005), which incorporates phylogenetic relat-
edness of microbial taxa (Table S9). We repeated the statistical tests 
and visualizations described above using these metrics (Tables S6–
S9 and Figures S5–S7).

To determine which taxa contributed most to differences be-
tween the diets and microbiomes of zebra subpopulations, we 
conducted indicator species analyses on both diet and microbiome 
datasets (Tables S4 and S10), using the multipatt function in the in-
dicspecies package (De Caceres & Jansen, 2016). This function calcu-
lated the indicator value (‘IndVal’) association index for each mOTU/
ASV and all five zebra subpopulations, determining the subpopula-
tion with the highest IndVal for a given mOTU/ASV and evaluating 
the statistical significance of this association via permutation tests 
(with 999 permutations).

We then tested for diet-microbiome covariation. We first used lin-
ear regression to determine whether diet richness and diversity pre-
dicted microbiome richness and diversity respectively (Tables S11 and 
S12). We assessed correlations between diet and microbiome richness/
diversity across all samples and for each subpopulation individually 
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(Tables  S11 and S12). To evaluate the correlation between diet and 
microbiome dissimilarities, we performed a Mantel test on our micro-
biome and diet Bray-Curtis dissimilarity matrices. To assess whether 
samples clustered similarly for diet and microbiome, we performed a 
symmetric Procrustes analysis, which evaluates the degree to which 
two ordinations can be aligned and superimposed on one another, with 
the diet and microbiome Bray-Curtis PCoAs. We then extracted the 
coordinates of each sample along the first axes of variation for both 
the diet and microbiome Bray-Curtis PCoAs and used linear regression 
to determine if diet PCoA values predicted microbiome PCoA values 
(Figure 5). As above, we assessed correlations between diet and mi-
crobiome PCoA values across all samples and for each subpopulation 
individually (Table S13).

To evaluate support for our four hypotheses (Figure 1b), we an-
alysed microbiome composition as a function of species, location, 
sex and diet (represented by the values for each sample along the 
first axis of the diet PCoA; Figure S1), using marginal perMANOVA 
(Table  1). This approach assesses the marginal effect of each 

predictor by comparing models with and without that predictor, 
such that the ordering of predictors in the model call does not alter 
the estimated effect size or statistical significance. We also per-
formed a stratified perMANOVA (stratified by subpopulation), which 
constrains the permutations in perMANOVA by a defined stratified 
variable to evaluate the effects of other predictors. We included diet 
and sex as predictors (Table S14), to evaluate their relative impor-
tance as predictors of within-subpopulation variation in microbiome 
composition.

3  |  RESULTS

3.1  |  Diet patterns

All five subpopulations ate >90% grass (family Poaceae; Figure 3b), 
consistent with previous work showing that zebras are among 
the most grass-specialist herbivores throughout Africa (Pansu 

F I G U R E  3 Diet composition and dissimilarity across zebra subpopulations and locations. (a) PCoA ordination plot showing Bray–
Curtis dissimilarity in diet composition between samples. Each point represents a single faecal sample. Ellipses show 95% confidence 
intervals. Point and ellipse colours correspond to the five zebra subpopulations; point shapes correspond to the three zebra species. (b) 
Relative abundance of plant taxa in the diet of each zebra subpopulation, calculated by averaging the RRA for each plant taxon within 
subpopulations. (c) Dietary diversity (Shannon index) of each subpopulation. (d) Dietary dissimilarity of each subpopulation relative to hybrid 
zebra diets; the hybrid boxplot therefore reflects within-subpopulation dietary dissimilarity. (e) Within-subpopulation dietary dissimilarity, 
comparing each sample to others of the same species and location; thus, Ol Pejeta hybrid zebra box is identical to that in (d). In (c–e), black 
bars show median dissimilarity, coloured boxes show interquartile range (IQR), whiskers extend up to 1.5 × IQR, dots are outliers. Letters 
denote statistically significant differences (p < .05); subpopulations with different letters are significantly different.
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et  al.,  2022). The diversity of zebra diets exhibited little differ-
ence across the five subpopulations (Table S2), with no significant 
differences in richness and only one significant difference be-
tween subpopulations in Shannon diversity (Figure  3c). However, 
subpopulations differed in the contributions of particular plant 
mOTUs to their diets (Figure 3b), with variation in diet composition 
clustering first and foremost by species (Figure 3a): Grevy's zebra 
diets clustered together across locations, as did plains zebra diets. 
Hybrid zebra diets clustered with plains zebra from both locations 
(Figure  3a), being compositionally indistinguishable from those of 
Ol Pejeta plains but differing significantly from the other three sub-
populations (Figure  3d and Table  S3) despite including no unique 
plant mOTUs (Table S4). The diets of Mpala Grevy's and plains zebra 
did not differ significantly despite clustering separately in PCoA or-
dinations, likely reflecting limited statistical power arising from the 
small sample sizes in these subpopulations (n = 5 and 8; Figure S3). 
Ol Pejeta Grevy's had compositionally distinct diets (Figure 3d and 
Table  S3), with considerably higher fractions of Cynodon spp. and 

