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Abstract 

A critical goal of biologists is to describe the diversity of organisms on the planet and to 
illuminate the evolutionary processes that have shaped the global biodiversity we observe today. 
This is often accomplished by exploring diversity at a single scale such as the diversity of 
microorganisms within a soil sample or the number of plant species within an area of grassland. 
However, integrating across biological scales can generate a more comprehensive understanding 
of our planet’s biodiversity. My research employs a holistic approach to investigate how 
differences at the organismal, community, and landscape levels drive variation at the 
microscopic level. This is made possible through the use of genomic approaches. Genomics is 
the study of an organism’s genes (i.e., DNA) and, using genomic methods, I isolated the genetic 
material of microorganisms found within different areas of the focal vertebrate host organisms, 
specifically reptiles and amphibians. These communities of microorganisms are referred to as 
microbiomes and they serve fundamental roles in numerous processes that benefit their hosts, 
including digestion, metabolism, and immunity. Given the critical roles that microbiomes play in 
modulating host health and persistence, understanding the environmental and evolutionary 
processes that shape host-associated microbial communities remains critical as the planet’s 
biodiversity continues to face threats posed by rapid environmental change, habitat modification, 
and emerging infectious diseases. Through three chapters, my dissertation research investigates 
if factors such as host evolutionary history, host ecology, pathogen presence, geographic 
location, and island size contribute to variation in vertebrate microbiome diversity, applying 
fundamental theories in ecology, evolutionary biology, and biogeography to further explore the 
mechanisms that shape host-associated microbiomes. To date, most vertebrate microbiome 
research has focused on humans and other mammals; however, increased availability and 
utilization of genomic techniques has expanded our knowledge of the diversity, structure, and 
functional capabilities of these microbial communities and has increased the taxonomic scope of 
microbiome studies to include more vertebrate taxa such as birds, fishes, amphibians, and 
reptiles. Despite these advances, large gaps remain in our understanding of the non-mammalian 
vertebrate microbiome, specifically among wild reptiles and amphibians. 

Amphibians (anurans, salamanders, caecilians) and reptiles (lizards, snakes, crocodilians, 
turtles, tuataras) represent two of the five major clades of terrestrial vertebrates on the planet, and 
they display an astonishing diversity of life history traits. Their reproductive diversity and 
specialized body form adaptations have enabled them to diversify across a near complete 
spectrum of environments on the planet, including subterranean, ground-level, above-ground, 
and aquatic habitats. Amphibians and reptiles have been instrumental in addressing many 
questions in ecology and evolutionary biology such as phenotypic evolution, reproductive 
diversity, and adaptive radiation. Despite such a rich history of foundational research on these 
groups, we continue to have a limited understanding of the mechanisms that drive the 
assemblage of symbiotic microbial communities associated with amphibian and reptilian hosts. 
To address this shortfall, my dissertation research utilizes genomic methods to understand the 
environmental and evolutionary processes that shape amphibian and reptile microbiomes. 

Chapter one investigates how host ecology and host species differences correlate with 
distinct oral and gut microbiomes among three venomous snake species from the Philippines. 
The focal species occupy three disparate habitat types: marine, semi-arboreal, and arboreal, and 
our results suggest that the diversity of snake mouth and gut microbial communities correlate 
with differences in both host ecology and phylogeny. Most research on snake mouth and gut 
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microbiota are limited to studies of a single species or captive-bred individuals; therefore, results 
from this comparative study contribute profoundly to our understanding of reptilian 
microbiomes, providing a foundation from which researchers can begin addressing broader 
questions concerning the evolution of host-microbe interactions. Chapter two combines existing 
frog disease data with skin microbiome data to elucidate the roles that geographic location, host 
evolutionary history, host ecology, and pathogen presence play in the microbial community 
assemblage of five co-distributed frog host species in Oklahoma. These focal species possess 
distinct ecological preferences: aquatic, semi-aquatic, and arboreal, and our results indicate that 
host ecology is the primary driver of frog skin microbial community structure. Results from this 
integrative study contribute to our growing understanding of the environmental and host-
associated drivers of skin microbial community assemblage and represents one of the first 
studies on landscape-level variation in skin microbial communities among North American 
frogs. Chapter three provides the first assessment of variation in gut microbiomes among 
vertebrate species spanning true islands, applying theories of island biogeography to further 
investigate the mechanisms that shape the vertebrate gut microbiome. We sampled the microbial 
communities of ecologically diverse reptilian hosts from four islands in the Philippines to 
investigate the roles that host evolutionary history, host ecology, host microhabitat, geographic 
location, and island size play in reptilian gut microbiome assembly. Our results indicated that 
island size and host ecology were the primary contributors to gut microbial community 
differences observed among our focal samples. Results from this integrative study contribute to 
our growing understanding of the environmental, host-associated, and biogeographic processes 
that drive patterns of vertebrate gut microbiome diversity and assemblage among host 
communities inhabiting true islands. 

My dissertation research integrates across numerous biological scales—microscopic, 
organismal, community, landscape—to understand how variation at any of these levels drives 
differences within another in order to address fundamental questions in evolutionary biology and 
ecology. Given that microbiomes are critical for promoting host health and persistence by aiding 
in digestion, nutrient acquisition, pathogen defense, and immune system function, investigations 
of the processes that shape host-associated microbiome community composition and assembly 
remain critical as the planet’s biodiversity continues to face threats posed by rapid environmental 
change, habitat modification, and emerging infectious diseases. 
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Chapter 1 

Venomous snakes reveal ecological and phylogenetic factors 
influencing variation in gut and oral microbiomes 

 

Published in Frontiers in Microbiology (https://doi.org/10.3389/fmicb.2021.657754) 

 

Sierra N. Smith, Timothy J. Colston, and Cameron D. Siler 

 

1.1 Abstract 
The gastrointestinal tract (GIT) of vertebrates contains a series of organs beginning with the 
mouth and ending with the anus or cloacal opening. Each organ represents a unique environment 
for resident microorganisms. Due to their simple digestive anatomy, snakes are good models for 
studying microbiome variation along the GIT. Cloacal sampling captures the majority of the 
microbial diversity found in the GIT of snakes—yet little is known about the oral microbiota of 
snakes. Most research on the snake mouth and gut microbiota are limited to studies of a single 
species or captive-bred individuals. It therefore remains unclear how a host’s life history, diet, or 
evolutionary history correlate with differences in the microbial composition within the mouths 
and guts of wild snakes. We sampled the mouth and gut microbial communities from three 
species of Asian venomous snakes and utilized 16S rRNA microbial inventories to test if host 
phylogenetic and ecological differences correlate with distinct microbial compositions within the 
two body sites. These species occupy three disparate habitat types: marine, semi-arboreal, and 
arboreal, our results suggest that the diversity of snake mouth and gut microbial communities 
correlate with differences in both host ecology and phylogeny. 

1.2 Introduction 
The organs within the gastrointestinal tract (GIT) of vertebrates (mouth, stomach, colon, cloaca, 
etc.) harbor microbiomes that serve fundamental roles in a variety of processes that benefit their 
animal hosts, including digestion, immunity, and nutrient acquisition (Colston and Jackson, 
2016; Varela et al., 2018; Arizza et al., 2019; Qin et al., 2019). As such, studies of microbiomes 
are essential to understanding host health, and can also be utilized to address interesting 
questions across broad fields in evolutionary biology, from processes of coevolution and 
adaptation to the evolution of antibiotic resistance (Hird, 2017; Ul-Hasan et al., 2019). To date, 
most vertebrate microbiome research has focused on humans and other mammals (Colston and 
Jackson, 2016; Hird, 2017; Qin et al., 2019); however, increased availability and utilization of 
culture-independent techniques, such as next-generation sequencing technologies and 16S 
ribosomal RNA (rRNA) microbial inventories, has expanded our knowledge of the diversity, 
structure, and potential functional capabilities of these symbiotic bacterial communities (Bletz et 

https://doi.org/10.3389/fmicb.2021.657754
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al., 2017; Medina et al., 2017). Furthermore, such techniques have allowed for microbiome 
studies across an increasingly wide taxonomic diversity of vertebrate organisms, including birds 
(Hird et al., 2015; Waite and Taylor, 2015), fishes (Clements et al., 2014; Givens et al., 2015; 
Sullam et al., 2015; Gajardo et al., 2016), amphibians (Bletz et al., 2016, 2017; Bird et al., 2018; 
Varela et al., 2018; Rebollar and Harris, 2019), and reptiles (Hong et al., 2011; Keenan et al., 
2013; Colston et al., 2015; Hyde et al., 2016; Ren et al., 2016; Allender et al., 2018; Arizza et al., 
2019; Tang et al., 2019). Despite these advances, large gaps remain in our understanding of the 
non-mammalian vertebrate microbiome, especially among wild reptiles (Colston and Jackson, 
2016; Hird, 2017; Krishnankutty et al., 2018; Qin et al., 2019; Tang et al., 2019). 

Squamate reptiles (snakes, lizards, and amphisbaenids) possess the ability to persist in a wide 
variety of habitats, occurring on every continent but Antarctica (Vitt et al., 2003; Vitt and 
Caldwell, 2013). These reptiles display a vast diversity of life history traits, particularly in 
dietary habits and reproductive modes (Shine and Bonnet, 2000; Vitt and Caldwell, 2013). They 
have also played an important role in addressing many higher-level questions in ecology and 
evolutionary biology across numerous fields of study that include using venom to study 
evolutionary key innovations (Casewell et al., 2013; Sunagar et al., 2016; Calvete, 2017) and 
studies of phenotypic evolution (Wagner et al., 2018; Watanabe et al., 2019), reproductive mode 
(Blackburn, 2006; Pyron and Burbrink, 2014), and adaptive radiation (Losos and Miles, 2002). 
Despite such a rich history of foundational research on the group, microbiome evolution among 
squamate reptiles remains poorly understood. Previous work has determined that different 
reptilian body sites along the GIT possess distinct microbiomes (Keenan et al., 2013; Colston et 
al., 2015; Hyde et al., 2016; Tang et al., 2019); however, few studies to date have investigated 
the diversity and composition of the squamate reptile mouth microbiome (Shek et al., 2009; 
Goldstein et al., 2013; Hyde et al., 2016; Krishnankutty et al., 2018). Additionally, most studies 
of the reptilian gut (endogenous, cloacal) microbiomes are limited to comparisons between 
individuals of the same species (Keenan et al., 2013; Colston et al., 2015; McLaughlin et al., 
2015; Hyde et al., 2016; Allender et al., 2018; Arizza et al., 2019; Tang et al., 2019), with few 
studies investigating how the gut microbiome differs between taxa (Hong et al., 2011; Ren et al., 
2016; Qin et al., 2019; Zhang et al., 2019). By comparing the microbiomes of reptiles that have 
different habitat preferences, diets, and ecologies, we can begin to understand the relationship 
between evolutionary factors and the diversity and composition of host-associated microbial 
communities. 

By far one of the most successful and charismatic radiations of squamates are snakes 
(Squamata: Serpentes), with more than 3,840 species recognized currently (Uetz et al., 2020) 
across all major biomes on the planet, including freshwater and marine environments, and even 
southern regions of the tundra (Vitt and Caldwell, 2013). Represented by this global vertebrate 
radiation is an incredible diversity of ecologies and life histories, including the evolution of a 
wide spectrum of dietary preferences and adaptations (Vitt et al., 2003; Colston et al., 2010; Vitt 
and Caldwell, 2013; Tang et al., 2019). Interestingly, such variation in diet preferences and the 
degree of specialization has evolved despite the presence of a rather simple digestive anatomy, 
and for this reason snakes are widely used as ideal systems for studying digestive physiology 
(Secor and Diamond, 1998; Castoe et al., 2013). Unfortunately, we continue to have a limited 
understanding of the composition, diversity, and functional capabilities of snake microbiomes, 
particularly gut and mouth microbial communities (Krishnankutty et al., 2018)—a critical 
component to understanding the important roles host-specific microbiomes may have played in 
snake adaptive evolution. Currently, the culture-independent snake gut microbiome literature 
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consists of a few studies that describe the diversity present at different segments of the snake 
gastrointestinal tract (excluding mouth; Hill et al., 2008; Colston et al., 2015; McLaughlin et al., 
2015; Tang et al., 2019), one study investigating the composition of gut microbiota in captive 
pythons (again, excluding mouth; Costello et al., 2010), one study comparing small and large 
intestinal bacteria among three species of snakes (Qin et al., 2019), and one comparative study of 
bacterial communities sequenced from fecal samples from four species of farmed snakes in 
China (Zhang et al., 2019). Such a general paucity of data on snake host-associated microbiomes 
extends to the burgeoning studies of the venom-microbiome, which aims to describe the presence 
and diversity of venom-associated microbial communities to address questions of how 
microorganisms colonize and inhabit venom glands (McFall-Ngai, 2014; Ul-Hasan et al., 2019). 
For example, the oral cavity of snakes can harbor an extensive diversity of bacteria, including 
potentially pathogenic groups that may cause post-bite infection (Shek et al., 2009; Lam et al., 
2011; Krishnankutty et al., 2018). Such host-microbe interactions that occur in the venom 
microenvironment and the oral cavity of snakes also remain largely understudied (Ul-Hasan et 
al., 2019). Until more comparative and baseline data on host-specific microbiomes among snakes 
becomes available, our understanding of how host ecology, venom system dynamics, and 
evolutionary history correlate with, and are impacted by, these microbial communities remains 
incomplete. 

In this study, we present novel comparisons of host microbiome diversity and composition 
among three venomous snake species from the Philippines in Southeast Asia, each of which 
possesses a distinct ecology: (1) the blue-lipped sea krait (Family Elapidae: Laticauda 
laticaudata) is a neurotoxic, marine species (Leviton et al., 2014); (2) the Philippine pit viper 
(Family Viperidae: Trimeresurus flavomaculatus) is a hemotoxic, strictly arboreal, terrestrial 
species (Sugihara et al., 1983; Nikai et al., 1985; Debono et al., 2019); and (3) the mangrove 
snake (Family Colubridae: Boiga dendrophila) is a semi-arboreal, terrestrial species that 
possesses a bird-specific toxin in its venom referred to as denmotoxin (Pawlak et al., 2006; 
Pawlak and Kini, 2008). These key differences, and the general availability of these three species 
in the field, made them ideal for investigating the influence and interaction of host ecology and 
evolutionary history (phylogenetic relatedness) on gut and mouth microbiome structure and 
diversity. Laticauda laticaudata is an amphibious marine snake in the family Elapidae that is 
widely distributed across Southeast Asia and comes to shore only to rest and lay eggs (Leviton et 
al., 2014). This species can be observed hiding in crevices on coral reefs and they feed primarily 
on eels (Dabruzzi et al., 2012). The two terrestrial species, T. flavomaculatus and B. dendrophila, 
are common snakes found throughout large regions of the Philippines (Siler et al., 2011; Brown 
et al., 2013). Trimeresurus flavomaculatus is an ovoviviparous pit viper in the family Viperidae 
that prefers more arboreal microhabitats, often preying on frogs and small mammals (Leviton, 
1962; Brown et al., 2013; Leviton et al., 2014). In comparison, Boiga dendrophila is an 
oviparous mangrove snake in the family Colubridae that prefers more shrub- and ground-level 
microhabitats (i.e., semi-arboreal) and feeds primarily on birds (Brown et al., 2013). 

