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Abstract

Islands have long served as ideal, replicative “natural laboratories” to help identify the mechanisms that shape the diversity and
distribution of plant and animal communities, and a burgeoning body of literature has utilized island-like systems to better understand
the processes that shape microbial community diversity. Despite this expanded application, few studies have explored patterns
of microbial diversity spanning true islands, especially among communities of microorganisms that colonize vertebrate hosts (i.e.
microbiomes). Here, we use 16S ribosomal ribonucleic acid microbial inventories to elucidate the roles that host evolutionary history,
host habitat, host microhabitat, and geographic location play in the assemblage of gut microbiomes among reptilian hosts spanning
multiple islands in the Philippines. Host habitat and microhabitat explained most of the variation in gut microbiome diversity observed
among our focal hosts. Although we identified some significant differences in microbiome diversity across two of the host suborders
(Lacertilia and Serpentes) and some host families, we did not find evidence of phylogenetic signal. We also conducted analyses of
microbiome diversity across various geographic scales, and found that hosts inhabiting the same island, but different localities, did
not possess significantly different gut microbiomes. However, the gut microbial diversity of hosts inhabiting distinct islands were
significantly different across numerous measures of microbiome diversity. Results from this robust, comparative study contribute to
our growing knowledge of the host-associated and geographic mechanisms that shape the vertebrate gut microbiome and represents
one of the first studies to characterize variation in gut microbial communities among vertebrate hosts inhabiting multiple Philippine

islands.
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Introduction

Islands have long been recognized as ideal, replicative “natural
laboratories” with their well-defined land-positive boundaries,
diversity of ecological and geographic characteristics (e.g. land
area, degree of isolation, and topographic complexity), and
impressive levels of floral and faunal endemism. It is for these
reasons that islands and island systems (i.e. archipelagos) have
provided the template for the development and expansion of
the field of biogeography [1, 2], as well as processes of adaptive
radiation [3-5] and community assembly [6, 7]. Indeed, the study
of island systems laid the foundation for the development of
the Equilibrium Theory of Island Biogeography [1] which has
served as a paradigm to describe patterns of diversity within a
myriad of plant and animal taxa spanning true, oceanic islands
such as Anolis lizards in the Caribbean [4], drosophilid flies and
honeycreeper birds in the Hawaiian islands [5], finches in the
Galapagos islands [3], flora in Macaronesia [8], and reptiles on
the Indonesian island of Sulawesi [9]. Shortly after its original
description, MacArthur and Wilson [10] noted the Equilibrium

Theory of Island Biogeography could be applied to many other
kinds of isolated habitats as well, not just “true” oceanic islands.
These “island-like” systems (ILS) share similarities with true
oceanic islands as they are spatially fragmented, separated by
barriers, and limited in their connectivity [11] (Fig. 1A). However,
ILS may take on a terrestrial, freshwater, marine, or biotic form,
while true islands are, by definition, isolated fragments of land
that are surrounded completely by water in the ocean or a
body of freshwater [11] (Fig. 1A). Although the majority of island
biogeography studies to date have focused on true islands and
island archipelago systems [7, 11, 12], there exists a growing
body of literature that has utilized ILS such as high elevation
islands (i.e. “sky islands”) [13, 14], inselbergs [15], lakes [14, 16],
and even hydrothermal vents [17] to explore the biogeographic
and ecological processes that shape the diversity of floral and
faunal communities. However, an increasing number of studies
have incorporated ILS within biogeographic studies of microbial
communities.

To date, several studies have employed fundamental theories
in island biogeography and ecology to help explain patterns of
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Figure 1. (A) Graphical representation of the characteristics that distinguish a true island from an island-like system (ILS). Examples of ILS include
wastewater tanks, trees, and high elevation “sky” islands. This figure was created with BioRender. (B) Map of the Philippines with black hexagons
depicting the eight sites where reptiles were sampled. Gut microbiome sample sizes for each site are provided for reference. (C) Phylogenetic
relationships between the focal host taxa depicted using a cladogram obtained through Open Tree of Life [80]. Each branch represents a unique,
sampled species, internal branches labeled with family names, clades labeled by genus name. Illustrations showing examples of body form diversity

across sampled genera.

microbial community assembly and diversity across various ter-
restrial (e.g. leaves, trees) and aquatic ILS (e.g. lakes, pools, hot
springs, wastewater tanks) [18-23]. Results from these studies
indicate that microbial diversity tends to increase with “island”
size (i.e. the species—area relationship) [19, 24], and microbial
community similarity and diversity often decline with increased

distance from “mainland” populations [18, 22], which aligns with
the expectations for floral and faunal communities under the
Equilibrium Theory of Island Biogeography [1]. However, due to
the general paucity of studies which investigate patterns of micro-
bial diversity across true islands [25], the factors that shape the
diversity of microbial communities spanning true island systems
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remain unclear, particularly among those associated with verte-
brate hosts. Indeed, there are few comparative studies of host-
associated microbial diversity among insular faunal communi-
ties [26, 27], underscoring the need for studies which investigate
patterns of microbial diversity spanning true, oceanic islands,
especially among symbiotic microbial communities that colonize
vertebrate host organisms, referred to as microbiomes [28].

Increased research interest in the microbiomes associated with
vertebrate host organisms have illuminated their fundamental
roles in numerous processes associated with host health (e.g.
digestion, nutrient acquisition, metabolism, immunity) [29-33].
This is particularly true for microbial communities that reside in
the gut, as they play instrumental roles in mitigating the develop-
ment and severity of disease [34], improving host metabolic activ-
ity in response to harsh environmental conditions [35], and regu-
lating thermal homeostasis [31, 36]. Despite the recognition that
gut microbiomes play a critical role in modulating host health,
persistence, and adaptation, many studies of non-mammalian
gut microbiomes include intraspecific comparisons only 32, 37],
limiting our ability to identify environmental and host-associated
processes that contribute to microbiome differences observed
among distinct populations and communities of vertebrate taxa.
As such, there exists a need for integrative investigations of micro-
biome variation among diverse host organisms, and a growing
number of studies have applied fundamental theories in ecology
and evolutionary biology to help illuminate the mechanisms that
shape the assemblage and diversity of non-mammalian verte-
brate microbiomes [38-45]. Therefore, we provide one of the first
assessments of variation in gut microbiomes among vertebrate
species distributed across a true island archipelago system in
Southeast Asia, the Philippines.

Situated at the interface of the Asian and Australasian faunal
zones, the Philippine archipelago has emerged as a natural labora-
tory for studying various evolutionary and ecological phenomena
from adaptive radiation [46-48], diversification [46], and long-
distance dispersal [49], to patterns of community assembly [46—
48, 50] and continental and island biogeography [51]. Further,
three decades of taxonomic revisions, novel species discoveries,
extensive and repeated biodiversity surveys, and comprehensive
reviews of the resident biodiversity have contributed to our grow-
ing understanding of the boundaries, distributions, and phyloge-
netic relationships of many vertebrate taxa residing within the
island system [47, 52, 53]. A particularly expansive body of work
has focused on describing the diversity of reptiles found within
the island nation [46, 52, 53].

Non-avian reptiles (amphisbaenians, crocodilians, lizards,
snakes, tuataras, turtles) are an ecologically diverse group of
vertebrate organisms that inhabit a wide array of habitats,
occurring on all continents except Antarctica [54, 55]. The
vertebrate group comprises over 12,000 species [56] which
display a myriad of adaptive traits (i.e. dietary habits, parental
care, behavioral thermoregulation) [57], reproductive modes,
and morphological adaptations [55]. Despite a rich history
of foundational research on the group, and their continual
incorporation into seminal studies in ecology and evolutionary
biology (e.g. venom evolution, adaptive radiation, development,
dispersal, diversification) [51, 58-63], the reptile gut microbiome
literature comprises few comparative studies between diverse
host organisms, and a paucity of work has investigated the
processes that shape the diversity and assemblage of reptilian
gut microbiomes [64, 65], especially among reptilian host species
that inhabit true oceanic island systems [26]. Further, although
it has been recognized that host evolutionary history influences

reptile gut microbiome diversity [42, 64-66], few published studies
have explored signatures of phylogenetic signal between reptilian
hosts and their gut microbiomes. While more narrow taxonomic
foci may yield high-resolution insight into specific host-microbe
systems, broad-scale comparative analyses are indispensable for
understanding the evolutionary scope and generality of host-—
microbiome interactions.

Here, we compare the gut microbiomes of reptilian hosts span-
ning four islands in the Philippines to explore patterns of insular
host-associated microbiome diversity. Our findings indicate that
host habitat and microhabitat explain most of the variation in
gut microbiome diversity, and island size may also contribute
to gut microbial community differences among our focal hosts.
We also provide an assessment of phylogenetic signal between
reptilian hosts and their associated gut microbial communities,
sampling reptiles from two orders, 11 families, and 50 species
to further examine if host evolutionary history contributes to
variation in reptile gut microbiome diversity. Results from our
comparative study contribute to our growing understanding of
the environmental, host-associated, and biogeographic processes
that shape vertebrate gut microbiome diversity and assemblage
among host communities inhabiting true island systems.

Materials and methods
Sample collection

Fieldwork for this study was conducted during the months of
March, May, and/or June from 2016-2018 on four islands in the
Philippines—Calayan, Camiguin Norte, Luzon, and Negros (Fig. 1B;
Supplementary Table 1). These islands are located within three
distinct faunal regions [46]: Babuyan Island Group (Calayan and
Camiguin Norte), Luzon faunal region (Luzon), and Negros-Panay
faunal region (Negros). In total, we sampled reptile communities
from nine sites distributed across the four islands (Fig. 1B): five
sites on Luzon Island (North: Gattaran and Quezon; South: Albay,
Labo, and Tabaco), two sites on Negros Island (Hinoba-an and
Valencia), one site on Calayan Island, and one on Camiguin Norte
Island. All samples collected from the Gattaran site were removed
from the dataset due to poor quality sequencing data, resulting in
eight focal sites being included in downstream analyses (Fig. 1B;
Supplementary Table 1). To explore the geographic location
hypothesis, we conducted robust analyses of microbiome diver-
sity across various geographic scales. This included intra-island
and inter-island site comparisons, total island comparisons, and
faunal region comparisons (Supplementary Table 1). We also
grouped the three southern Luzon sites into their own “sub-
faunal region”, referred to as the Bicol, which we compared to the
northern Luzon site of Quezon (Fig. 1B; Supplementary Table 1).