Sporobolus spp. than the other subpopulations and two plant mOTUs 
that were unique to their diets (Figures 3b and S3, Table S4). The 
variability of hybrid diets was low, as was the variability of both Ol 
Pejeta Grevy's and plains diets; Mpala Grevy's had significantly more 
variable diets than those of Ol Pejeta plains (Figure 3e and Table S3).

3.2  |  Microbiome patterns

Patterns of microbiome composition largely paralleled those of 
diet. Again, the ASV richness and diversity of zebra microbiomes 
differed little between the five subpopulations (Table S5), though 
Ol Pejeta Grevy's zebras did again have significantly more diverse 
microbiomes than Ol Pejeta plains (as with diet; Figure 3c) as well 
as Mpala plains and hybrids (Figure 4c). Based on Bray–Curtis dis-
similarity, both with (Table S6 and Figure 4) and without (Table S7 
and Figure S5) considering single-sample ASVs, and also based on 
Aitchison distance (Table  S8 and Figure  S6), the microbiomes of 

F I G U R E  4 Microbiome composition and dissimilarity across subpopulations and locations. (a) PCoA ordination plot showing Bray–
Curtis dissimilarity in microbiome composition between samples. Each point represents a single sample; ellipses represent 95% confidence 
intervals. Point and ellipse colours correspond to the five zebra subpopulations; point shapes correspond to the three zebra species. (b) 
Relative abundance of the ten most prevalent bacterial orders in zebra gut microbiomes, calculated by averaging the RRA of each bacterial 
order within each subpopulation. (c) Microbiome diversity (Shannon index) of each subpopulation. (d) Microbiome dissimilarity of each 
subpopulation relative to hybrid zebra; the hybrid boxplot therefore reflects within-subpopulation microbiome dissimilarity. (e) Within-
subpopulation microbiome dissimilarity, comparing each sample to others from the same species and location; thus, Ol Pejeta hybrid 
zebra bar is identical to that in (d). In (c–e), black bars show median dissimilarity, boxes show interquartile range (IQR), whiskers extend up 
to 1.5 × IQR, and dots are outliers. Letters denote statistically significant differences (p < .05); subpopulations with different letters are 
significantly different.
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hybrid zebra clustered with both of the plains zebra subpopula-
tions in ordinations, and the microbiomes of the two Grevy's zebra 
subpopulations also clustered together, paralleling diet patterns. 
Statistically, however, microbiomes did not differ between sub-
populations of the same species, no matter the distance metric 
used, in contrast to diet results (Tables  S6–S9); plains zebra mi-
crobiomes were compositionally similar across locations, as were 
those of Grevy's zebra. Hybrid microbiomes also did not differ 

significantly from those of (maternal) Ol Pejeta plains zebra with 
any of the distance metrics (Tables S6–S9). Based on Bray–Curtis 
dissimilarity, hybrids differed significantly from the remaining 
three subpopulations, paralleling the pattern in diet composition 
(Figure 4d and Tables S6, S7). Using Aitchison distance, hybrid mi-
crobiomes did not differ from either subpopulation of plains zebra 
but still differed from both Grevy's subpopulations (Figure  S6 
and Table  S8). Twenty-six bacterial ASVs were uniquely shared 
by hybrid and (maternal) plains zebra subpopulations, whereas 
hybrids only shared a single unique ASV with (paternal) Grevy's 
zebra subpopulations (Table S10). The within-group variability of 
hybrid microbiomes was also quite low relative to the other four 
subpopulations (Figure 4e), and significantly lower than the well-
sampled Ol Pejeta Grevy's (again, regardless of the distance met-
ric; Tables S6–S8).