Herein, we provide an assessment and summary of microbial diversity and composition of 
the mouth and gut microbiomes among these three species of wild venomous snakes to identify 
patterns associated with host ecology (e.g., habitat preferences and specializations, etc.) and host 
species differences. The results contribute to a nascent body of literature on wild reptile 
endogenous microbiomes and specifically expands our knowledge on snake mouth and gut 
microbiomes, with which researchers can begin to address broader questions in evolutionary 
biology and digestive physiology as they apply to host-microbe interactions. 
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1.3 Materials and Methods 
Sample collection 
Fieldwork was conducted from May 27 to June 4, 2018 on two islands of the Babuyan Island 
Group—Calayan and Camiguin Norte. Cloacal swabs are an effective proxy for sampling gut 
microbial diversity in snakes (Colston et al., 2015), therefore we used cloacal swabs to sample 
gut microbial diversity in this study. Gut microbiome samples were collected by inserting a 
sterile swab (MWE, Corsham, United Kingdom) into the cloaca of the individual for 
approximately 3–4 s, twirling the swab 2– 4 times. We collected mouth microbiome samples by 
swabbing the tongue, teeth, and roof of the snake’s mouth 4–5 times with sterile swabs (Puritan 
Medical Products, Guilford, ME, United States). We swabbed 22 adult individuals representing 
the three focal species: Laticauda laticaudata (N = 7 [four males, three individuals not sexed], 
SVL 680–855 mm), Trimeresurus flavomaculatus (N = 7 [four females, three individuals not 
sexed], SVL 308–900 mm), and Boiga dendrophila (N = 8 [four males, four females], SVL 814–
1,395 mm) (Appendix A, Table S1). All swabs were preserved and stored in DNA/RNA Shield 
(Zymo Research Products, Irvine, CA, United States) at the time of collection at ambient 
temperature in field conditions until returned to the United States (10–14 days) where they were 
stored in a –20°C freezer until DNA extraction. All samples were collected in strict accordance 
with the regulations established by 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). 

DNA extraction, PCR amplification, and sequencing 
Genomic DNA was extracted from all 44 swabs using XpeditionTM Soil/Fecal DNA MiniPrep 
kits (Zymo Research Products). DNA concentration for each extracted sample was determined 
using a QuantusTM Fluorometer (Promega, Madison, WI, United States). Ten sterile swabs were 
extracted alongside the 44 samples to be used as negative controls and three of the 10 negative 
controls were amplified and sequenced using the following methods. Using a one-step 
Polymerase Chain Reaction (PCR) method, we amplified the V4 hypervariable region of the 16S 
rRNA gene using primers described in Kozich et al. (2013). Two microliters of PCR product 
from each sample was visualized using gel electrophoresis and the remaining 18 μL was cleaned 
with KAPA Pure Beads (Roche Sequencing Solutions, Pleasanton, CA, United States). After 
quantification, all samples were normalized to 10 nM of DNA before pooling samples into a 
sterile, 1.5 mL microcentrifuge tube. If the DNA quantity of a sample was above 10 nM, 5 μL of 
the sample was added to a calculated amount of sterile, laboratory grade water to dilute the 
sample to 10 nM. After dilution, 4 μL of the diluted PCR product was added to the final pool. In 
contrast, if the DNA quantity of a sample was below 10 nM, no water was added to the sample 
and 2 μL of the PCR product was added to the final pool. Sequencing was performed at the 
University of Oklahoma Consolidated Core Lab using the 2 × 250 bp paired-end sequencing on a 
single run of an Illumina MiSeq. 

Sequence analysis 
Adapter sequences were trimmed from the paired-end assembled raw sequencing reads using 
AdapterRemoval v2 (Schubert et al., 2016). Sequence data was analyzed using the QIIME 2 
software package (Bolyen et al., 2019), and the sequences were clustered into operational 
taxonomic units (OTUs) with a closed-reference OTU database at 97% sequencing similarity 
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using VSEARCH (Rognes et al., 2016) against the Silva 132 database (Quast et al., 2012). A 
total of 9,190 OTUs were found among the 737,795 sequences obtained. The OTU table was 
rarified to a sequence count of 500 for downstream analyses, which removed 10 samples from 
the dataset (N = 5 each for both mouth and gut samples; Appendix A, Table S1 and Figure S1). 
Our decision to rarefy samples to a sequence count of 500 was based on our specific dataset and 
the associated rarefaction curves (Appendix A, Figure S1; Hughes and Hellmann, 2005; Aguirre 
de Cárcer et al., 2011; Weiss et al., 2017). As a result, the 10 removed samples were excluded 
from analysis due to low sequence counts and low post-amplification DNA quantities compared 
to the other samples that amplified well above a sequence count of 500. Raw sequence data 
generated in this study can be found in the Sequence Read Archive (SRA) under accession no. 
PRJNA702542. Analysis workflow can be found on Github (https://github.com/sierra-
smith/16S_Microbiome_pipeline.git). 

Statistical analysis 
To evaluate the effect of host ecology and phylogenetic relatedness on gut and mouth diversity, 
alpha diversity (within sample) and beta diversity (among samples) analyses were performed 
using QIIME 2. Alpha and beta diversity analyses were performed on both body sites separately 
and a value of p < 0.05 was considered a statistically significant difference. Alpha diversity 
analyses (Shannon Diversity, Faith’s Phylogenetic Diversity, and Observed OTUs) were 
performed using QIIME 2 (Bolyen et al., 2019). To test whether the gut microbiomes of these 
three snake species differed based on host ecology (marine, semi-arboreal, arboreal), we 
analyzed beta diversity of the gut samples using the phylogeny-based distance matrices 
Unweighted- and Weighted-Unifrac (Lozupone et al., 2007, 2011) in addition to the Bray-Curtis 
dissimilarity matrix (Beals, 1984). We performed these three analyses on mouth microbiome 
samples to test if the microbiomes differed among the three species. Additionally, we separated 
samples based on the host’s ecology (arboreal, semi-arboreal, marine) and performed the same 
three analyses on the separated datasets to test for differences in microbial diversity between the 
two body sites (mouth vs. gut). All beta diversity analyses were visualized by principal 
coordinate analysis (PCoA) using Qiime 2R (Bisanz, 2018) and Tidyverse (Wickham, 2017) 
packages in R version 3.6.1 (R Core Team, 2019). Diversity comparisons were conducted using 
the alpha-group-significance and beta-group-significance plugins in QIIME 2 which performs 
Pairwise Kruskal-Wallis and PERMANOVAs, respectively, to test group significance 
(Anderson, 2001). 

1.4 Results 
Our initial microbiome dataset consisted of 22 mouth and 22 gut samples taken from three 
different venomous snake species (L. laticaudata, T. flavomaculatus, and B. dendrophila) which 
occupy three distinct habitat types—14 marine samples (N = 7 mouth, N = 7 gut), 16 semi-
arboreal samples (N = 8 mouth, N = 8 gut), and 14 arboreal samples (N = 7 mouth, N = 7 gut; 
Appendix A, Table S1). In total, 737,795 sequences were obtained from these 44 samples with a 
total of 9,190 unique OTUs classified using a 97% sequence similarity threshold against the 
Silva database (v.132, Quast et al., 2012). After we rarefied the 44 samples to a sequencing depth 
of 500 for all downstream statistical analyses, 10 out of the 44 samples were removed (mainly B. 
dendrophila samples; Appendix A, Table S1). The 34 remaining samples used in subsequent 
analyses (N = 17 mouth, N = 17 gut samples; N = 13 marine, N = 7 semi-arboreal, N = 14 

https://github.com/sierra-smith/16S_Microbiome_pipeline/tree/main
https://github.com/sierra-smith/16S_Microbiome_pipeline/tree/main
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arboreal) consisted of 734,366 sequences with 9,033 unique OTUs classified based on 97% 
similarity using the Silva database (Appendix A, Table S1; Quast et al., 2012). 

 
Figure 1.1 | Relative abundance of the dominant bacterial phyla recovered through 16S rRNA 
amplicon sequencing, with each vertical bar representing an individual swab. Photos of Boiga 
and Laticauda by Joseph Brown; Photo of Trimereserus by Kai Wang. 

 
Taxonomic composition of GIT microbial communities across host species and ecologies 
A total of four dominant phyla (average relative abundance >1.0%; Suenami et al., 2019) were 
observed among all gut samples—Proteobacteria (64.87%), Bacteroidetes (5.73%), Firmicutes 
(4.14%), and Actinobacteria (1.87%; Figure 1.1). Four bacterial phyla had dominant abundances 
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(avg >1.0%) in the marine gut samples only—Epsilonbacteraeota (43.56%), Verrucomicrobia 
(7.46%), Chlamydiae (4.40%), and Fusobacteria (2.56%; Figure 1.1). Among arboreal (T. 
flavomaculatus) gut samples only, we found that the most dominant phylum was Proteobacteria 
(90.15%; Figure 1.1). Additionally, all seven gut samples collected from this species contained 
Firmicutes (4.83%), Bacteroidetes (2.47%), and Actinobacteria (1.81%; Figure 1.1). All other 
phyla had an average relative abundance below 1%. The same dominant phyla were found 
among gut samples collected from the semi-arboreal species (B. dendrophila). Proteobacteria 
was also the most dominant phylum within gut samples collected from B. dendrophila (92.03%; 
Figure 1.1). Additionally, all gut samples collected from this species contained Actinobacteria 
(3.05%), Bacteroidetes (2.32%), and Firmicutes (2.12%; Figure 1.1). All other phyla had an 
average relative abundance below 1%. All six gut samples from the marine species (L. 
laticaudata) contained Proteobacteria (24.07%), Bacteroidetes (10.94%), Firmicutes (4.61%), 
Fusobacteria (2.56%), and Actinobacteria (1.25%; Figure 1.1). Four out of the six gut samples 
from L. laticaudata had high abundances of Epsilonbacteraeota (average for four samples = 
65.34%, total average = 43.56%) and two phyla had a high abundance in only one marine gut 
sample each: Verrucomicrobia (average for one sample = 44.07%) and Chlamydiae (average for 
one sample = 26.38%; Figure 1.1). 

When evaluating mouth microbiomes only, five dominant phyla were present in samples 
collected from the three species in varying abundances: Proteobacteria, Bacteroidetes, 
Firmicutes, Actinobacteria, and Acidobacteria (Appendix A, Table S2). Two phyla had 
especially high relative abundances in two of the seven L. laticaudata mouth samples only: 
Patescibacteria (average for the two samples = 5.06%, total average = 1.59%) and Tenericutes 
(average for the two samples = 18.5%, total average = 5.33%; Figure 1.1). Planctomycetes was a 
dominant phylum in the B. dendrophila mouth samples only (1.61%; Figure 1.1). Whereas 
Verrucomicrobia (L. laticaudata: 6.60% and B. dendrophila: 1.19%) and Chloroflexi (L. 
laticaudata: 1.45% and B. dendrophila: 1.97%) were dominant phyla among L. laticaudata and 
B. dendrophila mouth samples but were absent from the T. flavomaculatus samples (Figure 1.1). 

Alpha and beta diversity analyses across host ecologies, species, and body site 
Significant differences were observed among species-specific mouth and gut microbiomes for 
various alpha diversity metrics evaluated. For mouth microbiome sample comparisons, Shannon 
Diversity analyses showed significant differences among all three species: B. dendrophila vs. T. 
flavomaculatus (H = 5.73; p-value = 0.02); B. dendrophila vs. L. laticaudata (H = 4.69; p-value 
= 0.03); L. laticaudata vs. T. flavomaculatus (H = 3.92; p-value = 0.05; Figure 1.2). 
Additionally, Faith’s Phylogenetic diversity analyses supported a significant difference between 
the mouth microbiome of T. flavomaculatus and both L. laticaudata (H = 5.59; p-value = 0.02) 
and B. dendrophila (H = 3.75; p-value = 0.05), while analysis of observed OTUs showed 
significant differences between B. dendrophila and T. flavomaculatus (H = 3.75; p-value = 0.05; 
Figure 1.2). In comparison, analyses of gut samples supported a significant difference between L. 
laticaudata and T. flavomaculatus (H = 7.43; p-value = 0.006) in observed OTUs, and between 
B. dendrophila and L. laticaudata (H = 4.55; p-value = 0.03) for Faith’s Phylogenetic Diversity 
analyses (Figure 1.2). We used Unweighted- and Weighted-Unifrac distance matrices in addition 
to the Bray-Curtis dissimilarity matrix to analyze beta diversity among mouth and gut 
microbiome samples. Unweighted-Unifrac analysis resulted in a significant difference when 
comparing T. flavomaculatus mouth samples to those collected from L. laticaudata (pseudo-F = 
2.13; p-value = 0.011), but no significant difference was found between B. dendrophila and T. 
flavomaculatus (pseudo-F = 1.76; p-value = 0.062) and B. dendrophila and L. laticaudata mouth 
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samples (pseudo-F = 1.33; p-value = 0.131; Appendix A, Table S3). Additionally, this analysis 
found significant differences among gut samples from the semi-arboreal and marine species 
(pseudo-F = 3.68; p-value = 0.004), the semi-arboreal and arboreal species (pseudo-F = 2.09; p-
value = 0.004), and the arboreal and marine species (pseudo-F = 3.08; p-value = 0.001; 
Appendix A, Table S3). When analyzing the habitat types separately, we found significant 
differences between the body sites of the marine (pseudo-F = 3.39; p-value = 0.002) and semi-
arboreal species (pseudo-F = 2.89; p-value = 0.032), but no significant difference was found 
between the mouth and gut samples collected from the arboreal species (pseudo-F = 1.39; p-
value = 0.111; Appendix A, Table S3). 

Weighted-Unifrac beta diversity analysis of mouth samples revealed significant differences 
between all three species (B. dendrophila vs. L. laticaudata: pseudo-F = 2.47; p-value = 0.048; 
B. dendrophila vs. T. flavomaculatus: pseudo-F = 3.92; p-value = 0.028; L. laticaudata vs. T. 
flavomaculatus: pseudo-F = 6.60; p-value = 0.002; Appendix A, Table S3). We found significant 
differences among gut samples collected from the semi-arboreal and marine species (pseudo-F = 
3.83; p-value = 0.039) and the arboreal and marine species (pseudo-F = 6.14; p-value = 0.003), 
but not among the semi-arboreal and arboreal species (pseudo-F = 1.11; p-value = 0.352; 
Appendix A, Table S3). Among marine samples only, microbiome compositions at the two GIT 
segments (mouth vs. gut) were significantly different (pseudo-F = 4.41; p-value = 0.01), but not 
among semi-arboreal (pseudo-F = 3.27; p-value = 0.122) or arboreal samples (pseudo-F = 0.694; 
p-value = 0.765; Appendix A, Table S3). 

Analysis of beta diversity using Bray-Curtis dissimilarity matrix yielded significant 
differences between B. dendrophila and L. laticaudata (pseudo-F = 2.18; p-value = 0.02), B. 
dendrophila and T. flavomaculatus (pseudo-F = 1.78; p-value = 0.034), and L. laticaudata and T. 
flavomaculatus (pseudo-F = 3.71; p-value = 0.003; Appendix A, Table S3) mouth samples. 
Additionally, significant differences were found among gut samples collected from the semi-
arboreal and marine species (pseudo-F = 5.40; p-value = 0.003) and the arboreal and marine 
species (pseudo-F = 4.88; p-value = 0.001), but not among the semi-arboreal and arboreal 
species (pseudo-F = 1.16; p-value = 0.295; Appendix A, Table S3). Samples collected from the 
two body sites (mouth vs. gut) were significantly different among marine samples only (pseudo-
F = 3.67; p-value = 0.001), but no significant difference between body sites was found among 
semi-arboreal (pseudo-F = 2.35; p-value = 0.169) or arboreal samples (pseudo-F = 0.857; p-
value = 1.0; Appendix A, Table S3). 