We swabbed 299 individuals representing two reptilian orders,
11 families, and 50 species (Fig. 1C). A complete species list is
provided in Supplementary Table 1. Reptiles were categorized
into four broad habitat groups, aquatic (N=20; included fresh-
and brackish-water associated taxa and marine species), arbo-
real (N=162), burrowing (N=57), and ground-dwelling (N=60),
based on personal observations and literature reviews. To conduct
more fine-scale evaluations of microbiome variation across host
microhabitat groups, we divided the aquatic habitat group into
microhabitat subgroups including taxa associated with fresh-
water (N=10) and those associated with marine environments
(N=10), and the arboreal group into microhabitat subgroups for
saxicolous (N=41), lower-level arboreal (N=39), and upper-level
arboreal (N =82) species (Supplementary Table 1).
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Cloacal swabbing has been shown to serve as an effective proxy
for sampling gut microbiome diversity in reptiles [67]. Therefore,
gut microbiome samples were collected by inserting a sterile swab
(Peel Pouch Dryswab Fine Tip [MWE 113], Corsham, England or
17.5 mm, Puritan Medical Products, Guilford, ME, USA) into the
cloaca of the individual for approximately 3-4 seconds, twirling
the swab 5-7 times. All swabs were preserved and stored in
deoxyribonucleic acid (DNA)/ribonucleic acid (RNA) Shield (Zymo
Research Products, Irvine, CA, USA) at the time of collection at
ambient temperature in field conditions until returned to the
United States (~10-21 days) where they were stored in a —20°C
freezer until DNA extraction. After the microbiome swab was
collected, body mass (in grams) of the animal was measured using
a digital scale and snout-vent length (in millimeters) was col-
lected using tape measures or small rulers (~15 cm). All samples
were collected in accordance with the University of Oklahoma’s
Institutional Animal Care and Use Committee (IACUC Permit
Nos.: R17-019). Field collection and export permits were provided
by the Biodiversity Management Bureau (BMB) of the Philippine
Department of Environment and Natural Resources (DENR) Nos.
260 (Renewal) and 273 (Renewal).

Deoxyribonucleic acid extraction and sequencing

Genomic DNA was extracted from 299 swabs using Xpedition™
Soil/Fecal DNA MiniPrep kits (Zymo Research Products, Irvine, CA,
USA) in the Shared Genomics Core facilities of the Sam Noble
Museum. Ten negative controls (i.e. Xpedition™ Soil/Fecal DNA
MiniPrep reagents only without a swab sample) were extracted
alongside our 299 focal samples. We amplified and sequenced
the 299 gut microbiome samples, 10 extraction negative controls,
and two polymerase chain reaction (PCR)-negative controls using
methods outlined in Smith et al. [42] and described here in brief.
We used a one-step PCR method to amplify the V4 hypervariable
region of the 16S ribosomal RNA (rRNA) gene using primers
described in Kozich et al. [68]. After bead clean-up (KAPA Pure
Beads; Roche Sequencing Solutions, Pleasanton, CA, USA), we
quantified each sample and normalized to 10 nM of DNA before
pooling the samples into a single sterile, 1.5 ml microcentrifuge
tube. Sequencing was performed at the University of Oklahoma
Consolidated Core Lab using the 2 x 250 bp paired-end sequencing
on two runs of an Illumina MiSeq.

Sequence analysis

Adapter sequences described in Kozich et al. [68] were trimmed
from the paired-end raw sequencing reads using AdapterRemoval
v2 and the following parameters—minquality: 30; trimqualities,
maxns: 0; trimns, threads: 18 [69]. The sequences were then
imported into QIIME 2 [70] where de novo chimera checking,
and removal, was performed on 6,616,892 raw sequences using
UCHIME [71]. This process removed around 47,000 reads, and
5,070,909 nonchimeric sequences were grouped into 50,124
operational taxonomic units (OTUs) with a closed-reference
OTU database at 97% sequencing similarity using VSEARCH
[72] against the Silva database (version 138) [73], indicating that
nearly 80% of the raw sequences were grouped successfully
into OTUs. There were 37 samples from the Quezon and
Gattaran sites that were removed due to poor sequencing data
(Supplementary Table 1). Once removed, 262 samples, 38,496
OTUs, and 4,369,039 sequences remained. We rarefied the
remaining 262 samples to a sequencing depth of 1,000 sequences
for downstream analyses which removed 45 additional samples
and three host species from the dataset due to low sequence
counts, leaving 217 samples and 13,288 OTUs to be used in

the focal analyses (Supplementary Fig. 1). Raw sequence data
generated in this study can be found in the Sequence Read Archive
(SRA) under BioProject PRINA1071189.

Statistical analysis

The final dataset consisted of 217 post-rarefaction samples that
were incorporated into downstream analyses. While the number
of aquatic, ground-dwelling, and burrowing post-rarefaction sam-
ples were fairly consistent across islands: Calayan (N=9, N=13,
and N=7, respectively), Camiguin Norte (N=0, N=2, and N=2,
respectively), Luzon (N=10, N=13, and N =16, respectively), and
Negros (N=1, N=7, and N =8, respectively). The sample sizes for
arboreal reptiles varied across islands, with Luzon (N=50) and
Negros (N =38) having higher sample sizes than Calayan (N=26)
and Camiguin Norte (N=15). Some host species included in the
broader “aquatic” habitat group are considered fully aquatic (e.g.
Cerberus rynchops and Laticauda laticaudata) while others are found
in or around freshwater or brackish water environments (e.g.
Cuora amboinensis, Emoia atrocostata, and Tropidonophis negrosensis).
We applied a suite of analytical techniques to determine the
variables that contributed to gut microbial differences observed
among our 47 reptile host species. Alpha (within sample) diversity
was obtained via QIIME 2 [70] and measured using three met-
rics: Observed OTUs, Shannon diversity, and Faith’s phylogenetic
diversity (PD). Alpha diversity was compared initially using uni-
variate analyses and the alpha-group-significance plugin in QIIME
2, which performed pairwise Kruskal-Wallis tests to determine
significant differences between groups. A P-value (p) or g-value
(9) <0.05 was considered statistically significant [74], and when
multiple pairwise comparisons were conducted, we reported g-
values instead of P-values to correct for multiple tests [75]. Fur-
ther, we used a data mining approach via the R package PARTY
[76, 77] to perform a Classification and Regression Tree (CART)
Analysis, and determine which variable (host species, family, sub-
order and order, island, county, faunal region, sub-faunal region,
habitat, microhabitat, and island size) accounted for most of the
variance observed in the alpha diversity of our 47 focal host
species.

To determine the impact that host evolutionary history had
on reptilian gut microbial diversity, we used a Phylogenetic Gen-
eralized Linear Mixed Model (PGLMM) to calculate phylogenetic
signal (h?) using the R packages brms [78] and ape [79]. We tested
for phylogenetic signal using the three alpha diversity metrics,
two beta diversity metrics (Unweighted- and Weighted-Unifrac),
and a reptile host phylogeny obtained through Open Tree of Life
(Fig. 1C) [80]. To compare the relative abundances of Proteobac-
teria and Firmicutes across host families, we generated a boxplot
visualization using the ggplot2 package in R [77, 81]. We tested for
significant differences in the relative abundances of these phyla
between the different host families and host suborders using an
analysis of variance (ANOVA) followed by a post-hoc Tukey test
in R. Further, we used the Im() function and ggplot2 package in
R to visualize the relationship between the relative abundance
of Campylobacterota and two alpha diversity metrics: Shannon
diversity and Faith’s PD across all samples. We also assessed
the relationship between log-transformed host body mass and
microbiome diversity using a PGLMM. Default PGLMM parameters
were used, and our random effects were host species and host
phylogeny. Further, we used an ANOVA, and a post-hoc Tukey
test in R, to evaluate if log-transformed host body mass varied
significantly between the different islands we sampled.

Beta diversity (among samples) analyses were conducted using
the beta-group-significance plugin in QIIME 2 and a q < 0.05 was
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considered statistically significant [74]. We used two phylogenetic
measures of microbial community beta diversity, Unweighted-
and Weighted-Unifrac [82, 83], and group significance was tested
using pairwise permutational multivariate analysis of variance
(PERMANOVA) [84]. Beta diversity results were visualized via
principal coordinate analysis (PCoA) using the tidyverse [85] and
qiime2R [86] packages in R. We reported g-values instead of P-
values to correct for multiple tests [75].

Results

Our focal dataset consisted of 217 gut microbiome samples
representing two host orders, three suborders, 10 host families,
and 47 host species spanning eight sites across four islands in
the Philippines (Fig. 1; Supplementary Table 1). Results from
our CART analyses revealed that host habitat, island size, and
host microhabitat were key contributors to gut microbiome
alpha diversity differences among our focal reptile species. For
Observed OTUs, island size explained most of the variance,
with microbiomes from hosts on the largest island, Luzon,
being less diverse than those from hosts on the smaller
islands of Calayan, Camiguin Norte, and Negros (<13,310 km?;
Fig. 2A; Supplementary Table 2). Host microhabitat explained
the remaining variance, with the microbiomes of burrowing,
freshwater, ground, saxicolous, and upper-level arboreal reptiles
being significantly more diverse than the microbiomes of lower-
level arboreal and marine species (x?=65.863, P=0.001; Fig. 2A).
These differences were further confirmed by the results of our
beta diversity analyses (Supplementary Table 3) and univariate
Kruskal-Wallis tests (Supplementary Fig. 2A).