When weighted UniFrac was used to quantify dissimilar-
ity in microbiome composition between individuals, between-
subpopulation differences in microbiome composition all but 
disappeared and all subpopulations clustered together (Table  S9 
and Figure  S7): there were no statistical differences between 
any of the five subpopulations with regards to mean microbiome 
composition or compositional variability (Table  S9), except that 
the composition of Ol Pejeta Grevy's microbiomes differed sig-
nificantly from those of the hybrids (Figure  S7). Accounting for 
phylogeny thus obscures differences in microbiome composition 
between subpopulations, indicating that differences are taxo-
nomically superficial. Indeed, the proportional representation of 
bacterial taxa in the microbiome was similar across all five sub-
populations (Figures 4b and S9–S11): microbiomes of all five sub-
populations were dominated by the same five phyla (Bacteroidota, 
Firmicutes, Verrucomicrobiota, Fibrobacterota and Spirochaetota, 
together comprising >95% of all zebra microbiomes; Figure  S9) 
and eight orders (Bacteroidales, WCHB1–41, Fibrobacterales, 
Oscillospirales, Spirochaetales, Erysipelotrichales, Lachnospirales 
and Christensenellales, together comprising >90% of the zebra 
microbiomes; Figures 4b and S10). Furthermore, of the 2892 total 
bacterial ASVs, all but 185 (6.4%) were shared across all subpopu-
lations (Table S10).

3.3  |  Diet-microbiome covariation

Dietary and microbiome richness were largely uncorrelated, across 
all samples and also within all but one subpopulation (Table S11). The 
lone exception was hybrids, which exhibited a significantly negative 
relationship (i.e. microbiome richness decreased with increasing die-
tary richness; Table S11). Dietary and microbiome diversity were en-
tirely decoupled, overall and within each subpopulation (Table S12).

In contrast, we found strong compositional associations be-
tween zebra diets and microbiomes. Microbiome and diet dissim-
ilarity matrices were significantly correlated (Mantel test; n = 75, 
r = 0.366, p < .001), and microbiome and diet Bray-Curtis PCoA or-
dinations were highly transposable (Procrustes test; n = 75, Sum of 

F I G U R E  5 Correlation between diet and microbiome 
composition among and within species. Across all individuals, diet 
composition (approximated by values along diet Bray-Curtis PCoA 
axis 1) was correlated significantly with microbiome composition 
(approximated by values along microbiome Bray-Curtis PCoA 
axis 1). However, these correlations were variable and sometimes 
negligible within zebra subpopulations. Each point represents one 
faecal sample. Point colours correspond to zebra subpopulations; 
point shapes correspond to the three zebra species. Solid lines 
denote statistically significant relationships (P ≤ 0.05) and dashed 
lines show non-significant relationships (p > .05). The grey shaded 
region shows the 95% confidence interval of the relationship 
between diet and microbiome composition across all individuals.
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TA B L E  1 Predictors of microbiome composition.

Predictor df Sum Sqs R2 Pseudo-F p

Diet 1 0.260 .017 1.433 .072

Location 1 0.370 .025 2.040 .006

Sex 1 0.260 .017 1.435 .077

Species 2 0.880 .059 2.426 .001

Residual 66 11.967 .797

Total 71 15.017 1.000

Note: Results of marginal perMANOVA testing the relative 
contributions of location, species, sex, and diet (approximated by values 
along diet Bray-Curtis PCoA axis 1) to predicting the RRAs of microbial 
ASVs in zebra microbiomes.
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Squares = 0.636, Correlation = 0.604, p < .001). Diet and microbiome 
values along the first PCoA axes were significantly correlated across 
all samples (Figure 5 and Table S13), although the significance of this 
relationship did differ for each of the five subpopulations when eval-
uated individually: diet and microbiome PCoA values were not sig-
nificantly correlated for either subpopulation of plains zebra, nor for 
Mpala Grevy's zebra, but were for hybrids and for Ol Pejeta Grevy's 
zebra (Figure 5 and Table S13).