1.5 Discussion 
In this study, we collected samples from 22 snakes representing three venomous species from the 
Philippines to investigate whether host ecology and species differences were correlated with 
potential differences in microbial community structure and diversity within the gut and mouth of 
the host organisms. The results of this study broaden our understanding of the compositional 
variation of venomous snake microbiomes at different GIT regions (mouth vs. gut). We found 
significant differences between the bacterial communities of these GIT body sites in the arboreal, 
semi-arboreal, and marine species, with these differences being more pronounced in the marine 
species across all beta diversity analyses (Appendix A, Table S3). Additionally, when
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Figure 1.2 | Alpha diversity (Observed OTUs, Faith’s Phylogenetic Diversity, and Shannon 
Diversity) of bacterial OTUs by host species and body site. 
 
analyzing both GIT body sites separately, we found mouth microbiome composition and 
diversity differed between the three host species, revealing that each of the focal species 
harbored unique mouth microbiomes (Figure 1.3; Appendix A, Figure S2). Host microhabitat 
preference (arboreal, semi-arboreal, and marine) was correlated with distinct gut microbial 
compositions among the three species (Figure 1.3; Appendix A, Figure S2). The results of this 
work add to our understanding of regionalized microbiome diversity along the host GIT and 
establish a foundation for future research to explore the relationship between host-specific 
microbiomes and snake adaptive evolution. 
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Microbial community composition across host species and ecologies 
The host species investigated in this study are recognized as members of three distinct snake 
families (Colubridae: B. dendrophila; Elapidae: L. laticaudata; Viperidae: T. flavomaculatus), 
providing a unique opportunity to explore interspecific structural differences in the mouth 
microbiomes of three distantly related venomous snakes (Figure 1.3; Appendix A, Figure S2). 
More exciting is that the three species collectively represent two ends of an important ecological 
spectrum among vertebrates on the planet—marine vs. terrestrial species—with the two 
terrestrial species occupying distinct microhabitats (arboreal and semi-arboreal). Furthermore, 
the host species possess distinct dietary preferences that match their broad ecological grouping 
(marine vs. terrestrial), with the marine species, Laticauda laticaudata, recognized as an eel 
specialist (Tabata et al., 2017), and the two terrestrial snakes, Trimeresurus flavomaculatus and 
Boiga dendrophila, are dietary generalists (Creer et al., 2002; Davies and Arbuckle, 2019). 
Although the current datasets cannot determine whether differences in gut and mouth 
microbiome composition are due to broader ecological (marine vs. terrestrial), dietary (specialist 
vs. generalist), taxonomic (phylogenetic relatedness), or other yet unidentified factors, we 
observed significant host-specific compositional differences in bacterial communities (Figure 
1.3; Appendix A, Figure S2). Additionally, our results reveal important connections to findings 
in several recent microbiome studies in other vertebrate systems. 

Interestingly, gut microbial communities in marine L. laticaudata share compositional 
similarities to microbiomes of loggerhead sea turtles (Caretta caretta; Arizza et al., 2019) and 
American alligators (Alligator mississippiensis; Keenan et al., 2013). First, the phylum 
Epsilonbacteraeota observed recently in gut microbiome samples of loggerhead sea turtles was 
found in the L. laticaudata gut samples only (Figure 1.1). To date, Epsilonbacteraeota has not 
been observed in any other terrestrial reptile gut microbiome study (Keenan et al., 2013; Colston 
et al., 2015; Hyde et al., 2016; Allender et al., 2018; Tang et al., 2019; Zhang et al., 2019). 
Second, Fusobacteria has been observed as a dominant phylum in the gut microbiomes of 
American alligators (Keenan et al., 2013) and was observed in L. laticaudata gut samples only 
(Figure 1.1). Fusobacteria are known to play a role in plaque formation within the oral cavity of 
mammals (Mira et al., 2004). However, it has been proposed that the phylum may be assisting 
with digestive organ development and nutrient acquisition in the primarily aquatic American 
alligators (Keenan et al., 2013). 

In comparison, two phyla were observed in mouth samples of L. laticaudata only: 
Patescibacteria and Tenericutes (Figure 1.1). We have not encountered a study that includes 
Patescibacteria as a dominant phylum in the reptilian mouth or gut microbiomes, but Tenericutes 
has been observed in the upper GIT (stomach and esophagus) of the red-necked keelback, 
Rhabdophis subminiatus, a semi-aquatic snake (Tang et al., 2019), the stomach of the giant 
African snail (Achatina fulica; Pawar et al., 2012), the oral and fecal microbiota of a passerine 
bird (Parus major; Kropácˇková et al., 2017), and in the gut microbiomes of numerous species of 
fish (Sullam et al., 2015; Llewellyn et al., 2016). Tenericutes are also dominant members of the 
coral microbiome (Kellogg et al., 2009; Gray et al., 2011), which adds support for the phylum’s 
connection to aquatic, and particularly marine, organisms (Colston and Jackson, 2016). 

In addition to the observed similarities in microbial community composition among aquatic 
reptiles, both mouth and gut samples of the terrestrial snakes (T. flavomaculatus, B. dendrophila) 
showed interesting compositional patterns, with both species dominated by Proteobacteria 
(Figure 1.1), a phylum observed at much lower relative abundance in most L. laticaudata marine 
samples, particularly gut samples (Figure 1.1). Additionally, one dominant phylum,  
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Figure 1.3 | Beta diversity comparisons based on Unweighted- and Weighted-Unifrac distances. 
(A) Principal Coordinates Analysis (PCoA) of all samples with point shape indicating different 
body sites: triangle = mouth sample and circle = gut sample, and point color indicating the 
different host species: red = Boiga dendrophila, blue = Laticauda laticaudata, and purple = 
Trimeresurus flavomaculatus. (B) Boxplots generated by the PERMANOVA comparing mouth 
and gut microbiome samples from each host species. (C) PCoA of all samples based on 
Weighted-Unifrac distances. (D) The associated mouth and gut boxplots generated by the 
PERMANOVA. Each point represents a single swab. 
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Planctomycetes, was observed exclusively in the mouth samples of B. dendrophila (Figure 1.1) 
but has also been observed previously in small relative abundances associated with the GIT of 
red-necked keelback snakes (Rhabdophis subminiatus; Tang et al., 2019), Galápagos land 
iguanas (Conolophus subscristatus; Hong et al., 2011), and Santa Fe land iguanas (C. pallidus; 
Hong et al., 2011). Together these findings reveal new insights into bacterial phyla that may be 
associated with reptiles that occupy marine vs. terrestrial habitats differentially, presenting 
exciting directions for future research. Finally, with the three focal snakes each possessing 
distinct toxins in their venom (neurotoxin, hemotoxin, and denmotoxin; Appendix A, Table S1), 
we were interested in how our findings might relate to microbiome work in other venomous taxa. 
Interestingly, members of the phylum Chloroflexi were present only in the L. laticaudata and B. 
dendrophila mouth samples and have been found in the oral cavity of several other snake 
species, including the Indian cobra and king cobra, which like L. laticaudata, are both members 
of the snake family Elapidae (Krishnankutty et al., 2018). Given the growing interest in 
venomics and improving our understanding of venom evolution and antimicrobial resistance, it is 
critical that baseline datasets be established for the identification and understanding of host-
specific microbiome composition present in venom microenvironments (Conlin et al., 2014; 
Adnani et al., 2017; Esmaeilishirazifard et al., 2018; Krishnankutty et al., 2018). Our findings 
add to this small but growing body of literature with the hope that future studies will be capable 
of testing for evidence of coevolutionary processes between mouth and venom gland 
microbiomes and the evolution of diverse venom systems in snakes. 

Comparisons to the culture-dependent snake microbiome literature 
Although we utilized high-throughput sequencing methods for our study, similarities can be 
found with several wild snake microbiome studies previously conducted using culture-dependent 
techniques (Shek et al., 2009; Lam et al., 2011; Dehghani et al., 2016; Lukač et al., 2017). Lukač 
et al. (2017) sampled the oral cavity and cloaca of wild four-lined snakes (Elaphe 
quatuorlineata) and reported several genera of pathogenic bacteria that were also observed in 
mouth and/or gut samples in this study. First, T. flavomaculatus gut samples revealed prominent 
relative abundances of Bacillus, Escherichia coli/Shigella spp., Pseudomonas, Serratia, and 
Stenotrophomonas. Additionally, among mouth samples analyzed in our study, the presence and 
relative abundances of two potentially pathogenic bacterial genera stood out: (1) Escherichia 
coli/Shigella spp. were found in high relative abundances among mouth samples from all three 
host species we surveyed (average relative abundances = B. dendrophila: 10.46%; L. 
laticaudata: 2.81%; T. flavomaculatus: 25.73%); (2) One B. dendrophila mouth sample had a 
high relative abundance of Aeromonas (56.94%), which is a bacterium known to cause snakebite 
wound infections (Lam et al., 2011). 

Two other culture-dependent studies sampled the oral cavity of snakes collected from the 
same location in Hong Kong (Shek et al., 2009; Lam et al., 2011), also belonging to the same 
families as the snakes sampled here (Colubridae, Elapidae, and Viperidae; Lam et al., 2011). 
Snakes sampled by Shek et al. (2009) and Lam et al. (2011) had Providencia rettgeri within their 
oral cavities, but the genus was absent from snakes sampled by Lukač et al. (2017). 
Comparatively, the bacterial genus Providencia was observed in high relative abundances (i.e., 
average relative abundance 79.69% in T. flavomaculatus) among mouth samples from each focal 
host species in our study. Finally, two species of the bacterial genus Chryseobacterium have 
been observed in the oral cavities of the Chinese cobra (Naja atra) and bamboo pit viper 
(Trimeresurus albolabris; Shek et al., 2009), and the genus was also found among T. 
flavomaculatus mouth samples from our study (average relative abundance = 6.15%). The 
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presence of Chryseobacterium and other potentially pathogenic bacteria observed in our study 
may indicate that certain host individuals of the three focal snakes may harbor disease-causing 
bacteria within their mouths and guts. This is particularly true for T. flavomaculatus, which 
tended to have higher relative abundances for bacterial genera shown to be potentially 
pathogenic within culture-dependent studies conducted to date (Shek et al., 2009; Lam et al., 
2011; Lukač et al., 2017). The implications of this extend to wildlife trade, where unmanaged 
and/or illegal trade of wildlife can have negative impacts on human health, including zoonotic 
disease transmission, at times through the consumption of wild meats (i.e., Covid-19 and HIV-1; 
Roe, 2008). 

1.6 Conclusion 
Despite gradual improvements to our understanding of microbial differences between distinct 
body sites across the reptilian GIT (Keenan et al., 2013; Colston et al., 2015; Hyde et al., 2016; 
Tang et al., 2019), there remains a fundamental paucity of information on the composition, 
diversity, and functional capabilities of snake microbiomes (Krishnankutty et al., 2018). 
However, developing a baseline understanding of venomous snake microbiomes with regional 
associations in the body (e.g., GIT vs. venom gland) will be vital in order to address the 
important roles host-specific microbiomes may have played in venomous snake adaptive 
evolution. Additionally, although the use of 16S rRNA gene amplicon sequencing is often the 
first step to elucidating important patterns on compositional differences among host-associated 
bacterial communities, other genomic sequencing technologies (i.e., shotgun metagenomic 
sequencing) present exciting opportunities to begin identifying potential functional roles of these 
microbiomes and how they interact with their hosts (Rebollar et al., 2018). With the results of 
this comparative study of three different host species, each representing a unique snake family 
(Colubridae, Elapidae, Viperidae), we can continue to address this information gap for one of the 
most ecologically diverse and speciose vertebrate groups on the planet. 
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2.1 Abstract 
Anurans (frogs and toads) are an ecologically diverse group of vertebrate organisms that display 
a myriad of reproductive modes and life history traits. To persist in such an expansive array of 
habitats, these organisms have evolved specialized skin that is used for respiration while also 
protecting against moisture loss, pathogens, and environmental contaminants. Anuran skin is also 
colonized by communities of symbiotic microorganisms, and these skin microbiota serve critical 
roles in numerous processes associated with anuran host health and persistence such as pathogen 
resistance and immunity. However, gaps remain in our understanding of the environmental and 
evolutionary processes that shape frog skin microbial communities. Here, we combined existing 
anuran disease data with 16S rRNA skin microbial inventories to elucidate the roles that 
geographic location, host evolutionary history, host ecology, and pathogen presence play in the 
microbial community assemblage of five co-distributed frog host species in Oklahoma. These 
focal species possess distinct ecological preferences: aquatic, semi-aquatic, and arboreal, and our 
results indicate that host ecology is the primary driver of frog skin microbial community 
structure. Additionally, compositional differences were observed among select host species 
based on geographic location, but this was not consistent among all five frog species. We did not 
find evidence of phylogenetic signal among our samples and results from the Classification and 
Regression Tree Analysis revealed that the presence of the amphibian pathogen 
Batrachochytrium dendrobatidis and the severity of infection were not drivers of skin 
microbiome differences among our focal host species. Results from this comparative study 
contribute to our growing understanding of the environmental and host-associated drivers of skin 
microbial community assemblage and represents one of the first studies on landscape-level 
variation in skin microbial communities among North American frogs. 

2.2 Introduction 
Representing one of the five major clades of terrestrial vertebrates on the planet, amphibians 
(anurans, salamanders, and caecilians) display an astonishing diversity of life history traits (Vitt 
and Caldwell, 2013; Crump, 2015; Bardua et al., 2021). Their reproductive diversity (e.g., 
biphasic tadpole metamorphosis, direct development, etc.) and specialized ecomorphological 

https://doi.org/10.3389/frmbi.2023.1286985


 21 

adaptations (e.g., webbed toes, enlarged toe pads, etc.) have enabled amphibians to diversify 
across a near complete spectrum of environments on the planet, including fossorial, terrestrial, 
arboreal, aquatic, and riparian habitats (Afonso and Eterovick, 2007; Gómez and Lires, 2019; 
Engelkes et al., 2020; Bardua et al., 2021). To persist in such an expansive array of 
environments, amphibians have evolved specialized skin that serves as an essential respiratory 
organ and performs numerous physiological functions, including ion transport and 
osmoregulation, while also acting as a defensive barrier against harmful environmental and 
pathogenic agents (Duellman and Trueb, 1994; Lillywhite, 2006; Campbell et al., 2012; 
Kueneman et al., 2014; Wake and Koo, 2018; Varga et al., 2019). However, this same unique 
morphological feature also makes amphibians highly sensitive to instability in local 
environments, such as habitat modification and degradation, which has led to their recognition as 
bioindicators of ecosystem health (Wake, 1991; Blaustein et al., 1994; Houlahan et al., 2000; 
Ethier et al., 2021) and has contributed to alarming patterns of population declines on a global 
scale (Ford et al., 2020). 

Currently, a staggering 41% of IUCN-assessed amphibian species are threatened with 
extinction (IUCN, 2023), with global population declines linked to a variety of factors, from 
pollution and invasive species to climate change and human-mediated habitat modification and 
destruction (Allentoft and O’Brien, 2010; Campbell Grant et al., 2020; Ford et al., 2020; Green 
et al., 2020). Furthermore, global declines have been exacerbated by growing threats posed by 
amphibian infectious diseases, including fungal and viral pathogens (Carey et al., 1999; Daszak 
et al., 1999; Greenberg and Palen, 2019; Scheele et al., 2019). In particular, Batrachochytrium 
dendrobatidis (Bd), a fungal pathogen that causes chytridiomycosis (often referenced as chytrid), 
has been especially devastating to anurans (frogs and toads), the most diverse of the three extant 
orders of amphibians with more than 7,500 species making up 88% of all amphibian diversity 
(AmphibiaWeb, 2023). To date, Bd infection has contributed to large-scale population declines 
of numerous species, as well as the confirmed or presumed extinction of more than 80 lineages 
to date (Scheele et al., 2019). Given that frogs and toads are essential members of both aquatic 
and terrestrial ecosystems (Whiles et al., 2006; Hocking and Babbitt, 2014), an improved 
understanding of the factors impacting anuran health, persistence, and immunity is needed for 
effective identification and mitigation of threats posed by rapid environmental change, habitat 
modification, and emerging pathogens. 