When analyzing Shannon Diversity, host habitat explained
most of the variance, with microbiomes of burrowing and ground-
dwelling hosts being more diverse than those of aquatic and
arboreal species (x?=73.874, P <0.001; Fig. 2B). Island size also
contributed to Shannon Diversity differences observed among our
focal samples (x? =40.381, P=0.03; Fig. 2B). Similar to results from
the Observed OTUs CART analysis, microbiomes from hosts on
smaller islands (<13,310 km?) were more diverse compared to
those of hosts from the large island of Luzon (Fig. 2B). Host micro-
habitat explained the remaining variance in Shannon Diversity,
with freshwater, saxicolous, and upper-level arboreal hosts having
more diverse microbiomes than those of lower-level arboreal and
marine reptiles (x?=40.135, P=0.018; Fig. 2B). Results from our
univariate Kruskal-Wallis analysis supported these findings, as
both lower-level arboreal and marine hosts harbored significantly
less diverse gut microbiomes when compared to the microbiomes
of burrowing and ground-dwelling hosts (Supplementary Fig. 2B).
Further, the gut microbiomes of marine reptiles were significantly
less diverse than the microbiomes of saxicolous and upper-level
arboreal hosts (Supplementary Fig. 2B). Our univariate Kruskal-
Wallis comparisons of microbiome diversity across host habitat
groups also indicated that the microbiomes of aquatic individuals
had significantly lower Shannon Diversity when compared to bur-
rowing and ground-dwelling reptilian microbiomes (H=13.969,
q=0.0006 and H=15.476, q=0.0005, respectively). Similarly, micro-
biomes of arboreal hosts had significantly lower Shannon Diver-
sity when compared to those of burrowing and ground-dwelling
hosts (Supplementary Fig. 3A). Results from our beta diversity
analyses further confirmed these observed differences in micro-
biome diversity between distinct host habitat and microhabitat
groups (Supplementary Table 3).

For Faith’s Phylogenetic Diversity (PD), host habitat explained
all of the gut microbiome variance, with burrowing and

ground-dwelling reptiles having more diverse microbiomes than
aquatic and arboreal species, which was further confirmed by our
univariate Kruskal-Wallis test (Fig. 2C; Supplementary Fig. 3B)
and beta diversity analysis (Supplementary Table 3). Results
from our Kruskal-Wallis test also indicated that aquatic reptiles
harbored significantly less-diverse microbiomes than burrowing
species (H=28.879, q=0.006). Further, arboreal individuals had sig-
nificantly lower microbial diversity when compared to burrowing
and ground-dwelling reptilian microbiomes (H=18.222, q=0.0001
and H=10.282, q=0.004, respectively; Supplementary Fig. 3B).

We observed that some gut microbiome samples from arboreal
and aquatic hosts were over dominated by Campylobacterota
(50-96%, N=9); therefore, we ran a simple linear regression to
test if the relative abundance of Campylobacterota correlated
with both Shannon Diversity and Faith’s PD. Our results indicated
that samples with higher relative abundances of Campylobac-
terota had lower Shannon Diversity (R?=0.243, P=1.03 x 107%;
Supplementary Fig. 4A). Similarly, when we visualized the rela-
tionship between the relative abundance of Campylobacterota
and Faith’s PD, we found a slight negative relationship, indicat-
ing that an overabundance of Campylobacterota may have con-
tributed to overall lower gut microbiome alpha diversity within
our dataset (R? =0.044, P=0.002; Supplementary Fig. 4B).

Previous studies have found a positive relationship between
host body mass and microbial diversity [40, 87]. Additionally,
island size has been linked to insular reptilian body size varia-
tion, with more pronounced differences observed among reptiles
inhabiting smaller islands [88]. Therefore, to rule out this potential
confounding variable, we assessed the relationship between log-
transformed host body mass and microbiome diversity using a
PGLMM (Supplementary Table 1). Our results indicated that there
was a negligible relationship between log-transformed host body
mass and two of the diversity metrics: Observed OTUs: $=0.01,
95% CI [—7.44, 8.13] and Shannon Diversity: 8=-0.03, 95% CI
[-0.23, 0.15]. However, we found a slight positive relationship
when we compared log-transformed host body mass and Faith’s
PD (8=0.11, 95% CI [-0.68, 0.85]). Further, log-transformed host
body mass was not significantly different between the fourislands
sampled (Supplementary Results).

Our CART analyses indicated that host order, host suborder,
host family, and host species did not contribute significantly to
microbiome alpha diversity variation (Fig. 2). However, we found
that microbiome alpha diversity was significantly higher among
members of the suborder Lacertilia (lizards) when compared
to Serpentes (snakes) across all measures of alpha diversity
(Supplementary Table 4). Additionally, we found that the relative
abundance of Proteobacteria was significantly higher in the
gut microbiomes of Serpentes when compared to Lacertilia
microbiomes (X1 - X2=0.220 [0.124, 0.316], ¢=5.22 x 1077). The
significant differences in the microbiomes of the Serpentes and
Lacertilia suborders were further supported by the results of some
host family-level comparisons of alpha diversity. For example,
gut microbiome Observed OTUs and Shannon Diversity were
significantly higher among hosts from the lizard family Scincidae
when compared to the microbiomes of individuals from the snake
families Elapidae and Colubridae (Supplementary Table 4).

We conducted more fine-scale comparisons of gut microbiome
compositions between each host family by comparing the relative
abundances of two microbial phyla, Proteobacteria and Firmi-
cutes, across host families using an ANOVA, followed by a Tukey
post-hoc test. Our results indicated several significant differences
(Supplementary Fig. 5; Supplementary Table 5). Indeed, the rela-
tive abundance of Proteobacteria within samples from the lizard
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figure was created with BioRender.

family Dibamidae was significantly lower than samples from the
snake families Colubridae and Viperidae (Supplementary Fig. 5A;
Supplementary Table 5). In contrast, dibamid samples had
significantly higher relative abundances of Firmicutes when
compared to the snake families Colubridae, Elapidae, and
Viperidae (Supplementary Fig. 5B; Supplementary Table 5).
Detailed descriptions of the gut microbiome compositions for
each host family are included in the Supplementary Results. To
explicitly test the host evolutionary history hypothesis, we used
PGLMMs to quantify phylogenetic signal, and found no evidence of

phylogenetic signal across all measures of alpha (Observed OTUs:
h?=0.14, Estimated Error=0.11; Shannon Diversity: h?=0.16,
Estimated Error=0.10; Faith’s PD: h? =0.14, Estimated Error=0.1)
or beta diversity (Unweighted-Unifrac: h?=0.12, Estimated
Error=0.13; Weighted-Unifrac: h?=0.1, Estimated Error=0.11).
Based on these findings, we rejected the hypothesis that host
evolutionary history contributed significantly to gut microbiome
variation among our focal samples.

To evaluate the geographic location hypothesis, we conducted
extensive intra- and inter-island comparisons of gut microbiome
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alpha diversity across several geographic scales and found no
significant differences in the gut microbiomes of individuals
from the same island (i.e. intra-island; Supplementary Table 2).
For example, microbiome diversity did not differ between
reptiles collected from the two sites on Negros Island (Hinoba-
an and Valencia) or the four Luzon Island sites (Albay, Labo,
Quezon, and Tabaco; Supplementary Table 2). Further, when
comparing alpha diversity of microbiome samples from hosts
spanning different sites across all four islands (i.e. inter-island
site comparisons), only the results of the Observed OTUs analysis
indicated any significant differences (Supplementary Table 2).
When we combined the site data for each island, the total inter-
island comparisons of Observed OTUs indicated that individuals
from Calayan, Camiguin Norte, and Negros islands all had
significantly higher gut microbiome diversity when compared to
reptiles from Luzon Island (H=13.429-15.958, q=0.0003-0.0005;
Supplementary Table 2). Similarly, our inter-island Shannon
Diversity analysis identified significant differences between the
gut microbiomes of individuals from Luzon Island and both
Calayan and Negros islands (Supplementary Table 2), with reptiles
from Calayan and Negros islands having significantly higher gut
microbiome diversity when compared to reptiles from Luzon
Island. These differences were supported by our microbiome
composition results which indicated that several microbial
phyla, such as Desulfobacterota and Verrucomicrobiota, were
found among samples from Calayan, Camiguin Norte, and
Negros islands only, and were not identified within Luzon Island
samples (Supplementary Results; Supplementary Fig. 6). However,
analysis of Faith’s PD indicated no significant differences in gut
microbiome diversity among reptilian hosts sampled across the
four islands (Supplementary Table 2).

Results from our Unweighted-Unifrac PERMANOVA indicated
that reptilian gut microbiome diversity differed significantly
between all host habitat groups (pseudo-F = 1.609-3.205; g =0.002—
0.019; Fig. 3A). Similarly, nearly all Weighted-Unifrac PERMANOVA
habitat group comparisons were significantly different (pseudo-
F=3.039-4.402; q=0.006-0.028; Fig.3B), except for burrow-
ing vs. ground-dwelling reptiles (pseudo-F=0.881, q=0.388;
Supplementary Table 3). Further, our Unweighted-Unifrac results
suggested that reptilian gut microbiome diversity differed across
all islands sampled (pseudo-F=2.161-7.901; q=0.001-0.002;
Fig. 3C; Supplementary Table 3), and three of the four Weighted-
Unifrac island comparisons indicated significant differences
(Fig. 3D; Supplementary Table 3). We also found that Unweighted-
Unifrac diversity differed significantly between reptiles compris-
ing different host microhabitat groups (Supplementary Table 3).
For example, burrowing reptiles had significantly different gut
microbiome diversity when compared to ground, lower arboreal,
upper arboreal, and marine reptiles (pseudo-F=1.609-3.267,
q=0.002-0.039; Supplementary Table 3). Further, the gut micro-
biome diversity of marine reptiles differed significantly from
the gut microbiomes of reptiles from every other microhabitat
group, and these results were further confirmed by many of
our Weighted-Unifrac comparisons (Supplementary Table 3).
Lastly, beta diversity (both Unweighted- and Weighted-Unifrac)
differed significantly between the lizard (Lacertilia) and snake
(Serpentes) suborders (Fig.3E, F; Supplementary Table 3),
which was further supported by the results of several host
family comparisons of beta diversity (Supplementary Table 3;
Supplementary Fig. 7). For example, gut microbiome beta diversity
of lizards from the families Agamidae, Gekkonidae, and Scincidae
all differed significantly from gut microbiome samples collected
from members of the snake families Colubridae and Elapidae

(Supplementary Table 3). Further, Gekkonidae and Scincidae
microbiomes also differed significantly from the gut microbiomes
of viperid snakes (Supplementary Table 3).