Overall, we found that species explained the most variance in mi-
crobiome composition (R2 = 0.059), followed by location (R2 = 0.025), 
and then sex and diet (R2 = 0.017 each) (Table 1). Sex and diet com-
position were both only marginally predictive of microbiome com-
position when controlling for these other predictors (Table  1), 
suggesting that the variation in diet and microbiome composition is 
driven by parallel factors in this system. However, when stratified 
by subpopulation (thus implicitly accounting for effects of species 
and location), we recovered the significance of diet as a predictor 
of microbiome composition, whereas sex was not significantly pre-
dictive (Table S14), suggesting that diet ultimately does have some 
predictive power for explaining within-subpopulation variability in 
microbiome composition.

4  |  DISCUSSION

Here we use patterns of microbiome composition within a popu-
lation of free-ranging hybrid zebras to evaluate evidence for four 
hypothesized mechanisms for microbiome fidelity within species 
(Table 2). Our results provide the strongest support for the mater-
nal effects hypotheses (H4): plains and Grevy's microbiomes were 
distinct from one another but were compositionally similar across 
locations, and hybrid microbiomes were compositionally indistin-
guishable from plains zebra microbiomes, the maternal species. 
Furthermore, hybrid microbiomes were less variable than those of 
plains zebra, suggesting that hybrid microbiomes effectively rep-
resent a nested subset of plains zebra microbiomes. We also find 
some support for the hypothesis that diet regulates microbiome 
composition (H1): diet and microbiome dissimilarity matrices were 
significantly correlated, and ordinations were highly transposable. 
However, diets of the same species differed significantly between 
sampling locations, whereas microbiomes of the same species did 
not. And although diet and microbiome values along the first PCoA 
axes were significantly correlated across all samples, correlations 
varied within individual subpopulations. The richness and diversity 
of zebra diets and microbiomes were largely decoupled. We find lim-
ited support for the morphophysiological filtering hypothesis (H3): 
hybrids did not have intermediate microbiomes, as would be pre-
dicted from their intermediate morphology (Cordingley et al., 2009; 
Schieltz & Rubenstein, 2015). Our results also reflect weak support 
for the environmental sourcing hypothesis (H2): microbiomes of the 
same species were compositionally indistinguishable across loca-
tions, and sex had limited predictive power for explaining microbi-
ome composition.

4.1  |  H1: Diet regulates microbiome composition

We found that hybrid diets were indistinguishable from plains 
zebra diets, despite the genetic contribution from Grevy's zebra 
(Cordingley et  al.,  2009; Schieltz & Rubenstein,  2015). Some as-
pects of diet are heritable and exhibit phylogenetic signal (Abraham 
et  al.,  2022; Codron et  al.,  2019; Kartzinel et  al.,  2019). Also, hy-
brids are of intermediate body size relative to their parent spe-
cies (Cordingley et  al.,  2009; Schieltz & Rubenstein,  2015), and 
body size plays a key role in herbivore foraging behaviour and diet 
composition (Abraham et al., 2022; Daskin et  al., 2023; Demment 
& Van Soest, 1985; Hopcraft et  al.,  2010; Pansu et  al.,  2022). For 
both of these reasons, hybrids might be expected to exhibit inter-
mediate diets to their parent species. Instead, we found that hybrid 
diets were indistinguishable from plains zebra diets where they co-
occurred. As hybrids are raised exclusively in the plains zebra soci-
ety (Schieltz & Rubenstein, 2015), the similarity of hybrid diets to 
those of plains zebra suggests that at least some aspects of their 
foraging behaviour are learned, rather than genetically determined. 
Learning and memory are indeed known to play a role in other com-
ponents of herbivorous mammal foraging, such as migration (Jesmer 
et al., 2018; Mueller et al., 2013). Generally, an herbivore's foraging 
behaviour may be shaped by the social influences of other herbi-
vores where they are raised and learn to forage.

Differences in diet between zebra subpopulations appear to 
have ramifications for their microbiomes: several lines of evidence 
were consistent with H1, that diet regulates microbiome composition 
(Table 2). Consistent with predictions of H1, we find that zebra mi-
crobiome patterns broadly paralleled diet patterns. Diet and micro-
biome dissimilarity matrices were significantly correlated and PCoA 
ordinations were highly transposable; diets and microbiomes of hy-
brids both clustered with those of Ol Pejeta plains zebra; diet was a 
significant predictors of microbiome composition in a perMANOVA 
stratified by subpopulation (Table  S14); and diet and microbiome 
values along the first PCoA axes of were significantly correlated 
when all samples were considered (Figure  5). However, inconsis-
tent with H1, diets of the same species differed significantly across 
sites (Figure 3d), whereas microbiomes of the same species did not 
(Figure 4d); diet was not significantly predictive of microbiome com-
position in a marginal perMANOVA (Table 1); dietary richness and 
diversity were largely uncoupled from microbiome richness and di-
versity, except within hybrids (Tables S11 and S12); and correlations 
between diet and microbiome values along the first PCoA axes var-
ied for individual subpopulations, being non-significant for both sub-
populations of plains zebra and for Mpala Grevy's zebra (Figure 5).