Recently, a growing focus on the symbiotic microbial communities of host organisms, 
referred to as microbiomes, has revealed their fundamental roles in numerous processes 
associated with vertebrate host health, including digestion, nutrient acquisition, metabolism, 
immunity, development, and behavior (Ley et al., 2008; McFall-Ngai et al., 2013; McFall-Ngai, 
2014; Alberdi et al., 2016; Colston and Jackson, 2016; Arizza et al., 2019; Rollins-Smith, 2020; 
Sehnal et al., 2021). Certain gut microbiota been shown to improve host metabolic activity in 
response to harsh environmental conditions (Li et al., 2019), with others often altering their 
composition and gene-expression patterns in response to physiological changes imposed by the 
host organism, underscoring the important role microbiomes may play in promoting host 
adaptation (Alberdi et al., 2016). Anuran skin microbiomes also serve a critical role as a 
protective barrier against pathogens (Harris et al., 2006; Harris et al., 2009; Becker et al., 2011; 
Kueneman et al., 2016; Ross et al., 2019; Rebollar et al., 2020; Jani et al., 2021). For example, 
metabolites produced by members of the frog skin microbiome have been shown to inhibit Bd 
zoospore development (Brucker et al., 2008; Loudon et al., 2014a; Walke and Belden, 2016). 
Furthermore, previous research has found that the presence of anti-fungal microbiota, such as 
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Janthinobacterium lividum, on the skin of uninfected frogs reduced morbidity and mortality 
when the organisms were exposed to Bd (Harris et al., 2009; Walke and Belden, 2016). 
Unfortunately, despite the recognition that skin microbiome composition is influenced by many 
host-associated and environmental factors (Kueneman et al., 2014; Bletz et al., 2017; Carda-
Diéguez et al., 2017; Prado-Irwin et al., 2017; Chiarello et al., 2018; Sehnal et al., 2021), little 
remains known about the patterns and the degree with which skin microbial communities change 
in response to environmental variation, particularly among diverse anuran hosts. 

Studies to date indicate that anuran skin microbiomes are likely shaped by a number of 
factors such as host evolutionary history (McKenzie et al., 2012; Kueneman et al., 2014; Walke 
et al., 2014), host ecology (Bletz et al., 2017), and developmental stage (Kueneman et al., 2014; 
Jiménez et al., 2019). Additionally, local environment (Varela et al., 2018; Ellison et al., 2019; 
Rebollar and Harris, 2019), geographic location (Kueneman et al., 2014; Belden et al., 2015; 
Rebollar et al., 2016; Bletz et al., 2017), and the prevalence of emerging infectious disease (i.e. 
Bd infection; Rebollar et al., 2016; Familiar-López et al., 2017; Bell et al., 2018; Knutie et al., 
2018; Rebollar and Harris, 2019; Jani et al., 2021) have been shown to influence anuran skin 
microbiome diversity. Although previous studies have compared the skin microbiomes of host 
communities from different sites (Kueneman et al., 2014; Belden et al., 2015; Rebollar et al., 
2016; Bletz et al., 2017; Medina et al., 2017), few have systematically sampled frog skin 
microbiomes across environmental gradients (Bletz et al., 2017; Medina et al., 2017). Yet, 
climatic variation across ecotones is known to impact anuran community assembly through 
processes such as environmental filtering(Cortés-Gómez et al., 2013; Díaz-García et al., 2017; 
Álvarez-Grzybowska et al., 2020), implying that there are major gaps in our understanding of 
how large-scale climatic and ecological variation may impact anuran skin microbiomes, and in 
turn, host survival and persistence. Additionally, many anuran skin microbiome studies compare 
only a few (i.e., 1–3) host species (McKenzie et al., 2012; Kueneman et al., 2014; Walke et al., 
2014; Varela et al., 2018). As such, there exists a need for studies that investigate communities 
of co-distributed anuran species representing a variety of host ecologies across complex 
environmental landscapes to better understand, and predict, expected future shifts in anuran skin 
microbiomes as climatic and habitat changes progress. 

In this study, we evaluate the skin microbial communities of five widely distributed species 
of frogs across four major Oklahoma ecoregions to elucidate the roles that geographic location, 
host evolutionary history, host ecology, and pathogen presence play in anuran skin microbiome 
assembly. Ecoregions are areas of general ecosystem similarity characterized by abiotic and 
biotic variables such as climate, geology, soil, and vegetation (Omernik, 1995; Bryce et al., 
1999; McMahon et al., 2001). Oklahoma is one of only four states in the United States that 
possesses more than 10 distinct ecoregions (U.S. Environmental Protection Agency, 2013; 
Figure 2.1), with 29 native species of frogs distributed across broad regions of this complex 
landscape (Sievert and Sievert, 2021). Furthermore, recent efforts to determine and monitor the 
distribution and prevalence of Bd infection among amphibian communities across the state has 
resulted in robust pathogen datasets that are now publicly available (Marhanka et al., 2017; 
Watters et al., 2018; Watters et al., 2019; Watters et al., 2021). Therefore, the state represents an 
ideal spatial framework for investigating the evolutionary and ecological processes involved in 
anuran skin microbiome assembly dynamics across changing environments (McMahon et al., 
2001; Omernik, 2004) and in the presence of growing threats from emerging infectious diseases 
(Marhanka et al., 2017; Watters et al., 2018; Watters et al., 2019; Watters et al., 2021). 
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We perform both intra- and interpopulation comparisons of frog skin microbiomes across 
four ecoregions in Oklahoma for populations of Blanchard’s cricket frog (Acris blanchardi), the 
American green tree frog (Hyla cinerea), members of the morphologically indistinguishable gray 
treefrog species complex comprised of Gray’s (H. chrysoscelis) and Cope’s gray (H. versicolor) 
treefrogs (Jaslow and Vogt, 1977), which we refer to as H. chrysoscelis/versicolor, the American 
bullfrog (Rana catesbeiana), and the coastal plains leopard frog (R. sphenocephala) (Figure 2.1; 
Appendix B, Table S1). Through these comparisons, our study aims to address the roles that (1) 
geographic location, (2) host ecology, (3) host evolutionary history, and (4) pathogen presence 
play in anuran skin microbiome assemblage. If geographic location has a dominant role in 
shaping frog skin microbial communities, we expect regional populations of each host species to 
possess distinct skin microbiomes. Conversely, if skin microbiome assemblage is impacted 
largely by host ecology, we expect frog species with similar life histories (aquatic, semi-aquatic, 
arboreal) to possess similar microbial community structure and diversity, regardless of their 
evolutionary history or geographic location. Furthermore, by comparing populations of closely 
related taxa within two distinct anuran families, we test whether host evolutionary history plays a 
role in microbiome assemblage by examining whether closely related species harbor greater 
microbial similarities than can be explained by geographic location or host ecology. Finally, if 
pathogen presence drives differences in skin microbiome diversity, we predict that anurans 
infected with Bd will possess distinct skin microbiomes when compared to frogs that tested 
negative for the fungus. Results from this comparative study contribute to our understanding of 
the environmental and host-associated processes that drive vertebrate skin microbiome 
assemblage. Furthermore, we provide the first assessment of variation in skin microbiomes 
among frog species spanning an ecological gradient in North America, allowing for future 
studies to investigate the impact environmental stressors, disease, and urbanization will have on 
population and species persistence. 

2.3 Materials and Methods 
Sample collection 
Fieldwork for this study was conducted from 2015–2021 (excluding 2020 due to the onset of the 
global pandemic) across four distinct ecoregions in Oklahoma: Arkansas Valley, Central Great 
Plains, Crosstimbers, and South Central Plains (Figure 2.1). These data were collected during a 
multi-year effort to sample amphibian microbiomes statewide. Frog communities from each 
ecoregion were sampled across a minimum of two years, while others were sampled over 
numerous years (Appendix B, Table S1). These four focal ecoregions can be distinguished based 
on their geology, vegetation, and general location within the state, with the Arkansas Valley and 
South Central Plains ecoregions located in the eastern part of the state, and the Central Great 
Plains and Crosstimbers ecoregions spanning the central portion of Oklahoma (Figure 2.1; 
Woods et al., 2005). The Arkansas Valley is home to the richest fish fauna in Oklahoma and its 
landscape includes plains, hills, floodplains, wooded areas, and scattered mountains (Woods et 
al., 2005). The Central Great Plains ecoregion is characterized by red sedimentary rocks, 
scattered hills, salt plains, low mountains, and sandy flats (Woods et al., 2005). The natural 
vegetation of this ecoregion is mostly mixed grass prairie; therefore, there is almost no forest 
coverage and much of the land is used for rangeland, cropland, and oil extraction. A mixture of 
woodland, savanna, and prairie characterize the Crosstimbers ecoregion which serves as the 
border between the moister, more forested eastern ecoregions from the more arid, prairie-
dominated western areas within the state (Woods et al., 2005). Finally, the humid South Central 
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Plains ecoregion is comprised of floodplains, wetlands, forests, savannas, and some pastureland 
(Woods et al., 2005). 

Figure 2.1 | Map of Oklahoma depicting the 12 distinct ecoregions found in the state. The four 
focal ecoregions are distinguished based on color: burnt red/orange = Central Great Plains, peach 
= Crosstimbers, light blue = Arkansas Valley, purple = South Central Plains. All other (non-
focal) ecoregions are defined by distinct patterns in grayscale. Sites surveyed for microbiome 
and disease samples are shown with black hexagons on the map. Pathogen screening results are 
summarized for each focal ecoregion with circular pie chart showing the percentage of screened 
samples positive (green) or negative (blue) for Bd. Each pie chart is size corrected to be 
proportional to sample size. 

 
Four of our focal host species (Acris blanchardi, Hyla chrysoscelis/versicolor, Rana 

catesbeiana, and R. sphenocephala) are distributed across all four ecoregions, excluding H. 
cinerea, which has a range that spans the southeastern portion of the state only (Sievert and 
Sievert, 2021). Conversely, the range of R. catesbeiana encompasses the entire state and A. 
blanchardi is found in all portions of the state, excluding the northwestern “panhandle” of 
Oklahoma. Lastly, Hyla chrysoscelis/versicolor and R. sphenocephala are found only in the 
central and eastern parts of the state (Sievert and Sievert, 2021). Based on these distributions, we 
sampled the skin microbial communities of Rana catesbeiana and R. sphenocephala individuals 
from the Central Great Plains and South Central Plains ecoregions and A. blanchardi, Hyla 
cinerea, and H. chrysoscelis/versicolor populations in the Arkansas Valley and Crosstimbers 
ecoregions (Figure 2.1). These five species can also be distinguished based on their evolutionary 
histories, as A. blanchardi, H. cinerea, and H. chrysoscelis/versicolor belong to the family 
Hylidae (superfamily Hyloidea), whereas both Rana species are members of the Ranidae family 
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(superfamily Ranoidea; Hime et al., 2021). Additionally, the focal species have different 
ecological preferences. For example, A. blanchardi and R. sphenocephala are semi-aquatic and 
found most often on the banks of waterbodies (Lehtinen and Skinner, 2006; Meade, 2008), while 
R. catesbeiana is fully aquatic and these frogs spend most of their time submerged in the shallow 
portions of ponds, lakes, swamps, and streams (Bruening, 2002). In contrast, both Hyla species 
prefer arboreal habitats (Martof et al., 1980; Harding, 1997); however, H. cinerea often rests on 
the shorter green vegetation that surrounds the banks of waterbodies. Conversely, H. 
chrysoscelis/versicolor is most often found higher in trees that are sometimes further away from 
water sources (Sievert and Sievert, 2021). 

Skin microbiome samples were collected by rubbing a large, sterile rayon swab (Puritan 
Medical Products, Guilford, ME, USA) across the epidermis of an individual’s back, stomach, 
legs, and the webbing of both feet five times each (each down and back stroke was considered a 
single pass). We swabbed 179 individuals representing the five focal species: Acris blanchardi 
(N = 38), Hyla chrysoscelis/versicolor (N = 37), H. cinerea (N = 37), Rana catesbeiana (N = 
42), and R. sphenocephala (N = 25; Appendix B, Table S1). All swabs were preserved in liquid 
nitrogen or placed on ice immediately after collection until they were transferred to a -20°C 
freezer. Samples stored on ice temporarily were transferred to a -20°C freezer within 2–4 hours 
of collection. All samples were collected in strict accordance with the regulations established by 
the University of Oklahoma’s Institutional Animal Care and Use Committee (IACUC Permit 
Nos: R17-031, R21-005, T15-002, and T21-001). Each author secured Scientific Collectors 
Permits annually through the Oklahoma Department of Wildlife Conservation (ODWC). 

DNA extraction, polymerase chain reaction (PCR) amplification and sequencing 
Genomic DNA was extracted from all 179 swabs using ZymoBIOMICS DNA Miniprep kits 
(Zymo Research Products, Irvine, CA, USA) in the Shared Genomics Core facilities of the Sam 
Noble Museum. The DNA concentration for a random subset of 50 extracted samples was 
determined using a Qubit 4 Fluorometer (Thermofisher Scientific, Waltham, Massachusetts, 
USA). Ten negative controls (i.e., ZymoBIOMICS reagents only, without a swab sample) were 
extracted alongside the 179 focal samples, nine of which were amplified and sequenced. 
Additionally, 75 mL of the ZymoBIOMICS Microbial Community Standard (i.e., a mock 
microbial community of known concentration; Zymo Research Products, Irvine, CA, USA) was 
extracted with the skin microbiome samples. We amplified and sequenced the 179 focal skin 
microbiome samples, nine extraction negative controls, two sets of ZymoBIOMICS Microbial 
Community Standards (Cat. No. D6300 and D6305, Zymo Research Products, Irvine, CA, USA), 
and two PCR-negative controls (one on each 96-well plate) using the methods outlined in Smith 
et al. (2021) and explained here in brief. We amplified the V4 hypervariable region of the 16S 
rRNA gene using primers and adapter sequences described in Kozich et al. (2013). After gel 
electrophoresis and bead clean-up (KAPA Pure Beads; Roche Sequencing Solutions, Pleasanton, 
CA, USA), we quantified each sample and normalized to 6 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 2x250 bp paired-end sequencing on a 
single run of an Illumina MiSeq. 

Sequence analysis 
Adapter sequences described in Kozich et al. (2013) were trimmed from the paired-end raw 
sequencing reads using AdapterRemoval v2 and the following parameters—minquality: 30, 
trimqualities, maxns: 0, trimns, threads: 18 (Schubert et al., 2016). The sequence data was then 
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imported into QIIME 2 (Bolyen et al., 2019) where de novo chimera checking and removal was 
performed using VSEARCH (Rognes et al., 2016) and UCHIME (Edgar et al., 2011). Then, the 
nonchimeric sequences were clustered into operational taxonomic units (OTUs) with a closed-
reference OTU database at 97% sequencing similarity using VSEARCH (Rognes et al., 2016) 
against the Silva 138 database (Quast et al., 2012). Among all samples, including positive and 
negative controls, 4,050,580 sequences were clustered into 22,641 OTUs. Once we removed the 
positive and negative controls for downstream analyses, 20,542 OTUs and 3,469,844 sequences 
remained. We rarefied the OTU table to a sequencing depth of 1,000 for analysis based on our 
specific dataset and the associated rarefaction curves (Appendix B, Table S1), which removed 66 
samples (Appendix B, Table S2). These 66 samples were excluded from analysis due to low 
sequence counts when compared to the other samples (N = 113; Appendix B, Table S2) which 
amplified well above a sequence count of 1,000. Raw sequence data generated in this study can 
be found in the Sequence Read Archive (SRA) under BioProject PRJNA1024480. 