Discussion

Our study sampled the gut microbiomes of reptile communities
spanning true oceanic islands to provide one of the first
comparisons of microbiome diversity among vertebrate hosts
spanning the Philippine archipelago system. We found that host
habitat was a primary contributor to gut microbiome diversity
differences observed among the 47 focal reptilian species,
and host microhabitat also explained some of the variance
(Fig. 2; Supplementary Figs. 2, 3). The CART, Kruskal-Wallis,
and beta diversity analyses all confirmed that burrowing and
ground-dwelling reptiles possessed significantly more diverse
microbiomes when compared to aquatic and arboreal species
(Fig. 2; Supplementary Fig. 3; Supplementary Table 3). Microbiome
composition data further supported these findings, as some
aquatic and arboreal individuals had gut microbiomes that were
over dominated by Campylobacterota, and our results indicated
that an overabundance of Campylobacterota had a slight negative
correlation with microbiome alpha diversity. Previous findings
have indicated that differences in reptile gut microbiome diversity
correlated with distinct host ecologies [42, 65], and processes
such as differential selection—hosts occupying similar ecological
niches will be exposed to similar resident pools of microorgan-
isms—may contribute to the observed relationship between host
habitat and microbiome variation [89, 90]. Differences in host
diet and resource availability may have also contributed to the
significant differences we observed in the gut microbiomes of
hosts occupying distinct habitats. For example, the burrowing
hosts sampled in our study feed on insects, earthworms, and/or
ants [91-93], whereas the marine reptiles that we sampled eat
fish and other aquatic organisms (e.g. eels, crustaceans) [94].
It is well understood that host diet shapes the gut microbiome
composition of reptiles [64] and future studies are needed to better
understand the impact that host diet and resource availability
have on the gut microbiome diversity of insular reptilian
communities.

Other evolutionary mechanisms that are proposed to con-
tribute to host-associated microbiome variation include disper-
sal (i.e. horizontal and vertical transmission), ecological drift,
and host diversification, otherwise known as co-speciation [90].
The process of co-speciation refers to when hosts speciate over
evolutionary time and their communities of symbiotic microbes
also evolve in a way that matches the host phylogeny [95, 96].
This concept is also referred to as phylosymbiosis [89, 96], and
many organisms have been shown to exhibit phylosymbiosis
with their associated microbiomes, including insects [38, 95, 97],
mammals [98, 99], sponges [100], corals [101], and plants [102].
To our knowledge, our study is the first to test this phenomenon
on reptilian microbiomes. Although we did not detect signa-
tures of phylosymbiosis among our focal samples, we did find
significant differences in gut microbiome alpha and beta diver-
sity between members of several distinct host families and two
suborders. Further, results from our comparisons of Proteobac-
teria and Firmicutes relative abundances across host families
indicated significant differences in the relative abundances of
these phyla across several host families. Additionally, we found
that members of the Lacertilia suborder had significantly lower
relative abundances of Proteobacteria, and significantly higher
overall gut microbiome diversity, when compared to Serpentes
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gut microbiomes. We also acknowledge that some host families
had smaller sample sizes (e.g. Dibamidae, Homalopsidae, and
Typhlopidae; Supplementary Table 5) than others, and the sample
sizes for host suborders Lacertilia (N =122) and Serpentes (N =87)
were higher than Cryptodira (N =8). These differences in sample
sizes may have impeded our ability to detect some significant
differences in gut microbiome diversity between members of
these host taxonomic groups. Therefore, future studies should
continue sampling the microbiomes of diverse reptilian hosts and
consider comparing individual microbial lineages across host taxa
to conduct more fine-scale evaluations of phylosymbiosis among
reptilian hosts and their associated microbiota. We argue that
the rich, and often endemic, reptilian diversity of the Philippine
archipelago represents an ideal system to further explore these
paradigms.

Although the Philippines has long been considered an excep-
tional island system for investigating a myriad of ecological and
evolutionary concepts [46-49, 51], few published studies to date
have explored the gut microbiomes of the archipelago’s vertebrate
taxa [42, 44, 103], and our study leverages fundamental theories
in evolutionary biology and ecology to help identify the factors
that contribute to microbiome variation among host communi-
ties spanning numerous islands in this diverse archipelago. The
Philippines represents an excellent island system to conduct bio-
geographic studies of host-associated microbial communities in a
systematic way, allowing future research to analyze community-
level microbiome differences across various geographic scales.
For example, there are seven defined faunal regions within the

Philippines, each comprising differentislands varying in size from
large islands such as Luzon and Mindanao to the small islands
of the Sulu faunal region [46]. Sampling host communities from
a single faunal region would help control for variation in the
geological history of the islands and the biogeographical history
of the insular hosts, allowing for more controlled investigations
of island biogeography theories within a host-associated micro-
biome context. Additionally, a recent review by dela Cruz et al.
[104] highlighted the diversity of novel environmental microor-
ganisms described within the Philippines and identified islands
within the archipelago where studies of environmental microbes
are limited (i.e. Babuyan Islands, Negros, Mindanao). As such,
continued effort to sample environmental microbiomes across
diverse islands in the Philippines will allow for future investiga-
tions to better understand the impact that environmental micro-
biomes may have on shaping the assemblage of vertebrate gut
microbiomes. While our study utilized amplicon sequencing tech-
nologies, future studies of insular microbial communities may
also consider leveraging metagenomic sequencing methodologies
to gain broad insights on the potential metabolic and functional
activities of these microbiomes.

Results from our study suggest that multiple factors shape
the insular reptile gut microbiome; however, host habitat
and host microhabitat were the primary contributors to gut
microbial community differences observed among our focal
samples. Comparative studies of gut microbiomes spanning
complex landscapes, such as oceanic islands, allow us to
apply well-established and foundational theories in ecology,
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evolutionary biology, and biogeography to explain patterns of
host-associated microbial diversity. The investigation of reptile
gut microbiomes remains critical, especially in the Philippines,
where the vertebrate group continues to face challenges imposed
by habitat loss, climatic changes, and the international wildlife
trade.

Acknowledgements

The authors thank M. Lim, C. Custodio, J. de Leon, and A. Tagtag
of the Biodiversity Management Bureau of the Philippine Depart-
ment of Environment and Natural Resources for help facilitat-
ing collecting and export permits, and provincial and municipal
authorities in Luzon, Negros, and the Babuyan islands for facil-
itating research in regional study sites. We thank the Philippine
field team and members of the Siler Lab, specifically E. Ellsworth,
E. Freitas, S. Eliades, J. Brown, and K. Wang, for assistance with
field sampling. We also thank the Fulbright Commission and the
Philippine-American Educational Foundation for their funding
support to SNS. The authors thank Dr. Daniel Becker for his
assistance with data analysis and the reviewers for their critical
evaluation of this manuscript.

Author contributions

Sierra N. Smith (Conceptualization, Data curation, Formal analy-
sis, Investigation, Methodology, Project administration, Validation,
Visualization, Writing—original draft), Jason B. Fernandez (Data
curation, Investigation, Resources, Writing—review & editing),
and Cameron D. Siler (Conceptualization, Funding acquisi-
tion, Resources, Supervision, Validation, Writing—review &
editing)

Conflicts of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Funding

This work was supported by the National Science Foundation DEB
1657648 and 10S 1353683 to CDS and a Fulbright Fellowship to
SNS. Financial support for this publication was provided by the
University of Oklahoma Libraries’ Open Access Fund.

Data availability

The datasets presented in this study can be found online in the
NCBI SRA under accession number PRINA1071189.

References

1. MacArthur RH, Wilson EO. An equilibrium theory of
insular zoogeography. Evolution 1963;17:373-87. https://
doi.org/10.2307/2407089

2. Whittaker RJ, Triantis KA, Ladle RJ. A general dynamic theory of
oceanic island biogeography. J Biogeogr 2008;35:977-94. https://
doi.org/10.1111/j.1365-2699.2008.01892.x

3. Grant BR, Grant PR. Fission and fusion of Darwin’s finches
populations. Philos Trans R Soc B 2008;363:2821-9. https://doi.
0rg/10.1098/rstb.2008.0051

10.

11.

12.

13.

14.

15.

16.

17.

18.

21.

. Losos JB, Ricklefs RE. Adaptation and diversification on islands.

Nature 2009;457:830-6. https://doi.org/10.1038/nature07893

. Lapoint RT, O'Grady PM, Whiteman NK. Diversification and

dispersal of the Hawaiian Drosophilidae: the evolution of
Scaptomyza. Mol Phylogenetics Evol 2013;69:95-108. https://doi.
01g/10.1016/j. ympev.2013.04.032

. Mittelbach GG, Schemske DW. Ecological and evolutionary

perspectives on community assembly. Trends Ecol Evol 2015;30:
241-7. https://doi.org/10.1016/j.tree.2015.02.008

. Warren BH, Simberloff D, Ricklefs RE et al. Islands as model

systems in ecology and evolution: prospects fifty years
after MacArthur-Wilson. Ecol Lett 2015;18:200-17. https://doi.
org/10.1111/ele.12398

. Kim S-C, McGowen MR, Lubinsky P et al. Timing and tempo

of early and successive adaptive radiations in Macarone-
sia. PLOS One 2008;3:2139. https://doi.org/10.1371/journal.
pone.0002139

. Mcguire JA, Huang X, Reilly SB et al. Species delimitation,

phylogenomics, and biogeography of Sulawesi flying lizards:
a diversification history complicated by ancient hybridiza-
tion, cryptic species, and arrested speciation. Syst Biol 2023;72:
885-911. https://doi.org/10.1093/sysbio/syad020

MacArthur R, Wilson E. The Theory of Island Biogeography. Prince-
ton, NJ: Princeton University Press, 1967.

Itescu Y. Are island-like systems biologically similar to islands?
A review of the evidence. Ecography 2019;42:1298-314. https://
doi.org/10.1111/ecog.03951

Meiri S. Oceanic island biogeography: nomothetic science
of the anecdotal. Front Biogeogr 2017;9:e32081. https://doi.
0rg/10.21425/F59132081

Warshall P. The Madrean sky island archipelago: a planetary
overview. In: DeBano LF, Ffolliott PF, Ortega-Rubio A, Gottfried
GJ, Hamre RH, Edminster CB (eds.), Biodiversity and Management
of the Madrean Archipelago: The Sky Islands of Southwestern United
States and Northwestern Mexico. Fort Collins, CO: United States
Department of Agriculture, 1995, 6-18.