That diet plays some role in regulating microbiome composition 
accords with a large body of research documenting correlations 
between diet and microbiome in mammals at various scales: across 
species and lineages (Muegge et al., 2011; Sanders et al., 2015), 
within and among co-occurring populations (Bergmann et al., 2015; 
Kartzinel et al., 2019), and within individuals (David et al., 2014). 
However, the divergences observed here between diet and micro-
biome patterns suggest that diet alone cannot explain microbiome 
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fidelity within species – diet may therefore be a proximate, rather 
than ultimate, driver of microbiome composition. For instance, re-
cent research has demonstrated that the microbiome may influ-
ence host foraging behaviour, altering the food preferences of the 
host (Trevelline & Kohl, 2022), such that microbiome composition 
may modulate diet composition, not vice versa. Microbiome com-
position might initially arise via some other mechanism but might 
then be reinforced or stabilized by diet-microbiome feedbacks. 
Alternatively, diet and microbiome composition may both be de-
termined by parallel factors. In the context of our study system, 
hybrid diets and microbiomes may both be influenced by the fact 
that hybrids are raised with plains zebras, their maternal species 
(see H4: microbiome composition is determined by maternal effects 
below), which may account for the diet-microbiome covariation 
we recover here. Further research is needed to test whether im-
pacts of diet on microbiome are direct, for example, due to effects 
of digesting particular foods on gut hospitability for particu-
lar microbes (Hammer et  al.,  2019; Kohl et  al.,  2014; Schluter & 
Foster, 2012; Zhang et al., 2016), or indirect, each responding to 
other forces that generally operate in parallel on diet and microbi-
ome composition within wild populations.

4.2  |  H2: Microbiomes are a result of shared 
environment

We find limited support for H2, that shared environmental expo-
sures contribute to microbiome composition. Consistent with H2, 
we found that location was a significant predictor of microbiome 
composition in a marginal perMANOVA, second in predictive 
power only to species. Also, the two zebra subpopulations from 
Mpala shared 34 unique ASVs (though no ASVs were uniquely 
shared across the three Ol Pejeta subpopulations; Table  S10). 
However, inconsistent with H2, we found that sex was not signifi-
cantly predictive of microbiome composition (in contrast to ex-
pectations under H2, since male and female Grevy's and hybrids 
differ in their landscape use; Schieltz & Rubenstein, 2015), though 
we acknowledge that we had limited power to detect sex differ-
ences due to sample sizes constraints (Table  S1). Also, microbi-
omes of co-occurring subpopulations were significantly different 
from one another (Figure 4d). Lastly, in PCoA ordinations of micro-
biome composition, microbiomes did not cluster by location, but 
rather by species (Figure  4a), and there was also no discernable 
clustering by sex (Figure S8).

Some studies have found that environmental influences do 
affect microbiome composition (Couch et  al.,  2020; Grieneisen 
et al., 2019; Metcalf et al., 2017; Tasnim et al., 2017; Yatsunenko 
et al., 2012). For example, in a study on hybrid baboons, soil type 
was shown to predict microbiome similarity across hybrid sub-
populations, rather than genetic factors (Grieneisen et al., 2019). 
However, such studies rarely control explicitly for the effects of 
diet. Indeed, in the same study on hybrid baboons, the authors cite 
turnover in food availability across soil types as a likely mechanism 

for the observed effect of soil composition on the microbiome 
(Grieneisen et al., 2019). Relatedly, differences in the microbiomes 
of captive and wild animals, a classic example of the profound im-
pact that environmental context can have on microbiome compo-
sition (McKenzie et  al., 2017; Metcalf et  al., 2017), can at least 
partially be accounted for by the fact that captive animals are fed 
radically different, highly artificial diets relative to their wild coun-
terparts (Metcalf et al., 2017). As such, effects of environmental 
influences may be largely mediated through other variables, es-
pecially diet, hence the limited support we recover for H2 when 
accounting for these other factors.