Statistical analysis 
To test how host species, family, ecology, and ecoregion correlated with differences in frog skin 
microbial communities, alpha diversity (within groups) and beta diversity (between groups) 
analyses were performed using the QIIME 2 software package. Diversity analyses were also 
performed on each species separately to determine if skin microbiomes differed among host 
communities occupying distinct ecoregions within the state, and a p-value or q-value < 0.05 was 
considered a statistically significant difference. Alpha and beta diversity comparisons were 
conducted using the alpha-group-significance and beta-group-significance plugins in QIIME 2, 
which performs Kruskal-Wallis tests (alpha diversity) and Pairwise PERMANOVAs (beta 
diversity) to test group significance (Anderson, 2001). When multiple pairwise comparisons 
were conducted, we reported q-values instead of p-values to correct for multiple tests (Storey, 
2002; Storey, 2003; Storey and Tibshirani, 2003). Alpha diversity analyses were performed on 
three metrics of diversity Shannon Diversity, Faith’s Phylogenetic Diversity, and Observed 
OTUs using QIIME 2 (Bolyen et al., 2019). To evaluate how the skin microbiomes differed 
based on host species, family, and ecology (aquatic, semi-aquatic, arboreal), we analyzed beta 
diversity of skin samples using the phylogeny-based distance matrices Unweighted- and 
Weighted-Unifrac (Lozupone et al., 2007; Lozupone et al., 2011). Additionally, we performed 
these two analyses on the data from each focal frog species separately to determine if skin 
microbiomes differed between individuals of a single species occupying two distinct ecoregions. 
All beta diversity analyses were visualized by principal coordinate analysis (PCoA) using Qiime 
2R (Bisanz, 2018) and Tidyverse (Wickham, 2017) packages in R version 4.2.1 (R Core Team, 
2022). To understand the impact that host evolutionary history had on frog skin microbial 
diversity, we calculated phylogenetic signal using the three alpha diversity estimates (Shannon 
Diversity, Faith’s Phylogenetic Diversity, and Observed OTUs) and the R packages ape (Paradis 
and Schliep, 2019) and brms (Bürkner, 2017). The host phylogeny was obtained through 
VertLife (Jetz and Pyron, 2018). Lastly, we utilized the package PARTY in R (Hothorn et al., 
2006; R Core Team, 2022) to perform Classification and Regression Tree (CART) analyses on a 
subset of skin microbiome samples that also had Bd disease results for the host organisms (N = 
71) to determine which variable (host species, host family, ecoregion, ecology, infection status, 
or infection load) accounted for most of the variance observed in each of our three alpha 
diversity metrics. 

2.4 Results 
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Among the 179 skin microbiome swabs we collected from our five focal frog species, we 
obtained 4,050,580 sequences which were clustered into 22,641 OTUs using a 97% sequence 
similarity threshold against the Silva database (version 138, Quast et al., 2012). After rarefying 
the 179 samples to a sequencing depth of 1,000 sequences and removing positive and negative 
control samples, 113 samples and 7,694 OTUs remained and were used in subsequent analyses 
(A. blanchardi [N = 17], H. chrysoscelis/ versicolor [N = 27], H. cinerea [N = 24], R. 
catesbeiana [N = 30], and R. sphenocephala [N = 15]; Appendix B, Table S2). Visualization of 
the data obtained from the two positive control samples indicated that the community 
compositions of the Extraction-Stage and PCR-Stage ZymoBIOMICS Microbial Community 
Standards were similar, suggesting that our extraction-to-analysis workflow performed 
consistently (Appendix B, Figure S2). 
Taxonomic composition of skin microbial communities across host species, ecoregion, and 
ecology 
Proteobacteria was the most abundant bacterial phylum found among the 113 skin microbiome 
samples (relative abundance of 75.48%; Figure 2.2). Three other dominant phyla (average 
relative abundance > 1.0% excluding values equal to zero; Suenami et al., 2019) were found in 
the majority of the samples (N = 111)—Bacteroidetes (9.71%), Firmicutes (6.82%), and 
Actinobacteria (4.30%; Figure 2.2). Among all aquatic (R. catesbeiana) samples, the most 
dominant phyla was Proteobacteria (62.67%) followed by Firmicutes (16.49%), Bacteroidetes 
(12.11%), Actinobacteria (3.23%), Cyanobacteria (1.98%), Fusobacteria (1.36%), and 
Acidobacteria (1.07%; Figure 2.2). Chloroflexi (3.54%; N = 1), Desulfobacterota (1.25%–
3.45%; N = 3), Gemmatimonadota (1.84%; N = 1), Myxococcota (1.34%–1.82%; N = 2), 
Planctomycetota (1.20%–2.55%; N = 2), and Verrucomicrobia (1.09%–3.40%; N = 8) were 
found in varying abundances among R. catesbeiana skin samples (Figure 2.2). 

The most dominant phylum among semi-aquatic (A. blanchardi and R. sphenocephala) 
samples was Proteobacteria with an average relative abundance of 73.60%. Bacteroidetes was 
the second most abundant (11.70%) followed by Actinobacteria (6.29%), then Firmicutes 
(3.27%; Figure 2.2). Additionally, Acidobacteria (1.07%–7.54%; N = 6), Chloroflexi (1.35%–
9.57%; N = 6), Cyanobacteria (1.15%–18.65%; N = 7), Myxococcota (1.32%–1.37%; N = 2), 
Planctomycetes (2.07%–4.11%; N = 4), and Verrucomicrobia (1.19%–2.35%; N = 6) were found 
among samples from both semi-aquatic species (Figure 2.2). Interestingly, the Archaea phylum 
Crenarchaeota was present within four R. sphenocephala samples (1.51%–5.07%) and one A. 
blanchardi sample (2.4%; Figure 2.2). With the exception of one R. catesbeiana sample (2.36%), 
Crenarchaeota was not found in abundances greater than 1% in any of the other samples. 
Additionally, four phyla, Actinobacteria, Bacteroidetes, Cyanobacteria, and Verrucomicrobia 
were present in abundances greater than 1% (1.64%–32.38%, 3.48%–29.52%, 1.70%–6.65%, 
and 1.43%–2.35%, respectively) among A. blanchardi skin samples from the Arkansas Valley 
only with the exception of two samples from the Crosstimbers ecoregion that had relative 
abundances greater than 1% for these four phyla (Figure 2.2). Conversely, all but one of the 
Crosstimbers A. blanchardi skin samples were dominated by Proteobacteria (95.40%–99.66%; 
Figure 2.2). Lastly, two phyla, Desulfobacteria and Fusobacteria were found among samples 
from A. blanchardi and R. catesbeiana only, in abundances ranging from 1.25%–4.66% 
(Desulfobacteria) and 1.35%– 7.80% (Fusobacteria). 

Among skin samples collected from the two arboreal frog species (H. chrysoscelis/versicolor 
and H. cinerea), the same four dominant phyla were found—Proteobacteria (84.2%), 
Bacteroidetes (7.03%), Actinobacteria (3.70%), and Firmicutes (3.22%; Figure 2.2). However, 
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the phyla Acidobacteriota, Chloroflexi, Cyanobacteria, Myxococcota, and Planctomycetes were 
represented in abundances greater than 1% (1.05%–7.5%) in 4–5 H. chrysoscelis/versicolor 
samples only with the exception of Acidobacteriota which had a relative abundance of 1.07% in 
a single sample of H. cinerea (Figure 2.2). 

Figure 2.2 | Relative abundances of the dominant microbial phyla acquired through 16S rRNA 
amplicon sequencing. Each horizontal bar represents an individual swab. Samples are grouped 
by host family, host species, and ecoregion. 
 

Analyses of mechanistic processes influencing host microbial diversity  
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We utilized several alpha diversity metrics to test for significant differences among the skin 
microbiome samples using the Kruskal-Wallis test. First, Faith’s Phylogenetic Diversity analysis 
found significant differences among A. blanchardi and both Rana species (A. blanchardi vs. R. 
catesbeiana: H = 5.61; q-value = 0.03; A. blanchardi vs. R. sphenocephala: H = 7.50; q-value = 
0.016; Appendix B, Figure S3). Additionally, this analysis found that the skin microbial diversity 
of both Hyla species were significantly different from both Rana species (H. 
chrysoscelis/versicolor vs. R. catesbeiana: H = 7.04; q-value = 0.016; H. chrysoscelis/versicolor 
vs. R. sphenocephala: H = 7.10; q-value = 0.016; H. cinerea vs. R. catesbeiana: H = 18.79; q-
value = 0.0001; H. cinerea vs. R. sphenocephala: H = 17.04; q-value = 0.0002; Appendix B, 
Figure S3). However, no significant differences were found when comparing the skin 
microbiomes of the three species within the Hylidae family (A. blanchardi vs. H. 
chrysoscelis/versicolor: H = 0.106; q-value = 0.745; A. blanchardi vs. H. cinerea: H = 1.89; q-
value = 0.211; H. chrysoscelis/versicolor vs. H. cinerea: H = 3.28; q-value = 0.100; Appendix B, 
Figure S3). Additionally, we found no significant difference when comparing the skin 
microbiomes of the two Ranidae species (R. catesbeiana vs. R. sphenocephala: H = 1.17; q-value 
= 0.31; Appendix B, Figure S3). In comparison, the Observed OTU analysis indicated significant 
differences between R. sphenocephala and both Hyla species only (H. chrysoscelis/ versicolor: H 
= 8.88; q-value = 0.014; H. cinerea: H = 12.82; q-value = 0.003; Appendix B, Figure S3). 
Results from the Shannon Diversity analysis yielded significant differences between A. 
blanchardi and H. cinerea skin microbiome samples (H = 5.67; q-value = 0.04; Appendix B, 
Figure S3). Additionally, the skin microbial communities of both Hyla species were significantly 
different from the two Rana species with the exception of H. chrysoscelis/versicolor vs. R. 
catesbeiana: H = 4.79; q-value = 0.057 (H. chrysoscelis/versicolor vs. R. sphenocephala: H = 
7.52; q-value = 0.03; H. cinerea vs. R. catesbeiana: H = 6.82; q-value = 0.03; H. cinerea vs. R. 
sphenocephala: H = 9.19; q-value = 0.024; Appendix B, Figure S3). 

Subsequently, we incorporated the alpha diversity data into two additional analyses: (1) a 
Phylogenetic Generalized Linear Mixed Model to test for phylogenetic signal, and (2) a CART 
analysis to determine which variable (host species, host family, ecoregion, ecology, infection 
status, or infection load) accounted for most of the variation within skin microbial communities 
associated with the subset of frogs that had corresponding Bd disease data (N = 71). We did not 
detect phylogenetic signal among the skin microbiomes of our five focal host species using the 
three alpha diversity metrics: Shannon (h2 = 0.22, Estimated Error = 0.19), Faith’s Phylogenetic 
Diversity (h2 = 0.22, Estimated Error = 0.18), and Observed OTUs (h2 = 0.18, Estimated Error = 
0.16). Additionally, the results of the CART analysis indicated that, when analyzing Shannon 
Diversity, ecology was the only variable (c2 = 16.626; p-value = 0.006) that explained the 
variance in skin microbiome diversity, with aquatic and semi-aquatic frogs having significantly 
higher Shannon Diversity when compared to arboreal frogs (Appendix B, Figure S4). The 
Observed OTU CART analysis found that ecoregion explained the majority of the variance, with 
samples from the Crosstimbers ecoregion having significantly fewer OTUs when compared to 
samples from the Arkansas Valley, Central Great Plains, and South Central Plains ecoregions (c2 
= 21.852, p-value < 0.001; Appendix B, Figure S5). Among samples from the Arkansas Valley, 
Central Great Plains, and South Central Plains ecoregions, we found that ecology explained the 
remaining variance in skin microbiome diversity, with samples from semi-aquatic frogs having 
more OTUs compared to aquatic and arboreal frogs (c2 = 18.951, p-value = 0.002; Appendix B, 
Figure S5). Lastly, results from the CART analysis with Faith’s Phylogenetic Diversity indicated 
that ecoregion explained all of the variance within our focal skin microbiome samples with 
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samples from the Crosstimbers ecoregion being significantly less diverse than samples from the 
other three tested ecoregions (c2 = 27.449, p-value < 0.001; Appendix B, Figure S6). 
Additionally, samples from the Arkansas Valley, Central Great Plains, and South Central Plains 
ecoregions were further split, with samples from the Central Great Plains and South Central 
Plains being more diverse than samples from the Arkansas Valley ecoregion (c2 = 13.936, p-
value = 0.012; Appendix B, Figure S6). As such, results from our CART analysis suggest that 
host ecology and geographic location are the primary variables that explain the variance in our 
focal skin microbiome samples. In contrast, host species, host family, Bd status, and Bd infection 
intensity did not explain any of the variance in our microbiome samples. 

Unweighted- and Weighted-Unifrac distance matrices were used to analyze beta diversity 
among skin microbiome samples. Unifrac is a phylogenetic distance metric that measures the 
difference between microbial communities based on the degree of divergence between different 
sequences (Lozupone and Knight, 2005). There are two types of Unifrac distances, Unweighted 
and Weighted, with Weighted-Unifrac also accounting for differences in the relative abundances 
of microbial taxa within samples (Lozupone et al., 2007). We report findings from both tests here 
as they produce different but complementary findings (Figure 2.3; Appendix B, Figure S7). In 
summary, both analyses indicated that there were significant differences in the skin microbiomes 
of the focal host species, with the exception of A. blanchardi vs. both Hyla species (Unweighted) 
and A. blanchardi vs. H. cinerea (Weighted; Supplementary Materials). Additionally, both 
analyses found significant differences between host families and host ecologies (Figure 2.3; 
Appendix B, Figure S7). Further, intra-specific comparisons of skin microbiomes between 
ecoregions yielded significant differences within most host species (with the exception of H. 
chrysoscelis/versicolor and R. sphenocephala; Supplementary Materials). For more detailed 
comparisons, please refer to the Supplementary Materials. 

2.5 Discussion 
Our study sampled the skin microbial communities of anuran hosts across distinct ecoregions in 
Oklahoma to determine if geographic location, host ecology, pathogen infection, or host 
evolutionary history correlated with differences in frog skin microbiomes. Results from the 
CART analysis indicated that host ecology and geographic location were the primary drivers of 
the skin microbiome diversity differences we observed among the five focal frog species 
sampled (Appendix B, Figures S4–S6). Although we observed some compositional differences 
among skin microbiome samples based on the geographic locations of our hosts, such patterns 
were not shared across all five host species (Figure 2.2). Interestingly, the most prominent 
differences were observed among A. blanchardi skin microbiomes, which differed profoundly 
between individuals from the two unique ecoregions we sampled (Figure 2.2). Four phyla, 
Actinobacteria, Bacteroidetes, Cyanobacteria, and Verrucomicrobia, were present in abundances 
greater than 1% among samples from Arkansas Valley only, with the exception of two samples 
from the Crosstimbers ecoregion. This is likely because most of the A. blanchardi samples from 
the Crosstimbers were dominated largely by Proteobacteria (Figure 2.2). For the geographic 
location hypothesis to be fully supported, we would expect to see more ecoregion-specific 
compositional differences among the skin microbiomes of our other focal anuran species. 
Additionally, Bd infection status and severity did not emerge as primary drivers of anuran skin 
microbiome diversity among our focal samples (Appendix B, Figures S4–S6). 
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Figure 2.3 | Beta diversity comparisons using Weighted-Unifrac distance. (A) Principal 
Coordinates Analysis (PCoA) of all samples with host species represented by distinct colors and 
point shape indicating if the sample was from an arboreal (triangle), aquatic (circle), or semi-
aquatic (square) frog. (B) Samples were separated into their respective host families with 
Hylidae samples plotted in the PCoA at the top and Ranidae samples on the bottom. Point color 
indicates the ecoregion that the sample was collected from (yellow = Crosstimbers and South 
Central Plains, gray = Arkansas Valley and Central Great Plains). 
 
However, previous studies have found that Bd infection impacts the composition of anuran skin 
microbiomes (Rebollar et al., 2016; Familiar-López et al., 2017; Rebollar and Harris, 2019; Jani 
et al., 2021), and disease data was only available for a subset of samples in our study (N = 71 out 
of 113 samples). Further, while both Hyla species had associated disease data for 8–13 
individuals per ecoregion, R. catesbeiana and R. sphenocephala only had disease information for 
2–6 individuals per ecoregion, and no R. catesbeiana individuals from the South Central Plains 
ecoregion had corresponding Bd disease data (Figure 2.1; Appendix B, Table S1). As such, it 
may be difficult to detect a correlation between Bd disease status/severity and microbiome 
compositional differences when sample sizes are small. Therefore, increased sampling is needed 
to further investigate how Bd disease status and severity alters anuran skin microbiome diversity. 
We did not find evidence of phylogenetic signal among the skin samples from our focal hosts, 
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indicating that anuran skin microbiomes are influenced by host ecology and geographic location, 
whereas host evolutionary history and pathogen infection did not emerge as primary drivers. 