Dawson MN, Algar AC, Heaney LR, Stuart YE. The evolu-
tionary biogeography of islands, lakes, and mountaintops.
In: Kliman RM (ed.), The Encyclopedia of Evolutionary Biol-
ogy. Cambridge, MA: Academic Press, 2016, 203-10. https://doi.
0rg/10.1016/B978-0-12-800049-6.00112-8.

Porembski S, Barthlott W. Inselbergs: Biotic Diversity of Isolated
Rock Outcrops in Tropical and Temperate Regions. Berlin Heidelberg:
Springer, 2012.

Arnott S. Lakes, as islands. In: Gillespie R, Clague D (eds.),
Encyclopedia of Islands. Oakland, CA: University of California
Press, 2009, 526-31.

Van Dover CL, German CR, Speer KG et al. Evolution and
biogeography of deep-sea vent and seep invertebrates. Science
2002;295:1253-7. https://doi.org/10.1126/science.1067361
Whitaker RJ, Grogan DW, Taylor JW. Geographic barriers isolate
endemic populations of hyperthermophilic archaea. Science
2003;301:976-8. https://doi.org/10.1126/science. 1086909

. Bell T, Ager D, Song J-I et al. Larger islands house more

bacterial taxa. Science 2005;308:1884—4. https://doi.org/10.1126/
science.1111318

. Van Der Gast CJ, Lilley AK, Ager D et al. Island size and

bacterial diversity in an archipelago of engineering machines.
Environ  Microbiol  2005;7:1220-6.  https://doi.org/10.1111/
j.1462-2920.2005.00802.x

Peay KG, Bruns TD, Kennedy PG et al. A strong species-area
relationship for eukaryotic soil microbes: island size matters

Gz0z Jaquieoa( 0| uo 1sanb Aq G20€£Z8/ 1 1 11BOA/L /S/8101B/UNWIWOo8WSI/WOoo dno olwapede//:sdiy Woll papeojumo(]


https://doi.org/10.2307/2407089
https://doi.org/10.2307/2407089
https://doi.org/10.2307/2407089
https://doi.org/10.1111/j.1365-2699.2008.01892.x
https://doi.org/10.1111/j.1365-2699.2008.01892.x
https://doi.org/10.1111/j.1365-2699.2008.01892.x
https://doi.org/10.1111/j.1365-2699.2008.01892.x
https://doi.org/10.1111/j.1365-2699.2008.01892.x
https://doi.org/10.1098/rstb.2008.0051
https://doi.org/10.1098/rstb.2008.0051
https://doi.org/10.1098/rstb.2008.0051
https://doi.org/10.1098/rstb.2008.0051
https://doi.org/10.1038/nature07893
https://doi.org/10.1038/nature07893
https://doi.org/10.1038/nature07893
https://doi.org/10.1038/nature07893
https://doi.org/10.1016/j.ympev.2013.04.032
https://doi.org/10.1016/j.ympev.2013.04.032
https://doi.org/10.1016/j.ympev.2013.04.032
https://doi.org/10.1016/j.ympev.2013.04.032
https://doi.org/10.1016/j.ympev.2013.04.032
https://doi.org/10.1016/j.tree.2015.02.008
https://doi.org/10.1016/j.tree.2015.02.008
https://doi.org/10.1016/j.tree.2015.02.008
https://doi.org/10.1016/j.tree.2015.02.008
https://doi.org/10.1016/j.tree.2015.02.008
https://doi.org/10.1111/ele.12398
https://doi.org/10.1111/ele.12398
https://doi.org/10.1111/ele.12398
https://doi.org/10.1111/ele.12398
https://doi.org/10.1371/journal.pone.0002139
https://doi.org/10.1371/journal.pone.0002139
https://doi.org/10.1371/journal.pone.0002139
https://doi.org/10.1371/journal.pone.0002139
https://doi.org/10.1371/journal.pone.0002139
https://doi.org/10.1093/sysbio/syad020
https://doi.org/10.1093/sysbio/syad020
https://doi.org/10.1093/sysbio/syad020
https://doi.org/10.1093/sysbio/syad020
https://doi.org/10.1093/sysbio/syad020
https://doi.org/10.1111/ecog.03951
https://doi.org/10.1111/ecog.03951
https://doi.org/10.1111/ecog.03951
https://doi.org/10.1111/ecog.03951
https://doi.org/10.21425/F59132081
https://doi.org/10.21425/F59132081
https://doi.org/10.21425/F59132081
https://doi.org/10.21425/F59132081
https://doi.org/10.1016/B978-0-12-800049-6.00112-8
https://doi.org/10.1016/B978-0-12-800049-6.00112-8
https://doi.org/10.1016/B978-0-12-800049-6.00112-8
https://doi.org/10.1016/B978-0-12-800049-6.00112-8
https://doi.org/10.1126/science.1067361
https://doi.org/10.1126/science.1067361
https://doi.org/10.1126/science.1067361
https://doi.org/10.1126/science.1067361
https://doi.org/10.1126/science.1086909
https://doi.org/10.1126/science.1086909
https://doi.org/10.1126/science.1086909
https://doi.org/10.1126/science.1086909
https://doi.org/10.1126/science.1111318
https://doi.org/10.1126/science.1111318
https://doi.org/10.1126/science.1111318
https://doi.org/10.1126/science.1111318
https://doi.org/10.1111/j.1462-2920.2005.00802.x
https://doi.org/10.1111/j.1462-2920.2005.00802.x
https://doi.org/10.1111/j.1462-2920.2005.00802.x
https://doi.org/10.1111/j.1462-2920.2005.00802.x
https://doi.org/10.1111/j.1462-2920.2005.00802.x

10

Smith et al.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

for ectomycorrhizal fungi. Ecol Lett 2007;10:470-80. https://doi.
org/10.1111/j.1461-0248.2007.01035.x

Glassman SI, Lubetkin KC, Chung JA et al. The theory of island
biogeography applies to ectomycorrhizal fungi in subalpine
tree “islands” at a fine scale. Ecosphere 2017;8:e01677. https://
doi.org/10.1002/ecs2.1677

Spiesman BJ, Stapper AP, Inouye BD. Patch size, isolation, and
matrix effects on biodiversity and ecosystem functioning in
a landscape microcosm. Ecosphere 2018;9:e02173. https://doi.
0rg/10.1002/ecs2.2173

Dinnage R, Simonsen AK, Barrett LG et al. Larger plants promote
a greater diversity of symbiotic nitrogen-fixing soil bacteria
associated with an Australian endemic legume. J Ecol 2019;107:
977-91. https://doi.org/10.1111/1365-2745.13083

Davison J, Moora M, Opik M et al. Microbial island biogeogra-
phy: isolation shapes the life history characteristics but not
diversity of root-symbiotic fungal communities. ISME J. 2018;12:
2211-24. https://doi.org/10.1038/s41396-018-0196-8

Williams CE, Kueneman JG, Nicholson DJ et al. Sustained
drought, but not short-term warming, alters the gut
microbiomes of wild Anolis lizards. Appl Environ Microbiol
2022;88:€0053022-2. https://doi.org/10.1128/aem.00530-22
Grimwood RM, Reyes EM, Cooper ] et al. From islands to infec-
tomes: host-specific viral diversity among birds across remote
islands. BMC Ecol Evol 2024;24:84. https://doi.org/10.1186/
$12862-024-02277-4

Dickey JR, Swenie RA, Turner SC et al. The utility of macroe-
cological rules for microbial biogeography. Front Ecol Evol
2021;9:633155. https://doi.org/10.3389/fev0.2021.633155
Tremaroli V, Backhed F. Functional interactions between the
gut microbiota and host metabolism. Nature 2012;489:242-9.
https://doi.org/10.1038/nature11552

McFall-Ngai M, Hadfield MG, Bosch TC et al. Animals in a
bacterial world, a new imperative for the life sciences. Proc
Natl Acad Sci USA 2013;110:3229-36. https://doi.org/10.1073/
pnas.1218525110

Alberdi A, Aizpurua O, Bohmann K et al. Do vertebrate gut
metagenomes confer rapid ecological adaptation? Trends Ecol
Evol 2016;31:689-99. https://doi.org/10.1016/j.tree.2016.06.008
Colston TJ, Jackson CR. Microbiome evolution along divergent
branches of the vertebrate tree of life: what is known and
unknown. Mol Ecol 2016;25:3776-800. https://doi.org/10.1111/
mec.13730

Sehnal L, Brammer-Robbins E, Wormington AM et al. Micro-
biome composition and function in aquatic vertebrates:
small organisms making big impacts on aquatic animal
health. Front Microbiol 2021;12:567408. https://doi.org/10.3389/
fmicb.2021.567408

Martin CR, Osadchiy V, Kalani A et al. The brain-gut-
microbiome axis. Cell Mol Gastroenterol Hepatol 2018;6:133-48.
https://doi.org/10.1016/j.jcmgh.2018.04.003

Li H, Zhou R, Zhu J et al. Environmental filtering increases
with elevation for the assembly of gut microbiota in
wild pikas. Microb Biotechnol 2019;12:976-92. https://doi.
0rg/10.1111/1751-7915.13450

Chevalier C, Stojanovi¢ O, Colin DJ et al. Gut microbiota orches-
trates energy homeostasis during cold. Cell 2015;163:1360-74.
https://doi.org/10.1016/j.cell.2015.11.004

Qin Z, Wang S, Guo D et al. Comparative analysis of intestinal
bacteria among venom secretion and non-secretion snakes. Sci
Rep 2019;9:6335. https://doi.org/10.1038/s41598-019-42787-6
Sanders JG, Powell S, Kronauer DJ et al. Stability and phyloge-
netic correlation in gut microbiota: lessons from ants and apes.
Mol Ecol 2014;23:1268-83. https://doi.org/10.1111/mec.12611

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hird SM. Evolutionary biology needs wild microbiomes. Front
Microbiol 2017;8:725. https://doi.org/10.3389/fmicb.2017.00725
Sherrill-Mix, S., McCormick, K., Lauder, A et al. (2018). Allometry
and ecology of the bilaterian gut microbiome. mBio;9:e00319-8.
https://doi.org/10.1128/mBi0.00319- 18

Youngblut ND, Reischer GH, Walters W et al. Host diet and evo-
lutionary history explain different aspects of gut microbiome
diversity among vertebrate clades. Nat Commun 2019;10:2200.
https://doi.org/10.1038/s41467-019-10191-3