4.3  |  H3: Microbiomes are filtered by host 
gut anatomy

We find minimal support for H3, that host gut anatomy acts as a fil-
ter on microbiome composition. Under H3, the hybrid zebras, which 
are morphologically intermediate to their parent species (Cordingley 
et  al.,  2009), would be expected to have compositionally inter-
mediate microbiomes. Instead, we found that the microbiomes of 
hybrids were largely indistinguishable from Ol Pejeta plains zebra 
(Figure 4d). Furthermore, hybrid microbiomes were significantly less 
variable than those of their parent species (Figure 4e); the generally 
greater phenotypic variability of hybrids relative to parent species 
(Harrison, 1990; Russell, 1941) would suggest that hybrid microbi-
omes should be more, not less, variable than those of their parent 
species.

That we find limited support for H3 contrasts with other re-
search suggesting that host morphology and physiology play a 
foremost role in determining the composition of the gut micro-
biome (Amato et al., 2019; Godon et al., 2016; Song et al., 2020). 
However, such analyses often deal with large taxonomic scales 
and extreme shifts in host morphophysiology (Amato et al., 2019; 
Godon et al., 2016; Song et al., 2020). In this system, individuals 
differ by at most ~100 kg in body size, such that morphophysio-
logical differences may be too subtle to overwhelm other drivers 
of microbiome composition. Relatedly, all five zebra subpopula-
tions ate predominantly grass, such that their microbiomes are 
likely highly constrained by their need to extract nutrition from 
this recalcitrant forage. Indeed, this functional constraint may ac-
count, at least in part, for the lack of differentiation between the 
subpopulations when assessed with weighted UniFrac distance. 
Bacterial function is highly phylogenetically conserved (Martiny 
et  al.,  2013; Philippot et  al.,  2010), and all zebras likely require 
microbiomes with relatively similar phylogenetic composition 
in order to adequately process their grass-rich diets (Kartzinel 
et  al.,  2019; Muegge et  al., 2011). Furthermore, though hybrids 
are intermediate with regards to body size and presumably gut 
size (Duque-Correa et al., 2021), other aspects of physiology may 
exhibit more complex patterns of inheritance, such that the gut 
environment of hybrids may not be intermediate in all regards. 
Alternatively, the effects of morphophysiology on the microbiome 
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may be mediated by other factors within this hybrid zebra sys-
tem, as with environmental influences. As described above, diet 
is influenced by body size (Daskin et  al.,  2023; Demment & Van 
Soest, 1985; Hopcraft et al., 2010; Pansu et al., 2022), so diet may 
capture any effect of morphology on the microbiome. Accounting 
for other factors influenced by morphophysiology – in this case, 
diet – may therefore obscure any effect that morphology ulti-
mately has on the microbiome.

4.4  |  H4: Microbiome composition is determined by 
maternal effects

We find largely consistent support for H4, that microbiome composi-
tion is determined by maternal effects (Table 2). We found that hy-
brid zebra microbiomes were compositionally indistinguishable from 
those of co-occurring plains zebra, their maternal parent species, 
and microbiomes of the same species were similar across locations 
(Figure 4a) (no matter the distance metric used). Hybrids uniquely 
shared 26 bacterial ASVs with (maternal) plains zebra subpopula-
tions (as opposed to the single ASV shared between hybrids and any 
Grevy's population; Table S10). Moreover, hybrid microbiomes were 
less variable than those of other subpopulations with which they co-
occurred (Figure 4e), indicating that hybrid microbiomes effectively 
represent a nested subset of plains zebra microbiomes. Somewhat 
inconsistent with H4, we found that hybrid microbiomes did differ 
from those of Mpala plains zebra when measured with Bray–Curtis 
dissimilarity (but not with Aitchison distance). However, this may re-
flect the fact that the two study locations are isolated, such that 
slight drift may have occurred in microbiome composition between 
locations.