Four dominant bacterial phyla emerged within nearly all samples (N = 111/113), 
Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria, a pattern consistent with findings 
from other amphibian skin microbiome studies to date (Kueneman et al., 2014; Walke et al., 
2014; Walke and Belden, 2016; Bletz et al., 2017). Additionally, previous research has indicated 
that Chloroflexi (Walke et al., 2014; Ellison et al., 2019), Cyanobacteria (McKenzie et al., 2012; 
Walke et al., 2014; Ellison et al., 2019), and Planctomycetes (Jiménez and Sommer, 2017; 
Prado-Irwin et al., 2017; Muletz Wolz et al., 2018; Albecker et al., 2019; Ellison et al., 2019) are 
also dominant members of the amphibian skin microbiome. Therefore, it is not surprising that we 
found these phyla in abundances greater than 1% among samples from four of our focal host 
anurans (excluding H. cinerea). Although Firmicutes was a dominant phylum among skin 
microbiome samples from all of our focal host species, some R. catesbeiana samples had 
abundances of Firmicutes as high as 93.54% (Figure 2.2). This was surprising given that 
previous research, and results from our study, indicate that Proteobacteria dominates the 
amphibian skin microbiome (Walke et al., 2014; Walke et al., 2015; Bataille et al., 2016; Medina 
et al., 2017; Muletz Wolz et al., 2018; Figure 2.2). However, studies have also found that skin 
microbial communities dominated by Firmicutes are associated with the presence of skin lesions 
caused by psoriasis (Gao et al., 2008; Yan et al., 2017) and atopic dermatitis (Zheng et al., 2019) 
in humans, and papillomatous digital dermatitis in cows (Santos et al., 2012). Therefore, it is 
possible that the R. catesbeiana individuals with high abundances of Firmicutes in their 
microbiomes could have experienced prior skin infections or were infected at the time of 
sampling. However, only a small subset (N = 6) of the focal R. catesbeiana hosts had associated 
Bd infection data. As such, we cannot confirm if Bd presence is correlated with an abundance of 
Firmicutes in the skin microbiomes of this species at this time, but future studies should 
investigate if amphibian skin lesions are also colonized by Firmicutes, as observed in the 
mammalian skin microbiome literature (Santos et al., 2012; Zheng et al., 2019). 

We found species-specific compositional differences among the five anuran species sampled. 
Notably, the Archaea phylum Crenarchaeota was found among aquatic and semi-aquatic species 
only (A. blanchardi, R. catesbeiana, and R. sphenocephala; Figure 2.2). All cultured 
Crenarchaeota are extreme thermophiles (Ochsenreiter et al., 2003); however, with increased use 
of culture-independent sequencing methods, studies have indicated that there are members of the 
Crenarchaeota phylum that are associated with freshwater sediments and other soil environments 
(Ochsenreiter et al., 2003; Brochier-Armanet et al., 2008). Acris blanchardi, R. catesbeiana, and 
R. sphenocephala are commonly encountered within or around water and marshy habitats, which 
could explain why Crenarchaeota was found on the skin of these species and not the two arboreal 
host species (H. cinerea and H. chrysoscelis/versicolor). Additionally, we found Myxococcota 
among skin microbiome samples from four of our host species (excluding H. cinerea). Members 
of this phylum colonize soil and rotting plant material, including decaying wood and tree bark, 
but also freshwater environments (Reichenbach, 1999). Hyla cinerea is an arboreal frog which is 
found most often on green, weedy vegetation on the margin of swamps and ponds (Sievert and 
Sievert, 2021), possibly limiting their exposure to bacteria that inhabit soil and decaying plant 
material, such as Myxococcota. In contrast, H. chrysoscelis/versicolor inhabits woody vegetation 
such as shrubs and trees (Sievert and Sievert, 2021), which could explain why Myxococcota was 
found on the skin of H. chrysoscelis/ versicolor and not H. cinerea. 
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After a recent splitting of the bacterial class Deltaproteobacteria, Myxococcota and 
Desulfobacterota emerged as two distinct phyla (Waite et al., 2020; Langwig et al., 2022). 
Desulfobacterota was detected among a few A. blandchardi and R. catesbeiana samples. This 
phylum has been found in Oklahoma wetland sediment previously (Murphy et al., 2021), which 
may be why we detected members of this phylum on the skin of A. blandchardi and R. 
catesbeiana, two host species that are most often found within or around waterbodies, and 
emphasizes the importance of collecting environmental samples alongside host microbiome 
samples. To our knowledge, no studies have reported Crenarchaeota, Desulfobacterota, or 
Myxococcota as dominant members of the amphibian skin microbiome. However, the recent 
reclassification of Deltaproteobacteria could explain why Desulfobacterota and Myxococcota 
have not yet been detected on the skin of amphibians. Deltaproteobacteria was found on the skin 
of frogs from Madagascar in small relative abundances (1.6%; Bletz et al., 2017), and among the 
different environmental samples collected by Bletz et al. (2017). Therefore, more studies are 
needed to determine if Crenarchaeota, Desulfobacterota, and Myxococcota are prominent 
members of the amphibian skin microbiome or if our findings are an example of host frogs 
obtaining some of their skin microbiota from their surrounding environment, a concept which 
has been discussed in numerous other studies (Belden and Harris, 2007; Becker et al., 2014; 
Loudon et al., 2014b; Bletz et al., 2017; Jiménez and Sommer, 2017; Kueneman et al., 2019; 
Rebollar and Harris, 2019; Hernández-Gómez et al., 2020; Barnes et al., 2021). For example, soil 
and water can act as reservoirs for microbiota (Loudon et al., 2014b) which can then colonize the 
skin of amphibians (Belden and Harris, 2007; Becker et al., 2014; Hernández-Gómez et al., 
2020; Barnes et al., 2021). It is thought that these reservoirs support the presence of rare bacterial 
taxa within the amphibian skin microbiome (Loudon et al., 2014b) and changes to microbial 
communities in the environment may impact amphibian skin microbiome composition and 
diversity (Belden and Harris, 2007). Given that the skin microbiome is critical for promoting 
amphibian immune system function and pathogen defense (Bernardo-Cravo et al., 2020; 
Rebollar et al., 2020), altering reservoir microbiota with captive breeding or head-start initiatives 
could impact host health (Belden and Harris, 2007; Becker et al., 2014; Loudon et al., 2014b). As 
such, future investigations which explore the exchange of rare microbes between the 
environmental and amphibian skin microbiomes are essential for understanding this complex 
dynamic and may have critical implications for conservation initiatives. To accomplish this, 
future studies should consider sampling, and subsequently sequencing, the environmental 
microbiome present at the exact location where the host organism is collected, a method which 
has been employed in several other studies to date (Walke et al., 2014; Bletz et al., 2017; 
Jiménez and Sommer, 2017). Implementing this methodology in future studies may improve our 
understanding of the mechanisms shaping the composition and diversity of anuran skin 
microbiomes while also providing a way to differentiate skin microbiome samples that have been 
potentially contaminated with environmental microbes from those collected from host organisms 
that have rare microbes within their skin microbiomes. Previous findings indicate that the same 
dominant microbial phyla comprise both environmental and amphibian skin microbiome samples 
(e.g., Acidobacteria, Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria) but in different 
relative abundances (Walke et al., 2014; Bletz et al., 2017; Hernández-Gómez et al., 2020; 
Barnes et al., 2021). Therefore, analyzing environmental microbiome samples alongside skin 
microbiome samples may help identify samples that have been contaminated with environmental 
microbiota because the compositions of the contaminated samples will be more similar to the 
environmental samples than to the focal skin microbiome samples. In contrast, we would expect 
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that samples collected from hosts with rare microbial taxa in their skin microbiomes would have 
compositions that are more similar to the other hosts when compared to the environmental 
samples but with the addition of the rare microbial taxa. 

Another consideration for future work is to expand the taxonomic scope of amphibian skin 
microbiome studies, particularly in a state like Oklahoma which is home to an impressive 
diversity of amphibian species distributed across a diverse landscape. For the purposes of our 
study, we aimed to sample co-distributed anuran species that are found commonly in the wild to 
allow for sufficiently large sample sizes and more robust comparisons of skin microbiomes 
among taxa. However, continued field surveys across central and eastern Oklahoma would 
enable expanded comparisons, both taxonomically (across orders, families, genera, and species) 
and geographically (across more ecoregions) in Oklahoma (Figure 2.1). For example, Oklahoma 
is home to several species of true toads (family Bufonidae), narrow-mouthed toads (family 
Microhylidae), and spadefoot toads (family Scaphiopodidae), along with other members of the 
focal families Hylidae and Ranidae from this study that lacked sufficient sample sizes to include 
in our dataset, such as Pseudacris clarkii, P. crucifer, P. fouquettei, and P. streckeri in the family 
Hylidae and Rana areolata, R. blairi, R. clamitans, and R. palustris in the family Ranidae 
(Sievert and Sievert, 2021). There is also an incredible diversity of salamanders (order Caudata) 
distributed across the eastern portion of the state which presents exciting opportunities for future 
research to compare and contrast the findings of this study with the skin microbiome diversity of 
this divergent clade of amphibians. Further, given the variable nature in which we sampled frog 
communities from the four focal ecoregions—frogs from certain ecoregions were sampled across 
multiple years, other sampled in only two years—future research should investigate to what 
degree anuran skin microbiomes vary across seasons or years (Douglas et al., 2021). 

Symbiotic microbial communities serve fundamental roles in a variety of processes that 
promote host health. As such, investigating the environmental and evolutionary mechanisms that 
drive the assemblage of frog skin microbiomes remains essential as we begin to form a more 
comprehensive understanding of the factors impacting anuran health, persistence, and immunity. 
Results from this study suggest that multiple factors influence the structure of anuran skin 
microbial communities; however, host ecology plays the largest role in the assembly of skin 
microbiome diversity among our sampled Oklahoma frog communities. Comparative studies of 
skin microbiomes among co-distributed anuran species spanning complex landscapes allow us to 
better understand, and predict, impending shifts in anuran skin microbial communities in 
response to continued climate and habitat changes. The investigation of amphibian skin 
microbiomes remains critical as the vertebrate group continues to face population declines 
imposed by disease, habitat loss, pollution, and climatic changes. 
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Chapter 3 

Bending the rules of island biogeography: Microbiome diversity 
decreases with increased island size among insular reptilian hosts in 
the Philippines. 

 

3.1 Abstract 
Island biogeography theory has long served as a paradigm for identifying the mechanisms that 
shape the distribution of insular plant and animal diversity; however, a burgeoning body of 
literature has applied the theory to studies of microbial biogeography within island-like systems. 
Despite this expanded application, few studies have utilized the theory to explain patterns of 
microbial diversity spanning true islands, especially among communities of microorganisms that 
colonize vertebrate hosts, referred to as microbiomes. Here, we use 16S rRNA microbial 
inventories to elucidate the roles that host evolutionary history, host ecology, host microhabitat, 
geographic location, and island size play in the assemblage of gut microbiomes among reptilian 
hosts spanning multiple islands in the Philippines. Host ecology and island size explained most 
of the variation in gut microbiome diversity observed among our focal hosts. However, we report 
a negative correlation between island size and microbial diversity, deviating from fundamental 
expectations of island biogeography theory. We did not find evidence of phylogenetic signal or 
cophylogeny, rejecting the host evolutionary history hypothesis. Further, no significant 
differences were found among intra-island site comparisons of microbiomes, and while some 
inter-island site comparisons were significant, these results were not consistent across all 
measures of microbial diversity, leading us to reject the geographic location hypothesis. As more 
studies begin to apply fundamental theories in island biogeography, ecology, and evolutionary 
biology to describe patterns of host-associated microbial diversity, we may find that our previous 
expectations for plant and animal biodiversity may not always apply to microbiomes. 

3.2 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 diversity. 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 
(MacArthur and Wilson, 1963; Brown and Kodric-Brown, 1977; Heaney, 2000; Whittaker et al., 
2008), as well as processes of adaptive radiation (Grant and Grant, 2008; Losos and Ricklefs, 
2009; Setiadi et al., 2011; Lapoint et al., 2013) and community assembly (Mittelbach and 
Schemske, 2015; Warren et al., 2015; Rominger et al., 2016). Indeed, the study of island systems 
laid the foundation for the development of the Equilibrium Theory of Island Biogeography 
(ETIB; MacArthur and Wilson, 1963), which is grounded on three fundamental principles: (1) 
Island size is correlated positively with terrestrial species richness, referred to as the Species-
Area Relationship; (2) Insular species richness decreases with increased isolation from the 
continental mainland; and (3) Species turnover occurs continuously over time (Figure 3.1; 
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MacArthur and Wilson, 1963; Lomolino et al., 2010; Wang, 2021). Since its conception, the 
ETIB 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 (Losos and 
Ricklefs, 2009), Drosophilid flies and honeycreeper birds in the Hawaiian islands (Lapoint et al., 
2013), finches in the Galapagos islands (Grant and Grant, 2008; Setiadi et al., 2011), flora in 
Macaronesia (Kim et al., 2008), and amphibians and reptiles on the Indonesian island of 
Sulawesi (Setiadi et al., 2011; Mcguire et al., 2023). Shortly after its original description, 
MacArthur and Wilson (1967) noted that the ETIB could be applied to many other kinds of 
isolated habitats as well, not just ‘true’ oceanic islands. These ‘island-like’ systems (ILS) are 
similar to true oceanic islands as they are spatially fragmented, separated by barriers, and limited 
in their connectivity (Itescu, 2019). 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 freshwater body (Itescu, 2019). Although the 
majority of island biogeography studies to date have focused on true islands and island 
archipelago systems (Warren et al., 2015; Meiri, 2017; Itescu, 2019), there exists a growing body 
of literature employing the ETIB to explore biogeographic processes across ILS such as high 
elevation islands (i.e., ‘sky islands’, Warshall, 1995; Dawson et al., 2016), inselbergs (Porembski 
and Barthlott, 2012), caves (White and Culver, 2012), lakes (Arnott, 2009; Dawson et al., 2016), 
and even hydrothermal vents (Sibuet and Olu, 1998; Van Dover et al., 2002). Despite the 
expanded application of the ETIB to island-like systems, many of these studies have explored 
these patterns among floral and faunal taxa exclusively; however, an increasing number of 
studies have incorporated the theory within biogeographic studies of microbial communities. 

Applied traditionally to groups of oceanic islands, the ETIB has also been utilized to explore 
microbial biogeography across various terrestrial (i.e., leaves, trees) and aquatic ILS (i.e., lakes, 
pools, hot springs, wastewater tanks; Andrews et al., 1987; Kinkel et al., 1987; Papke et al., 
2003; Whitaker et al., 2003; Bell et al., 2005; Reche et al., 2005; Van Der Gast et al., 2005, 
2006; Peay et al., 2007; Lepère et al., 2013; Glassman et al., 2017; Spiesman et al., 2018). 
Results from several of these studies support foundational expectations of the ETIB. For 
example, microbial diversity tends to increase with ‘island’ size (i.e., the Species-Area 
Relationship; Bell et al., 2005; Chlebicki and Olejniczak, 2007; Dinnage et al., 2019), and 
microbial community similarity and diversity often decline with increased distance from 
‘mainland’ populations (Whitaker et al., 2003; Bahram et al., 2013; Lepère et al., 2013; 
Glassman et al., 2017). Due to the general paucity of studies which investigate patterns of 
microbial diversity across true islands, it remains unclear if ETIB expectations apply to microbial 
communities spanning true island systems. Indeed, only one study to date has employed theories 
of island biogeography to help explain patterns of host-associated microbial diversity among 
insular floral communities (Davison et al., 2018), underscoring the need for studies which utilize 
ETIB expectations to investigate patterns of microbial diversity spanning true, oceanic islands, 
especially among symbiotic microbial communities that colonize vertebrate host organisms, 
referred to as microbiomes (Dickey et al., 2021). 