Smith SN, Colston TJ, Siler CD. Venomous snakes reveal eco-
logical and phylogenetic factors influencing variation in gut
and oral microbiomes. Front Microbiol 2021;12:657754. https://
doi.org/10.3389/fmicb.2021.657754

Smith SN, Watters JL, Siler CD. Host ecology drives frog
skin microbiome diversity across ecotone in south-Central
North America. Front Microbiomes 2023;2:1286985. https://doi.
0rg/10.3389/frmbi.2023.1286985

Eliades §J, Colston TJ, Siler CD. Gut microbial ecology of
Philippine gekkonids: ecoevolutionary effects on microbiome
compositions. FEMS Microbiol Ecol 2022;98:fiac124. https://doi.
org/10.1093/femsec/fiac124

Kirsch MR, Smith SN, Becker DJ et al. Family shapes micro-
biome differences in Oklahoma salamanders. Front Microbiomes
2024;3:1277645. https://doi.org/10.3389/frmbi.2024.1277645
Brown RM, Siler CD, Oliveros CH et al. Evolutionary processes
of diversification in a model island archipelago. Annu Rev
Ecol Evol Syst 2013;44:411-35. https://doi.org/10.1146/annurev-
ecolsys-110411-160323

Heaney LR, Balete DS, Rickart EA et al. Seven new species and
a new subgenus of forest mice (Rodentia: Muridae: Apomys)
from Luzon Island. Fieldiana Life Earth Sci 2011;2:1-60. https://
doi.org/10.3158/2158-5520-2.1.1

Siler CD, Brown RM. Evidence for repeated acquisition and
loss of complex body-form characters in an insular clade
of southeast Asian semi-fossorial skinks. Evolution 2011;65:
2641-63. https://doi.org/10.1111/j.1558-5646.2011.01315.x
Linkem CW, Brown RM, Siler CD et al. Stochastic fau-
nal exchanges drive diversification in widespread Wallacean
and Pacific island lizards (Squamata: Scincidae: Lamprolepis
smaragdina). ] Biogeogr 2013;40:507-20. https://doi.org/10.1111/
jb1.12022

Esselstyn JA, Timm RM, Brown RM. Do geological or cli-
matic processes drive speciation in dynamic archipelagos?
The tempo and mode of diversification in southeast Asian
shrews. Evolution 2009;63:2595-610. https://doi.org/10.1111/
j.1558-5646.2009.00743.x

Siler CD, Oaks JR, Welton L] et al. Did geckos ride the Palawan
raft to the Philippines? J Biogeogr 2012;39:1217-34. https://doi.
0rg/10.1111/j.1365-2699.2011.02680.x

Brown RM, Siler CD, Oliveros CH et al. The amphibians and
reptiles of Luzon Island, Philippines, VIII: the herpetofauna of
Cagayan and Isabela provinces, northern Sierra Madre Moun-
tain range. Zookeys 2013;266:1-120. https://doi.org/10.3897/
zookeys.266.3982

Siler CD, Diesmos AC, Alcala AC et al. Phylogeny of Philippine
slender skinks (Scincidae: Brachymeles) reveals underestimated
species diversity, complex biogeographical relationships, and
cryptic patterns of lineage diversification. Mol Phylogenetics Evol
2011;59:53-65. https://doi.org/10.1016/j.ympev.2010.12.019
Vitt LJ, Pianka ER, Cooper WE Jr et al. History and the global
ecology of squamate reptiles. Am Nat 2003;162:44-60. https://
doi.org/10.1086/375172

. Vitt L], Caldwell JP. Anatomy of amphibians and reptiles. In:

Gomez K, Gonzalez P (eds.), Herpetology: an introductory biology of

Gz0z Jaquieoa( 0| uo 1sanb Aq G20€£Z8/ 1 1 11BOA/L /S/8101B/UNWIWOo8WSI/WOoo dno olwapede//:sdiy Woll papeojumo(]


https://doi.org/10.1111/j.1461-0248.2007.01035.x
https://doi.org/10.1111/j.1461-0248.2007.01035.x
https://doi.org/10.1111/j.1461-0248.2007.01035.x
https://doi.org/10.1111/j.1461-0248.2007.01035.x
https://doi.org/10.1111/j.1461-0248.2007.01035.x
https://doi.org/10.1002/ecs2.1677
https://doi.org/10.1002/ecs2.1677
https://doi.org/10.1002/ecs2.1677
https://doi.org/10.1002/ecs2.1677
https://doi.org/10.1002/ecs2.2173
https://doi.org/10.1002/ecs2.2173
https://doi.org/10.1002/ecs2.2173
https://doi.org/10.1002/ecs2.2173
https://doi.org/10.1111/1365-2745.13083
https://doi.org/10.1111/1365-2745.13083
https://doi.org/10.1111/1365-2745.13083
https://doi.org/10.1038/s41396-018-0196-8
https://doi.org/10.1038/s41396-018-0196-8
https://doi.org/10.1038/s41396-018-0196-8
https://doi.org/10.1038/s41396-018-0196-8
https://doi.org/10.1128/aem.00530-22
https://doi.org/10.1128/aem.00530-22
https://doi.org/10.1128/aem.00530-22
https://doi.org/10.1128/aem.00530-22
https://doi.org/10.1186/s12862-024-02277-4
https://doi.org/10.1186/s12862-024-02277-4
https://doi.org/10.1186/s12862-024-02277-4
https://doi.org/10.1186/s12862-024-02277-4
https://doi.org/10.3389/fevo.2021.633155
https://doi.org/10.3389/fevo.2021.633155
https://doi.org/10.3389/fevo.2021.633155
https://doi.org/10.3389/fevo.2021.633155
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1016/j.tree.2016.06.008
https://doi.org/10.1016/j.tree.2016.06.008
https://doi.org/10.1016/j.tree.2016.06.008
https://doi.org/10.1016/j.tree.2016.06.008
https://doi.org/10.1016/j.tree.2016.06.008
https://doi.org/10.1111/mec.13730
https://doi.org/10.1111/mec.13730
https://doi.org/10.1111/mec.13730
https://doi.org/10.1111/mec.13730
https://doi.org/10.3389/fmicb.2021.567408
https://doi.org/10.3389/fmicb.2021.567408
https://doi.org/10.3389/fmicb.2021.567408
https://doi.org/10.3389/fmicb.2021.567408
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1111/1751-7915.13450
https://doi.org/10.1111/1751-7915.13450
https://doi.org/10.1111/1751-7915.13450
https://doi.org/10.1016/j.cell.2015.11.004
https://doi.org/10.1016/j.cell.2015.11.004
https://doi.org/10.1016/j.cell.2015.11.004
https://doi.org/10.1016/j.cell.2015.11.004
https://doi.org/10.1016/j.cell.2015.11.004
https://doi.org/10.1038/s41598-019-42787-6
https://doi.org/10.1038/s41598-019-42787-6
https://doi.org/10.1038/s41598-019-42787-6
https://doi.org/10.1038/s41598-019-42787-6
https://doi.org/10.1111/mec.12611
https://doi.org/10.1111/mec.12611
https://doi.org/10.1111/mec.12611
https://doi.org/10.1111/mec.12611
https://doi.org/10.3389/fmicb.2017.00725
https://doi.org/10.3389/fmicb.2017.00725
https://doi.org/10.3389/fmicb.2017.00725
https://doi.org/10.3389/fmicb.2017.00725
https://doi.org/10.1128/mBio.00319-18
https://doi.org/10.1128/mBio.00319-18
https://doi.org/10.1128/mBio.00319-18
https://doi.org/10.1128/mBio.00319-18
https://doi.org/10.1038/s41467-019-10191-3
https://doi.org/10.1038/s41467-019-10191-3
https://doi.org/10.1038/s41467-019-10191-3
https://doi.org/10.1038/s41467-019-10191-3
https://doi.org/10.3389/fmicb.2021.657754
https://doi.org/10.3389/fmicb.2021.657754
https://doi.org/10.3389/fmicb.2021.657754
https://doi.org/10.3389/fmicb.2021.657754
https://doi.org/10.3389/frmbi.2023.1286985
https://doi.org/10.3389/frmbi.2023.1286985
https://doi.org/10.3389/frmbi.2023.1286985
https://doi.org/10.3389/frmbi.2023.1286985
https://doi.org/10.1093/femsec/fiac124
https://doi.org/10.1093/femsec/fiac124
https://doi.org/10.1093/femsec/fiac124
https://doi.org/10.1093/femsec/fiac124
https://doi.org/10.1093/femsec/fiac124
https://doi.org/10.3389/frmbi.2024.1277645
https://doi.org/10.3389/frmbi.2024.1277645
https://doi.org/10.3389/frmbi.2024.1277645
https://doi.org/10.3389/frmbi.2024.1277645
https://doi.org/10.1146/annurev-ecolsys-110411-160323
https://doi.org/10.1146/annurev-ecolsys-110411-160323
https://doi.org/10.1146/annurev-ecolsys-110411-160323
https://doi.org/10.1146/annurev-ecolsys-110411-160323
https://doi.org/10.1146/annurev-ecolsys-110411-160323
https://doi.org/10.3158/2158-5520-2.1.1
https://doi.org/10.3158/2158-5520-2.1.1
https://doi.org/10.3158/2158-5520-2.1.1
https://doi.org/10.1111/j.1558-5646.2011.01315.x
https://doi.org/10.1111/j.1558-5646.2011.01315.x
https://doi.org/10.1111/j.1558-5646.2011.01315.x
https://doi.org/10.1111/j.1558-5646.2011.01315.x
https://doi.org/10.1111/j.1558-5646.2011.01315.x
https://doi.org/10.1111/jbi.12022
https://doi.org/10.1111/jbi.12022
https://doi.org/10.1111/jbi.12022
https://doi.org/10.1111/jbi.12022
https://doi.org/10.1111/j.1558-5646.2009.00743.x
https://doi.org/10.1111/j.1558-5646.2009.00743.x
https://doi.org/10.1111/j.1558-5646.2009.00743.x
https://doi.org/10.1111/j.1558-5646.2009.00743.x
https://doi.org/10.1111/j.1558-5646.2009.00743.x
https://doi.org/10.1111/j.1365-2699.2011.02680.x
https://doi.org/10.1111/j.1365-2699.2011.02680.x
https://doi.org/10.1111/j.1365-2699.2011.02680.x
https://doi.org/10.1111/j.1365-2699.2011.02680.x
https://doi.org/10.1111/j.1365-2699.2011.02680.x
https://doi.org/10.3897/zookeys.266.3982
https://doi.org/10.3897/zookeys.266.3982
https://doi.org/10.3897/zookeys.266.3982
https://doi.org/10.3897/zookeys.266.3982
https://doi.org/10.1016/j.ympev.2010.12.019
https://doi.org/10.1016/j.ympev.2010.12.019
https://doi.org/10.1016/j.ympev.2010.12.019
https://doi.org/10.1016/j.ympev.2010.12.019
https://doi.org/10.1016/j.ympev.2010.12.019
https://doi.org/10.1086/375172
https://doi.org/10.1086/375172
https://doi.org/10.1086/375172

Host habitat shapes reptilian gut microbiomes | 11

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

amphibians and reptiles. Cambridge, MA: Academic Press, 2013,
35-82. https://doi.org/10.1016/B978-0-12-386919-7.00002-2.
Uetz P, Freed P, Aguilar Ret al. 2023. The Reptile Database. Avail-
able at: http://www.reptile-database.org (accessed February 13,
2024).