Maternal effects on microbiome composition are thought to 
occur via direct transmission of microbes from mother to offspring. 
During birth, mammals are exposed to the microbiome of their 
mother's birth canal and, subsequently, to their mother's skin mi-
crobiome while nursing (Bäckhed et al., 2005; Blaser & Dominguez-
Bello, 2016; Koenig et al., 2011; Tanaka & Nakayama, 2017). These 
maternal microbes are thought to seed the microbiomes of their 
offspring (Blaser & Dominguez-Bello, 2016; Rosshart et  al.,  2019). 
However, novel microbes are constantly introduced to the micro-
biome throughout an organism's life (Hammer et  al.,  2019; Zhang 
et al., 2016). If the microbiome is sourced from the mother during par-
turition and nursing, then some intrinsic mechanism (i.e. priming of 
the immune system to specific microbes; Burr et al., 2020; Rosshart 
et al., 2019; Shi et al., 2017) must preserve this initial microbial com-
munity in the face of constant introductions of new microbes from 
the environment (Bäckhed et  al.,  2005; D'Argenio,  2018; Zhang 
et al., 2016). Indeed, the majority (but not all) of the zebra included 
in this study were adults (Figure S8), and we found that hybrid micro-
biomes still resembled those of the maternal parent species. Further 
research on how hosts modulate microbiome composition over the 
course of their lives would illuminate whether maternal effects do in 
fact account for microbiome fidelity within species.

4.5  |  Limitations

While our approach provides new insights into the processes under-
lying microbiome assembly, it is not without limitations. All the sam-
ples were collected within a single season, which prevents us from 
evaluating the stability of these patterns over time. Indeed, season-
ality is known to play a large role in microbiome assembly (Bergmann 
et al., 2015; Kartzinel et al., 2019), and future work should therefore 
include longitudinal sampling of these subpopulations. Also, due to 
the scarcity of the endangered Grevy's zebra, and especially hybrid 
zebras, of which only ~20 are known to occur in the wild, sample 
sizes of certain subpopulations were necessarily small, such that we 
had limited power to detect compositional differences between the 
diets and microbiomes of some groups (Table S1). Finally, we used 
16S amplicon sequencing to characterize microbiome composition, 
which targets the bacterial component of the microbiome; it is well-
established that fungi, viruses and phages also represent a significant 
component of the gut microbiome and they may exhibit different 
patterns of transmission (Dearing & Kohl,  2017; Ley et  al.,  2008; 
Neish, 2009). We amplified the 16S rRNA V4 region so that our re-
sults would be directly comparable with other studies (e.g. Kartzinel 
et al., 2019; Metcalf et al., 2017). However, targeting non-bacterial 
genes and other bacterial genes that evolve faster may provide 
greater resolution into microbiome differences (Moeller et al., 2016; 
Ogier et al., 2019), though this is an area of active research devel-
opment (Ogier et al., 2019). Likewise, 16S rRNA sequencing often 
precludes drawing precise functional conclusions about the micro-
biome, as analyses are limited to only compositional, taxonomic as-
sociations. Still, 16S rRNA sequencing can be surprisingly predictive 
of whole genome sequencing of bacterial microbiomes (Regalado 
et al., 2020; Stothart et al., 2023), and taxonomic information does 
provide some insight into microbiome function (Martiny et al., 2013; 
Muegge et al., 2011; Philippot et al., 2010). Future work using other 
bacterial amplicons, shotgun or whole genome sequencing, and in-
cluding non-bacterial components of the microbiome will provide 
further insights into microbiome assembly and function.

4.6  |  Conclusions

Overall, we find the strongest support for maternal effects (H4) driv-
ing microbiome composition, we find considerable support for the 
role of diet (H1) in structuring microbiome composition, and we find 
limited support for a strong direct role of environment (H2) or mor-
phophysiological filtering (H3) on the gut microbiome. Though these 
hybrid zebras allow for greater resolution in evaluating the relative 
support for these four hypotheses, this hybrid subpopulation does 
not allow us to fully isolate these four mechanisms. For instance, the 
diets and microbiomes of hybrids both clustered with those of plains 
zebra, their maternal species, a pattern that simultaneously supports 
H1 and H4. Here, we did not know the diets of the hybrid zebra a pri-
ori, as they had not been characterized prior to this study. But study-
ing a hybrid subpopulation where the diets of hybrids are known to 
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differ from their parent species might fully allow for the parsing of 
these hypotheses. By carefully designing studies that isolate genetic, 
behavioural, and environmental factors and weighing evidence for 
and against hypotheses, as we have done here, we can build a more 
complete picture of the relative contributions of these four mecha-
nisms to conserving microbiome composition within species.
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