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; Ley et al., 2008; Tremaroli and Bäckhed, 
2012; McFall-Ngai et al., 2013; Alberdi et al., 2016; Colston and Jackson, 2016; Sehnal et al., 
2021). This is particularly true for microbial communities that reside in the gut, as they play 
instrumental roles in mitigating the development and severity of disease (Martin et al., 2018), 
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improving host metabolic activity in response to harsh environmental conditions (Li et al., 2019), 
and regulating thermal homeostasis (Chevalier et al., 2015; Alberdi et al., 2016). 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 (Keenan et al., 2013; Colston et al., 2015; McLaughlin et al., 2015; Colston and Jackson, 
2016; Arizza et al., 2019; Qin et al., 2019; Tang et al., 2019), 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 microbiome 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 vertebrate 
microbiomes (Sullam et al., 2012; Sanders et al., 2014; Bletz et al., 2017; Hird, 2017; Sherrill-
Mix et al., 2018; Youngblut et al., 2019; Song et al., 2020; Smith et al., 2021, 2023; Bodawatta 
et al., 2022; Eliades et al., 2022; Kirsch et al., 2024). However, no studies to date have 
incorporated theories of island biogeography to explore patterns of microbial diversity among 
vertebrate hosts spanning true islands. Therefore, we provide the first assessment of variation in 
gut microbiomes among vertebrate species distributed across a true island archipelago system in 
Southeast Asia, the Philippines, employing theories in island biogeography to further investigate 
the mechanisms that shape the vertebrate gut microbiome. 

Situated at the interface of the Asian and Australasian faunal zones, the Philippine 
archipelago has emerged as a natural laboratory for studying various evolutionary and ecological 
phenomena from adaptive radiation (Brown et al., 2008, 2013a; Heaney et al., 2011; Linkem et 
al., 2011; Setiadi et al., 2011; Siler and Brown, 2011; Blackburn et al., 2013), diversification 
(Gillespie, 2007; Losos and Ricklefs, 2009; Vences et al., 2009; Brown et al., 2013a) and long-
distance dispersal (Linkem et al., 2013; Brown and Siler, 2014; Welton et al., 2014), to patterns 
of community assembly (Esselstyn et al., 2009, 2011; Heaney et al., 2011; Siler and Brown, 
2011; Brown et al., 2013a) and continental and island biogeography (Siler et al., 2012). 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 growing understanding of the boundaries, distributions, and phylogenetic relationships of 
many vertebrate taxa residing within the island system (Brown et al., 2002, 2008, 2011, 2013b; 
Posa et al., 2008; Heaney et al., 2011; Siler et al., 2010, 2011), but a particularly expansive body 
of work has focused on describing the diversity of reptiles found within the island nation (Brown 
et al., 2002, 2008, 2011, 2013b; Siler et al., 2010, 2011). 

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 (Vitt et al., 2003; Vitt and Caldwell, 2013). The vertebrate group 
comprises over 12,000 species (Uetz et al., 2023) which display a myriad of life history traits 
(i.e., dietary habits, parental care, behavioral thermoregulation; Shine, 2005), reproductive 
modes, and morphological adaptations (Shine and Bonnet, 2000; Vitt and Caldwell, 2013). 
Despite a rich history of foundational research on the group, and their continual incorporation 
into studies of high-level concepts in ecology and evolutionary biology (e.g., venom evolution, 
adaptive radiation, development, dispersal, diversification; Crews et al., 1994; Losos and Miles, 
2002; Rocha et al., 2006; Ricklefs et al., 2007; Evans and Jones, 2010; Losos, 2011; Townsend 
et al., 2011; Siler et al., 2012; Pincheira-Donoso et al., 2015; Kissling et al., 2016; Bars-Closel et 
al., 2017; Griffing et al., 2019; Oaks et al., 2019; Schield et al., 2019; Bergmann et al., 2020; 
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Perry et al., 2022; Rothier et al., 2022; Simões et al., 2022), the reptile gut microbiome literature 
comprises few comparative studies between diverse host organisms, and there exists a general 
paucity of information regarding the processes that shape gut microbiome diversity and 
assemblage (Hoffbeck et al., 2023; Vasconcelos et al., 2023), especially among reptilian host 
species that inhabit true oceanic island systems. Further, although it has been recognized that 
host evolutionary history influences reptile gut microbiome diversity (Ren et al., 2016; Zhang et 
al., 2019; Smith et al., 2021; Hoffbeck et al., 2023; Vasconcelos et al., 2023), no published 
studies to date have tested for signatures of phylogenetic signal or cophylogeny between reptilian 
hosts and their gut microbiomes, leaving gaps in our understanding of the role host evolutionary 
history may play in shaping reptile gut microbiome diversity and evolution. 

Here, we compare the gut microbiomes of reptilian hosts spanning four islands in the 
Philippines, applying island biogeography theory to explore patterns of insular host-associated 
microbiome diversity. Surprisingly, our findings indicate an inverse relationship between island 
size and reptilian gut microbiome diversity, underscoring the need for future studies which 
investigate patterns of host-associated microbial diversity across true island systems. We also 
provide the first assessments of cophylogeny and 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. 

3.3 Materials and Methods 
Sample collection 
Fieldwork for this study was conducted from 2016–2018 on four islands in the Philippines—
Calayan, Camiguin Norte, Luzon, and Negros (Figure 3.1). These islands are located within three 
distinct faunal regions (Brown et al., 2013a). Calayan and Camiguin Norte islands occur within 
the Babuyan Island Group faunal region, Negros is found within the Negros-Panay faunal region, 
and Luzon Island is situated within the Luzon faunal region. In total, we sampled reptile 
communities from nine sites across the four islands: 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 sequencing data, resulting in 
eight focal sites being included in downstream analyses (Figure 3.1; Appendix C, Table S1). To 
explore the geographic location hypothesis, we conducted robust analyses of microbiome 
diversity across various geographic scales. This included intra-island and inter-island site 
comparisons, total island comparisons, and faunal region comparisons. 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 (Figure 3.1; Appendix C, Table S1). 

We swabbed 299 individuals representing two reptilian orders, 11 families, and 50 species. A 
complete species list is provided in Appendix C, Table S1. Reptiles were categorized into four 
broad ecological groups, aquatic (N = 20), arboreal (N = 162), burrowing (N = 57), and ground-
dwelling (N = 60), based on personal observations and literature reviews. Then, we divided the 
aquatic and arboreal groups into freshwater/marine and saxicolous/lower-level arboreal/upper-
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level arboreal, respectively, to conduct a more fine-scale evaluation of microbiome variation 
across host microhabitat groups (Appendix C, Table S1). 

Figure 3.1 | (A) Map of the Philippines with black hexagons depicting the eight focal sites 
sampled. (B) Graphical representation of the characteristics that distinguish a true island from an 
island-like system. Examples of island-like systems include wastewater tanks, trees, and high 
elevation ‘sky’ islands. (C) Phylogenetic relationships between the focal host taxa depicted using 
a cladogram obtained through VertLife (Tonini et al., 2016). (D) Expectations for MacArthur 
and Wilson’s Equilibrium Theory of Island Biogeography. Small islands will experience a 
greater rate of extinction when compared to large islands, and islands that are more distant from 
the mainland will have a slower rate of colonization than islands that are closer to the mainland. 
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Gut microbiome samples were collected by inserting a sterile swab (MWE, Corsham, 
England) into the cloaca of the individual for approximately 3–4 seconds, twirling the swab 5–7 
times. All swabs were preserved and stored in DNA/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 (approximately 10–21 days) where they were stored in a –20°C 
freezer until DNA extraction. 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). 

DNA extraction and sequencing 
Genomic DNA was extracted from 299 swabs using XpeditionTM 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., XpeditionTM 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 PCR-
negative controls using methods outlined in Smith et al. (2021) and described here in brief. We 
used a one-step Polymerase Chain Reaction (PCR) method to amplify the V4 hypervariable 
region of the 16S rRNA gene using primers described in Kozich et al. (2013). 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 2x250 bp paired-end sequencing on two runs of an Illumina MiSeq. 

Sequence analysis 
Adapter sequences described in Kozich et al. (2013) were trimmed from the paired-end raw 
sequencing reads using AdapterRemoval v2 and the following parameters—minquality: 30, 
trimqualities, maxns: 0, trimns, threads: 18 (Schubert et al., 2016). The sequences were then 
imported into QIIME 2 (Bolyen et al., 2019) where de novo chimera checking, and removal, was 
performed on 6,616,892 raw sequences using UCHIME (Edgar et al., 2011). 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 (Rognes et al., 2016) against the Silva database (version 138; Quast 
et al., 2012), 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 (Appendix C, Table S1). 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 from the dataset 
due to low sequence counts, leaving 217 samples and 13,288 OTUs to be used in the focal 
analyses (Appendix C, Figure S1). Raw sequence data generated in this study can be found in the 
Sequence Read Archive (SRA) under BioProject PRJNA1071189. 

Statistical Analysis 
The final dataset consisted of 217 post-rarefaction samples that were incorporated into 
downstream analyses. 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 
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(within sample) diversity was obtained via QIIME 2 (Bolyen et al., 2019) and measured using 
three metrics: Observed OTUs, Shannon Diversity, and Faith’s Phylogenetic Diversity. Alpha 
diversity was compared initially using univariate 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 or q-value < 0.05 was considered statistically significant 
(Kennedy-Shaffer, 2019), and when multiple pairwise comparisons were conducted, we reported 
q-values instead of p-values to correct for multiple tests (Storey, 2002, 2003; Storey and 
Tibshirani, 2003). Further, we used a data mining approach via the R package PARTY (Hothorn 
et al., 2006; R Core Team, 2023) to perform a Classification and Regression Tree Analysis 
(CART), and determine which variable (host species, family, suborder and order, island, county, 
faunal region, sub-faunal region, ecology, microhabitat, and island size) accounted for most of 
the variance observed in the alpha diversity of our 47 focal host species. 

In addition to these exploratory analyses, we also used a suite of analyses in R to explicitly 
test the relationship between island size and gut microbial diversity among our focal hosts. We 
tested for the species-area relationship (SAR) using the package sars (Matthews et al., 2019; R 
Core Team, 2023) which log-transformed the island size and two of the diversity variables: 
Observed OTUs and Shannon Diversity (i.e., log-log power model). We also tested the SAR on 
log-transformed island size and non-transformed microbial diversity using a regression analysis 
within a Phylogenetic Generalised Linear Mixed Model (PGLMM) framework using the R 
packages brms (Bürkner, 2017) and ape (Paradis and Schliep, 2019) with the following 
parameters: chain = 4, iter = 20,000, thin = 50, warmup = 7,000, adapt_delta = 0.98. Log-
transformed host body mass was included as a covariate while host species and host phylogeny 
were treated as random effects. An additional PGLMM was used to test the relationship between 
log-transformed host body mass and non-transformed Faith’s Phylogenetic Diversity, with host 
species and host phylogeny treated as random effects, as this diversity metric was excluded from 
the SAR analyses. The Highest Density Interval was calculated using the bayestestR package in 
R (Makowski et al., 2019). 

To determine the impact that host evolutionary history had on reptilian gut microbial 
diversity, we used a PGLMM to calculate phylogenetic signal (h2). We tested for phylogenetic 
signal using the three alpha diversity metrics and a reptile host phylogeny obtained through Open 
Tree of Life (Redelings and Holder, 2017). We used default PGLMM parameters, and our 
random effects were host species and host phylogeny. Further, we tested for signatures of co-
diversification between our focal host species and their associated gut microbial phyla using the 
Procrustes Approach to Cophylogeny (PACo; Hutchinson et al., 2017) and ParaFit (Legendre et 
al., 2002) which both utilized distance matrices of our reptile host phylogeny (obtained through 
Open Tree of Life; Redelings and Holder, 2017) and a published, phylum-level microbial 
phylogeny from the Web of Life (Zhu et al., 2019) in addition to a binary host-microbe 
association matrix. These analyses were performed using the R packages ape (Paradis and 
Schliep, 2019), paco (Hutchinson et al., 2017), reshape2 (Wickham, 2007), and ggtree (Yu et al., 
2017; R Core Team, 2023). 

Beta diversity (among samples) analyses were conducted using the beta-group-significance 
plugin in QIIME 2 and a q-value < 0.05 was considered statistically significant (Kennedy-
Shaffer, 2019). We used two phylogenetic measures of microbial community beta diversity, 
Unweighted- and Weighted-Unifrac, and group significance was tested using pairwise 
permutational multivariate analysis of variance (PERMANOVA; Anderson, 2001). We reported 
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q-values instead of p-values to correct for multiple tests (Storey, 2002, 2003; Storey and 
Tibshirani, 2003). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 | Results of the Classification and Regression Tree analysis using three alpha 
diversity metrics: (A) Observed OTUs, (B) Faith’s Phylogenetic Diversity (PD), and (C) 
Shannon Diversity. Host ecology was the primary contributor to gut microbiome differences 
according to the Faith’s PD and Shannon Diversity analyses. The Observed OTUs analysis 
indicated that island size explained most of the variation in microbiome diversity, with 
individuals from smaller islands (i.e., ≤ 13,310 km2) having more diverse microbiomes when 
compared to reptiles from the largest island of Luzon. A similar pattern was observed in the 
Shannon Diversity analysis, which found that host ecology and island size explained most of the 
variance in microbiome diversity, followed by microhabitat. Microhabitat was also determined to 
be the secondary contributor to microbiome differences within the Observed OTUs analysis. 
This figure was created with BioRender.com. 
 
  



 51 

3.4 Results 
Our focal dataset consisted of 217 gut microbiome samples representing two host orders, 10 host 
families, and 47 host species spanning eight sites across four islands in the Philippines 
(Appendix C, Table S1). Results from our CART analyses revealed that host ecology, island 
size, and host microhabitat were key contributors to gut microbiome alpha diversity differences 
among our focal reptile species (Figure 3.2). For Observed OTUs, island size explained most of 
the variance (χ2 = 80.778, p < 0.001), with microbiomes from hosts on the largest island, Luzon, 
being less diverse than those from hosts on the smaller islands (≤ 13,310 km2; Figure 3.2). 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 (χ2 = 65.863, p = 0.001; Figure 3.2). 
These differences were confirmed by many of our beta diversity analyses and univariate 
Kruskal-Wallis tests (Appendix C, Figure S2, Table S2). 

When analyzing Shannon Diversity, host ecology explained most of the variance, with 
microbiomes of burrowing and ground-dwelling hosts being more diverse than those of aquatic 
and arboreal species (χ2 = 73.874, p < 0.001; Figure 3.2). This was confirmed by our univariate 
Kruskal-Wallis test, which determined that the microbiomes of aquatic individuals had 
significantly lower Shannon Diversity when compared to burrowing (H = 13.969, q = 0.0006) 
and ground-dwelling reptilian microbiomes (H = 15.476, q = 0.0005). Similarly, microbiomes of 
arboreal hosts had significantly lower Shannon Diversity when compared to those of burrowing 
(H = 7.613, q = 0.012) and ground-dwelling (H = 6.463, q = 0.017) hosts (Appendix C, Figure 
S3). Results from our beta diversity analyses further confirmed these observed differences 
(Appendix C, Table S2). Island size also contributed to Shannon Diversity differences observed 
among our focal samples (χ2 = 40.381, p-value = 0.03). Similar to results from the Observed 
OTUs CART analysis, microbiomes from hosts on smaller islands (≤ 13,310 km2) were more 
diverse compared to those of hosts from the large island of Luzon (Figure 3.2). Host 
microhabitat (χ2 = 40.135, p = 0.018) 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 (Figure 3.2). Results from our univariate 
Kruskal-Wallis analysis supported many of these comparisons (Appendix C, Figure S2). 