Shine R. Life-history evolution in reptiles. Annu Rev Ecol
Evol Syst 2005;36:23-46. https://doi.org/10.1146/annurev.
ecolsys.36.102003.152631

Crews D, Bergeron JM, Bull JJ et al. Temperature-dependent
sex determination in reptiles: proximate mechanisms, ulti-
mate outcomes, and practical applications. Dev Genet 1994;15:
297-312. https://doi.org/10.1002/dvg. 1020150310

Losos JB, Miles DB. Testing the hypothesis that a clade has
adaptively radiated: iguanid lizard clades as a case study. Am
Nat 2002;160:147-57. https://doi.org/10.1086/341557

Ricklefs RE, Losos JB, Townsend TM. Evolutionary diversifica-
tion of clades of squamate reptiles. J Evol Biol 2007;20:1751-62.
https://doi.org/10.1111/§.1420-9101.2007.01388.x

Townsend TM, Leavitt DH, Reeder TW. Intercontinental disper-
sal by a microendemic burrowing reptile (Dibamidae). Proc R Soc
B 2011;278:2568-74. https://doi.org/10.1098/rspb.2010.2598
Bergmann PJ, Morinaga G, Freitas ES et al. Locomotion and
palaeoclimate explain the re-evolution of quadrupedal body
form in Brachymeles lizards. Proc R Soc B 2020;287:20201994.
https://doi.org/10.1098/rspb.2020.1994

Perry BW, Gopalan SS, Pasquesi GI et al. Snake venom gene
expression is coordinated by novel regulatory architecture
and the integration of multiple co-opted vertebrate path-
ways. Genome Res 2022;32:1058-73. https://doi.org/10.1101/
g1.276251.121

Hoffbeck C, Middleton DM, Nelson NJ et al. 16S rRNA gene-
based meta-analysis of the reptile gut microbiota reveals
environmental effects, host influences and a limited core
microbiota. Mol Ecol 2023;32:6044-58. https://doi.org/10.1111/
mec.17153

Vasconcelos DS, Harris DJ, Damas-Moreira I et al. Factors shap-
ing the gut microbiome of five species of lizards from dif-
ferent habitats. Peer] 2023;11:€15146. https://doi.org/10.7717/
peerj.15146

Ren T, Kahrl AF, Wu M et al. Does adaptive radiation of a host
lineage promote ecological diversity of its bacterial commu-
nities? A test using gut microbiota of Anolis lizards. Mol Ecol
2016;25:4793-804. https://doi.org/10.1111/mec.13796

Colston TJ, Noonan BP, Jackson CR. Phylogenetic analysis of
bacterial communities in different regions of the gastroin-
testinal tract of Agkistrodon piscivorus, the cottonmouth snake.
PLOS One 2015;10:e0128793. https://doi.org/10.1371/journal.
pone.0128793

Kozich JJ, Westcott SL, Baxter NT et al. Development of a dual-
index sequencing strategy and curation pipeline for analyzing
amplicon sequence data on the MiSeq Illumina sequencing
platform. Appl Environ Microbiol 2013;79:5112-20. https://doi.
org/10.1128/AEM.01043-13

Schubert M, Lindgreen S, Orlando L. AdapterRemoval v2: rapid
adapter trimming, identification, and read merging. BMC Res
Notes 2016;9:88. https://doi.org/10.1186/513104-016-1900-2
Bolyen E, Rideout JR, Dillon MR et al. Reproducible, interac-
tive, scalable, and extensible microbiome data science using
QIIME 2. Nat Biotechnol 2019;37:852-7. https://doi.org/10.1038/
$41587-019-0209-9

Edgar RC, Haas BJ, Clemente JC et al. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

89.

90.

2011;27:2194-200.
btr381

Rognes T, Flouri T, Nichols B et al. VSEARCH: a versatile open
source tool for metagenomics. Peer] 2016;4:€2584. https://doi.
0rg/10.7717/peerj.2584

Quast C, Pruesse E, Yilmaz P et al. The SILVA ribosomal
RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res 2012;41:D590-6. https://doi.
org/10.1093/nar/gks1219

Kennedy-Shaffer L. Before p< 0.05 to beyond p< 0.05: using his-
tory to contextualize p-values and significance testing. Am Stat
2019;73:82-90. https://doi.org/10.1080/00031305.2018.1537891
Storey JD, Tibshirani R. Statistical significance for genomewide
studies. Proc Natl Acad Sci USA 2003;100:9440-5. https://doi.
0rg/10.1073/pnas.1530509100

Hothorn T, Hornik K, Zeileis A. Unbiased recursive partitioning:
a conditional inference framework. ] Comput Graph Stat 2006;15:
651-74. https://doi.org/10.1198/106186006X133933

R Core Team. R: a language and environment for statisti-
cal computing. 2023; Available at: https://www.R-project.org/
(Accessed October 10, 2023).

Birkner P-C. Brms: an R package for Bayesian multilevel mod-
els using Stan.J Stat Soft 2017;80:1-28. https://doi.org/10.18637/
jss.v080.101

Paradis E, Schliep K. Ape 5.0: an environment for modern
phylogenetics and evolutionary analyses in R. Bioinformatics
2019;35:526-8. https://doi.org/10.1093/bioinformatics/bty633
Redelings BD, Holder MT. A supertree pipeline for summariz-
ing phylogenetic and taxonomic information for millions of
species. Peer] 2017;5:1-23. https://doi.org/10.7717/peerj.3058
Wickham H. ggplot2: elegant graphics for data analysis. 2016;
Available at: https://ggplot2.tidyverse.org (Accessed July 15,
2025).

Lozupone CA, Hamady M, Kelley ST et al. Quantitative and qual-
itative b diversity measures lead to different insights into fac-
tors that structure microbial communities. Appl Environ Micro-
biol 2007;73:1576-85. https://doi.org/10.1128/AEM.01996-06
Lozupone C, Lladser ME, Knights D et al. UniFrac: an effective
distance metric for microbial community comparison. ISME J
2011;5:169-72. https://doi.org/10.1038/ismej.2010.133
Anderson MJ. A new method for non-parametric multivariate
analysis of variance. Austral Ecol 2001;26:32-46. https://doi.
0rg/10.1111/§.1442-9993.2001.01070.pp.x

https://doi.org/10.1093/bioinformatics/

. Wickham H. Reshaping data with the reshape package. J Stat

Soft 2007;21:1-20. https://doi.org/10.18637/jss.v021.i112

Bisanz JE. giime2R: importing Qiime?2 artifacts and associated
data into R sessions. 2018; Available at: https://github.com/
jbisanz/qiime2R (Accessed October 15, 2024).

Godon J-J, Arulazhagan P, Steyer J-P et al. Vertebrate bacterial
gut diversity: size also matters. BMC Ecol 2016;16:12. https://doi.
0rg/10.1186/512898-016-0071-2

Benitez-Lopez A, Santini L, Gallego-Zamorano J et al. The island
rule explains consistent patterns of body size evolution in
terrestrial vertebrates. Nat Ecol Evol 2021;5:768-86. https://doi.
0rg/10.1038/541559-021-01426-y

Mazel F, Davis KM, Loudon A et al. Is host filtering the main driver
of phylosymbiosis across the tree of life? 2018;3:e00097-18. https://
doi.org/10.1128/mSystems.00097-18

Kohl KD. Ecological and evolutionary mechanisms underly-
ing patterns of phylosymbiosis in host-associated microbial
communities. Philos Trans R Soc B 2020;375:20190251. https://
doi.org/10.1098/rstb.2019.0251

Gz0z Jaquieoa( 0| uo 1sanb Aq G20€£Z8/ 1 1 11BOA/L /S/8101B/UNWIWOo8WSI/WOoo dno olwapede//:sdiy Woll papeojumo(]


https://doi.org/10.1016/B978-0-12-386919-7.00002-2
https://doi.org/10.1016/B978-0-12-386919-7.00002-2
https://doi.org/10.1016/B978-0-12-386919-7.00002-2
https://doi.org/10.1016/B978-0-12-386919-7.00002-2
https://doi.org/10.1146/annurev.ecolsys.36.102003.152631
https://doi.org/10.1146/annurev.ecolsys.36.102003.152631
https://doi.org/10.1146/annurev.ecolsys.36.102003.152631
https://doi.org/10.1146/annurev.ecolsys.36.102003.152631
https://doi.org/10.1146/annurev.ecolsys.36.102003.152631
https://doi.org/10.1002/dvg.1020150310
https://doi.org/10.1002/dvg.1020150310
https://doi.org/10.1002/dvg.1020150310
https://doi.org/10.1002/dvg.1020150310
https://doi.org/10.1086/341557
https://doi.org/10.1086/341557
https://doi.org/10.1086/341557
https://doi.org/10.1111/j.1420-9101.2007.01388.x
https://doi.org/10.1111/j.1420-9101.2007.01388.x
https://doi.org/10.1111/j.1420-9101.2007.01388.x
https://doi.org/10.1111/j.1420-9101.2007.01388.x
https://doi.org/10.1111/j.1420-9101.2007.01388.x
https://doi.org/10.1098/rspb.2010.2598
https://doi.org/10.1098/rspb.2010.2598
https://doi.org/10.1098/rspb.2010.2598
https://doi.org/10.1098/rspb.2010.2598
https://doi.org/10.1098/rspb.2020.1994
https://doi.org/10.1098/rspb.2020.1994
https://doi.org/10.1098/rspb.2020.1994
https://doi.org/10.1098/rspb.2020.1994
https://doi.org/10.1101/gr.276251.121
https://doi.org/10.1101/gr.276251.121
https://doi.org/10.1101/gr.276251.121
https://doi.org/10.1101/gr.276251.121
https://doi.org/10.1111/mec.17153
https://doi.org/10.1111/mec.17153
https://doi.org/10.1111/mec.17153
https://doi.org/10.1111/mec.17153
https://doi.org/10.7717/peerj.15146
https://doi.org/10.7717/peerj.15146
https://doi.org/10.7717/peerj.15146
https://doi.org/10.7717/peerj.15146
https://doi.org/10.1111/mec.13796
https://doi.org/10.1111/mec.13796
https://doi.org/10.1111/mec.13796
https://doi.org/10.1111/mec.13796
https://doi.org/10.1371/journal.pone.0128793
https://doi.org/10.1371/journal.pone.0128793
https://doi.org/10.1371/journal.pone.0128793
https://doi.org/10.1371/journal.pone.0128793
https://doi.org/10.1371/journal.pone.0128793
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1080/00031305.2018.1537891
https://doi.org/10.1080/00031305.2018.1537891
https://doi.org/10.1080/00031305.2018.1537891
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1198/106186006X133933
https://doi.org/10.1198/106186006X133933
https://doi.org/10.1198/106186006X133933
https://doi.org/10.1198/106186006X133933
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.7717/peerj.3058
https://doi.org/10.7717/peerj.3058
https://doi.org/10.7717/peerj.3058
https://doi.org/10.7717/peerj.3058
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.18637/jss.v021.i12
https://doi.org/10.18637/jss.v021.i12
https://doi.org/10.18637/jss.v021.i12
https://doi.org/10.18637/jss.v021.i12
https://doi.org/10.18637/jss.v021.i12
https://doi.org/10.18637/jss.v021.i12
https://github.com/jbisanz/qiime2R
https://github.com/jbisanz/qiime2R
https://github.com/jbisanz/qiime2R
https://github.com/jbisanz/qiime2R
https://github.com/jbisanz/qiime2R
https://github.com/jbisanz/qiime2R
https://doi.org/10.1186/s12898-016-0071-2
https://doi.org/10.1186/s12898-016-0071-2
https://doi.org/10.1186/s12898-016-0071-2
https://doi.org/10.1186/s12898-016-0071-2
https://doi.org/10.1038/s41559-021-01426-y
https://doi.org/10.1038/s41559-021-01426-y
https://doi.org/10.1038/s41559-021-01426-y
https://doi.org/10.1038/s41559-021-01426-y
https://doi.org/10.1038/s41559-021-01426-y
https://doi.org/10.1128/mSystems.00097-18
https://doi.org/10.1128/mSystems.00097-18
https://doi.org/10.1128/mSystems.00097-18
https://doi.org/10.1128/mSystems.00097-18
https://doi.org/10.1098/rstb.2019.0251
https://doi.org/10.1098/rstb.2019.0251
https://doi.org/10.1098/rstb.2019.0251
https://doi.org/10.1098/rstb.2019.0251

12

Smith et al.

91.

92.

93.

94.

95.

96.

97.

© The Author(s) 2025. Published by Oxford University Press on behalf of the International Socie
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited

Weinell JL, Leviton AE, Brown RM. A new species of reed
snake, genus Calamaria (Colubridae: Calamariinae), from Min-
doro Island. Philippines Philipp J Syst Biol 2021;14:1-14. https://
doi.org/10.26757/pjsb2020b14006

Chapple DG, Slavenko A, Tingley R et al. Built for suc-
cess: distribution, morphology, ecology and life history of
the world’s skinks. Ecol Evol 2023;13:€10791. https://doi.
0rg/10.1002/ece3.10791

O’Shea M, Wallach V, Hsiao E et al. “Anteaters” under the
airport: a slender new species of blindsnake, genus Indoty-
phlops, from Timor-Leste (Scolecophidia: Typhlopidae: Asiaty-
phlopinae). CanJ Zool 2023;101:486-98. https://doi.org/10.1139/
Cjz-2022-0097

Brischoux F, Bonnet X, Shine R. Foraging ecology of sea kraits
Laticauda spp. in the Neo-Caledonian Lagoon. Mar Ecol Prog Ser
2007;350:145-51. https://doi.org/10.3354/meps07133

Brooks AW, Kohl KD, Brucker RM et al. Phylosymbiosis: relation-
ships and functional effects of microbial communities across
host evolutionary history. PLOS Biol 2016;14:1-29. https://doi.
org/10.1371/journal.pbio.2000225

Lim §J, Bordenstein SR. An introduction to phylosymbio-
sis. Proc R Soc B 2020;287:20192900. https://doi.org/10.1098/
rspb.2019.2900

Qin M, Jiang L, Qiao G et al. Phylosymbiosis: the eco-
evolutionary pattern of insect-symbiont interactions. Int J Mol
Sci 2023;24:15836. https://doi.org/10.3390/ijms242115836

ISME Communications, 2025, 5(1), ycaf141
https://doi.org/10.1093/ismeco/ycaf141
Original Article

98.

99.

100.

101.

102.

103.

104.

Kohl KD, Dearing MD, Bordenstein SR. Microbial communi-
ties exhibit host species distinguishability and phylosymbiosis
along the length of the gastrointestinal tract. Mol Ecol 2018;27:
1874-83. https://doi.org/10.1111/mec.14460

Amato KR, Sanders JG, Song 5] et al. Evolutionary trends in host
physiology outweigh dietary niche in structuring primate gut
microbiomes. ISME J 2019;13:576-87. https://doi.org/10.1038/
$41396-018-0175-0

Thomas T, Moitinho-Silva L, Lurgi M et al. Diversity, structure
and convergent evolution of the global sponge microbiome. Nat
Commun 2016;7:11870. https://doi.org/10.1038/ncomms11870
Pollock FJ, McMinds R, Smith S et al. Coral-associated bacteria
demonstrate phylosymbiosis and cophylogeny. Nat Commun
2018;9:4921. https://doi.org/10.1038/s41467-018-07275-x
Fitzpatrick CR, CopelandJ, Wang PW et al. Assembly and ecolog-
ical function of the root microbiome across angiosperm plant
species. Proc Natl Acad Sci USA 2018;115:E1157-65. https://doi.
org/10.1073/pnas.1717617115

Leon MD, Montecillo AD, Pinili DS et al. Bacterial diversity
of bat guano from Cabalyorisa cave, Mabini, Pangasinan,
Philippines: a first report on the metagenome of Philippine
bat guano. PLOS One 2018;13:€0200095. https://doi.org/10.1371/
journal.pone.0200095

dela Cruz TEE, Llames LCJ, Glori PJV et al. Checklist of novel
microbes discovered in the Philippines. Philipp J Sci 2024;153:
257-97.

for Microbial Ecology. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/

Gz0z Jaquieoa( 0| uo 1sanb Aq G20€£Z8/ 1 1 11BOA/L /S/8101B/UNWIWOo8WSI/WOoo dno olwapede//:sdiy Woll papeojumo(]


https://doi.org/10.26757/pjsb2020b14006
https://doi.org/10.26757/pjsb2020b14006
https://doi.org/10.26757/pjsb2020b14006
https://doi.org/10.26757/pjsb2020b14006
https://doi.org/10.26757/pjsb2020b14006
https://doi.org/10.1002/ece3.10791
https://doi.org/10.1002/ece3.10791
https://doi.org/10.1002/ece3.10791
https://doi.org/10.1002/ece3.10791
https://doi.org/10.1139/cjz-2022-0097
https://doi.org/10.1139/cjz-2022-0097
https://doi.org/10.1139/cjz-2022-0097
https://doi.org/10.1139/cjz-2022-0097
https://doi.org/10.3354/meps07133
https://doi.org/10.3354/meps07133
https://doi.org/10.3354/meps07133
https://doi.org/10.3354/meps07133
https://doi.org/10.1371/journal.pbio.2000225
https://doi.org/10.1371/journal.pbio.2000225
https://doi.org/10.1371/journal.pbio.2000225
https://doi.org/10.1371/journal.pbio.2000225
https://doi.org/10.1371/journal.pbio.2000225
https://doi.org/10.1098/rspb.2019.2900
https://doi.org/10.1098/rspb.2019.2900
https://doi.org/10.1098/rspb.2019.2900
https://doi.org/10.1098/rspb.2019.2900
https://doi.org/10.3390/ijms242115836
https://doi.org/10.3390/ijms242115836
https://doi.org/10.3390/ijms242115836
https://doi.org/10.3390/ijms242115836
https://doi.org/10.1111/mec.14460
https://doi.org/10.1111/mec.14460
https://doi.org/10.1111/mec.14460
https://doi.org/10.1111/mec.14460
https://doi.org/10.1038/s41396-018-0175-0
https://doi.org/10.1038/s41396-018-0175-0
https://doi.org/10.1038/s41396-018-0175-0
https://doi.org/10.1038/s41396-018-0175-0
https://doi.org/10.1038/ncomms11870
https://doi.org/10.1038/ncomms11870
https://doi.org/10.1038/ncomms11870
https://doi.org/10.1038/ncomms11870
https://doi.org/10.1038/s41467-018-07275-x
https://doi.org/10.1038/s41467-018-07275-x
https://doi.org/10.1038/s41467-018-07275-x
https://doi.org/10.1038/s41467-018-07275-x
https://doi.org/10.1038/s41467-018-07275-x
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1371/journal.pone.0200095
https://doi.org/10.1371/journal.pone.0200095
https://doi.org/10.1371/journal.pone.0200095
https://doi.org/10.1371/journal.pone.0200095
https://doi.org/10.1371/journal.pone.0200095
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/ismeco/ycaf141

	 Host habitat shapes the gut microbiomes of insular reptilian hosts in the Philippines
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Author contributions
	Conflicts of interest
	Funding
	Data availability