For Faith’s Phylogenetic Diversity (Faith’s PD), host ecology explained all of the gut 
microbiome variance, with burrowing and ground-dwelling reptiles having more diverse 
microbiomes than aquatic and arboreal species (χ2 = 69.353, p < 0.001; Figure 3.2), which was 
consistent with the Shannon Diversity CART analysis and further confirmed by our univariate 
Kruskal-Wallis (Appendix C, Figure S3) and beta diversity analysis (Appendix C, Table S2). 
Results from our Kruskal-Wallis test also indicated that aquatic reptiles harbored significantly 
less-diverse microbiomes than burrowing (H = 8.879, q = 0.006) and ground-dwelling (H = 
4.464, q = 0.052) species. Further, arboreal individuals had significantly lower microbial 
diversity when compared to burrowing (H = 18.222, q = 0.0001) and ground-dwelling (H = 
10.282, q = 0.004) reptilian microbiomes (Appendix C, Figure S3). 

The species-area relationship (SAR) describes the widely accepted and frequently observed 
pattern that the number of species increases with the area sampled (Rosenzweig, 1995; Matthews 
et al., 2019). However, results from our Observed OTUs and Shannon Diversity CART analyses 
indicated the inverse pattern, where microbial diversity was the lowest among hosts from the 
largest island sampled, Luzon (Figure 3.2). We further explored this by explicitly testing the 
SAR on the number of Observed OTUs and Shannon Diversity present within the gut 
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microbiomes of hosts spanning the four focal islands ranging in size from 166–109,965 km2. We 
did not test the SAR using Faith’s Phylogenetic Diversity, because the CART analysis did not 
identify island size as a key predictor for this diversity metric. Results from our log-log SAR 
analyses confirmed a slight, but significant, inverse relationship between island size and 
microbial alpha diversity (Table 3.1) which was further supported by our PGLMM island size 
regression results (Table 3.1). 

  
Observed OTUs Shannon Diversity 

Species-Area Relationship 
(log-log power model) 

z = -0.04 z = -0.02 
F = 15.31 F = 8.63 
p-value = 0.0001 p-value = 0.004 

PGLMM Island Size 
Regression 

β = -6.25 β = -0.08 
l-95% CI = -11.63 l-95% CI = -0.17 
u-95% CI = -1.72 u-95% CI = 0.00 

Table 3.1 | Evaluation of the Species-Area Relationship (SAR) using Observed OTUs and 
Shannon Diversity. Bold values indicate significant differences. The log-log power model found 
a significant, negative relationship between log-transformed island size and log-transformed 
microbial diversity which was also confirmed by the negative slopes of the PGLMM island size 
regressions. 

Previous studies have found a positive relationship between host body mass and microbial 
diversity (Godon et al., 2016; Sherrill-Mix et al., 2018). Additionally, island size has been linked 
to insular reptilian body size variation, with more pronounced differences observed among 
reptiles inhabiting smaller islands (Boback, 2003; Benítez-López et al., 2021). Therefore, to rule 
out this potential confounding variable, we assessed the relationship between log-transformed 
host body mass and microbiome diversity using a PGLMM. Our results indicated that there was 
a negligible relationship between log-transformed host body mass and two of the diversity 
metrics: Observed OTUs: b = 0.01, 95% CI [-7.44, 8.13] and Shannon Diversity: b = -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 (b = 0.11, 95% CI [-0.68, 0.85]). 

We also used Kruskal-Wallis tests to assess if geographic location contributed to microbiome 
variation, given that our eight sites were clustered within four islands (Figure 3.1). Across all 
three alpha diversity metrics, we found no significant differences in the gut microbiomes of 
individuals from the same island. For example, microbiome diversity did not differ between 
samples collected from the two sites on Negros Island (Hinoba-an and Valencia) or the four 
Luzon Island sites (Albay, Labo, Quezon, and Tabaco; Appendix C, Table S3). Further, when 
comparing sites across all four islands, only the Observed OTUs analysis found any significant 
differences between the sites sampled (Appendix C, Table S3). Inter-island comparisons of 
Observed OTUs indicated that individuals from Calayan, Camiguin Norte, and Negros islands 
possessed significantly different gut microbiomes when compared to reptiles from Luzon Island 
(Appendix C, Table S3). Similarly, Shannon Diversity analysis found significant differences 
between the gut microbiomes of individuals from Luzon Island and both Calayan and Negros 
islands (Appendix C, Table S3). These differences were supported by our microbiome 
composition results which indicated that several microbial phyla were found among samples 
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from Calayan, Camiguin Norte, and Negros islands only, and were not identified within Luzon 
Island samples (Appendix C, Figure S4; Supplementary Data). 

Our CART analyses indicated that host order, host suborder, host family, and host species 
did not contribute significantly to microbiome variation (Figure 3.2), which was also supported 
by our microbiome composition results (Supplementary Data). 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 diversity (Observed OTUs: h2 = 
0.14, Estimated Error = 0.11; Shannon Diversity: h2 = 0.16, Estimated Error = 0.10; Faith’s 
Phylogenetic Diversity: h2 = 0.14, Estimated Error = 0.1). Further, we did not find evidence of 
co-diversification between our focal reptilian hosts and their gut microbiomes (ParaFit: 
ParaFitGlobal = 211.58, p = 0.785, 999 permutations; PACo: Sum of Squares = 708.24, p = 1, 
999 permutations; Appendix C, Figure S5). Based on these findings, we rejected the hypothesis 
that host evolutionary history contributed significantly to gut microbiome variation among our 
focal samples. 

3.5 Discussion 
Our study sampled the gut microbiomes of reptile communities spanning true islands in the 
Philippines to provide the first application of island biogeography theory to investigate patterns 
of host-associated microbiome diversity within a true island archipelago system. Results from 
our CART and regression analyses indicated an inverse relationship between reptile gut 
microbiome diversity and island size (Table 3.1; Figure 3.2). These findings do not align with the 
foundational ETIB expectation that diversity increases with increased island size (MacArthur 
and Wilson, 1963; Rosenzweig, 1995; Matthews et al., 2019). Although many previous studies 
have found a positive correlation between ‘island’ size and microbial diversity (Bell et al., 2005; 
Reche et al., 2005; Van Der Gast et al., 2005, 2006; Peay et al., 2007; Glassman et al., 2017), 
few have also observed an inverse relationship (Hessen et al., 2006; Logue et al., 2012). Indeed, 
when testing the SAR within a lake ‘island’ system, a negative relationship between lake area 
and zooplankton (Hessen et al., 2006) richness was observed. Logue et al. (2012) also found an 
inverse relationship between bacterioplankton richness and ‘island’ size. However, due to the 
general paucity of published studies which analyze patterns of microbial diversity spanning true 
island systems, it remains difficult to determine if microbial communities, particularly host-
associated microbiomes, adhere to ETIB expectations established for insular plant and animal 
biodiversity. The continued application of these theories to help explain patterns of microbial 
diversity among diverse host organisms will help illuminate the ecological and geographic 
processes that shape these complex microbial communities. 

We also found that host ecology 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 (Figure 3.2; Appendix C, Figure S2, S3). 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 (Figure 
3.2; Appendix C, Figure S3; Table S2). Among many arboreal samples, Proteobacteria 
comprised over 80% of the gut microbiome composition (N = 50 out of 129 arboreal reptiles), 
and the microbiomes of some aquatic and arboreal individuals were over dominated by 
Campylobacterota (50–96%, N = 9). The overabundance of these phyla within aquatic and 
arboreal gut microbiome samples could explain why the microbiomes of those taxa were found 
to be less diverse than the microbiomes of burrowing and ground-dwelling species. Previous 
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findings have indicated that differences in reptile gut microbiome diversity correlate with distinct 
host ecologies (Smith et al., 2021; Vasconcelos et al., 2023), and processes such as differential 
selection may contribute to the observed relationship between host ecology and microbiome 
variation (Mazel et al., 2018; Kohl, 2020; Mallott and Amato, 2021). When applied to host-
associated microbiomes, differential selection predicts that hosts occupying similar ecological 
niches will be exposed to similar resident pools of microorganisms, and the immune systems of 
the hosts then filter and select certain microbes to persist as symbionts (Kohl, 2020). The idea of 
hosts obtaining certain members of their microbiomes from the surrounding environment has 
been discussed extensively in the vertebrate skin microbiome literature (Belden and Harris, 
2007; Becker et al., 2014; Loudon et al., 2014; Bletz et al., 2017; Jiménez and Sommer, 2017; 
Kueneman et al., 2019; Rebollar and Harris, 2019; Hernández-Gómez et al., 2020; Barnes et al., 
2021; Smith et al., 2023), and our study further supports that host ecology impacts the 
composition and diversity of vertebrate gut microbiomes. 

Other evolutionary mechanisms that are proposed to contribute to host-associated 
microbiome variation include dispersal (i.e., horizontal and vertical transmission), ecological 
drift, and host diversification, otherwise known as co-speciation (Kohl, 2020). 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 (Brooks et al., 2016; 
Lim and Bordenstein, 2020). This concept is also referred to as phylosymbiosis (Mazel et al., 
2018; Lim and Bordenstein, 2020), and many organisms have been shown to exhibit 
phylosymbiosis with their associated microbiomes, including insects (Sanders et al., 2014; 
Brooks et al., 2016; Leigh et al., 2018; Tinker and Ottesen, 2020; Qin et al., 2023), mammals 
(Ochman et al., 2010; Kohl et al., 2018a, 2018b; Amato et al., 2019), sponges (Easson and 
Thacker, 2014; Thomas et al., 2016), corals (Pollock et al., 2018), and plants (Bell et al., 2014; 
Bouffaud et al., 2014; Yeoh et al., 2017; Fitzpatrick et al., 2018). To our knowledge, our study is 
the first to test this phenomenon on reptilian microbiomes; however, we did not find signatures 
of phylosymbiosis or co-diversification among our focal samples. 

Applied historically to simple host-symbiont systems (i.e., one host clade and a single 
symbiont clade), evaluations of co-diversification between hosts and entire communities of 
associated microorganisms are far less common and pose many challenges (Moeller et al., 2023). 
For example, revealing signals of co-diversification often requires a well-resolved symbiont 
phylogeny, often at a fine taxonomic scale (i.e., strain-level), and most microorganisms within a 
host’s microbiome lack fossil records, making it difficult to accurately date the timing of 
diversification events within a symbiont phylogeny. Our use of a high-level symbiont phylogeny 
(i.e., phylum-level) may have inhibited our ability to detect a significant association between our 
focal reptilian hosts and their gut microbiota; therefore, our findings do not rule out the 
possibility of historical codivergence between these lineages (Moeller et al., 2023). As such, 
future studies should continue sampling the microbiomes of diverse reptilian hosts and consider 
isolating individual microbial lineages to conduct more fine-scale evaluations of co-
diversification and 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 exceptional island system for 
investigating a myriad of ecological and evolutionary concepts (Gillespie, 2007; Losos and 
Ricklefs, 2009; Vences et al., 2009; Heaney et al., 2011; Linkem et al., 2011, 2013; Setiadi et al., 
2011; Siler and Brown, 2011; Siler et al., 2012; Blackburn et al., 2013; Brown et al., 2013a, 
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2014; Welton et al., 2014), few published studies to date have explored the gut microbiomes of 
the archipelago’s vertebrate taxa (De Leon et al., 2018; Smith et al., 2021; Eliades et al., 2022), 
and our study is the first to integrate fundamental theories in island biogeography and 
evolutionary biology to help identify the factors that contribute to microbiome variation among 
host communities spanning numerous islands in this diverse archipelago. The Philippines 
represents an excellent island system to conduct biogeographic 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, the Philippine islands 
can be grouped into various faunal regions which are groups of islands that are proposed to have 
been joined together at some point in their geological history (Brown et al., 2013a). There are 
seven defined faunal regions within the Philippines, each comprising numerous different islands 
varying in size from large islands such as Luzon and Mindanao to the small islands of the Sulu 
faunal region (Brown et al., 2013a). 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 
theory within a host-associated microbiome context. For example, although there has been mixed 
evidence of microbial communities adhering to the fundamental principle that diversity on 
islands decreases with increased distance from the mainland (Grilli et al., 2015; Teittinen and 
Soininen, 2015; Da Silva et al., 2017; Davison et al., 2018; Spiesman et al., 2018), no published 
studies to date have investigated this paradigm among vertebrate host-associated microbial 
communities, and the Philippines represents an optimal archipelago for future work to explore 
this phenomenon within and among faunal regions. 

Continued field surveys across the Philippines would enable expanded comparisons of host-
associated microbiomes, both taxonomically (across orders, families, etc.) and geographically 
(within and among islands, within and among faunal regions), allowing for future investigations 
to identify the environmental, evolutionary, and biogeographical mechanisms that shape the 
assemblage of vertebrate gut microbiomes. Results from this study suggest that multiple factors 
shape the reptile gut microbiome; however, host ecology and island size 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, 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. 

3.6 References 
Alberdi, A., Aizpurua, O., Bohmann, K., Zepeda-Mendoza, M. L., and Gilbert, M. T. P. (2016). 

Do vertebrate gut metagenomes confer rapid ecological adaptation? Trends Ecol. Evol. 31, 
689–699. doi: 10.1016/j.tree.2016.06.008 

Amato, K. R., Sanders, J. G., Song, S. J., Nute, M., Metcalf, J. L., Thompson, L. R., et al. (2019). 
Evolutionary trends in host physiology outweigh dietary niche in structuring primate gut 
microbiomes. ISME J. 13, 576–587. doi: 10.1038/s41396-018-0175-0 

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. 
Austral. Ecol. 26, 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x 

https://doi.org/10.1016/j.tree.2016.06.008
https://doi.org/10.1038/s41396-018-0175-0


 56 

Andrews, J. H., Kinkel, L. L., Berbee, F. M., and Nordheim, E. V. (1987). Fungi, leaves, and the 
theory of island biogeography. Microb. Ecol. 14, 277–290. doi: 10.1007/BF02012947 

Arizza, V., Vecchioni, L., Caracappa, S., Sciurba, G., Berlinghieri, F., Gentile, A., et al. (2019). 
New insights into the gut microbiome in loggerhead sea turtles Caretta caretta stranded on 
the Mediterranean coast. PLoS One 14, e0220329. doi: 10.1371/journal.pone.0220329 

Arnott, S. (2009). “Lakes, as islands,” in Encyclopedia of islands (Oakland, CA: University of 
California Press), 526–531. 

Bahram, M., Kõljalg, U., Kohout, P., Mirshahvaladi, S., and Tedersoo, L. (2013). 
Ectomycorrhizal fungi of exotic pine plantations in relation to native host trees in Iran: 
evidence of host range expansion by local symbionts to distantly related host taxa. 
Mycorrhiza 23, 11–19. doi: 10.1007/s00572-012-0445-z 

Barnes, E. M., Kutos, S., Naghshineh, N., Mesko, M., You, Q., and Lewis, J. D. (2021). 
Assembly of the amphibian microbiome is influenced by the effects of land-use change on 
environmental reservoirs. Environ. Microbiol. 23, 4595–4611. doi: 10.1111/1462-
2920.15653 

Bars-Closel, M., Kohlsdorf, T., Moen, D. S., and Wiens, J. J. (2017). Diversification rates are 
more strongly related to microhabitat than climate in squamate reptiles (lizards and snakes). 
Evolution 71, 2243–2261. doi: 10.1111/evo.13305 

Becker, M. H., Richards-Zawacki, C. L., Gratwicke, B., and Belden, L. K. (2014). The effect of 
captivity on the cutaneous bacterial community of the critically endangered Panamanian 
golden frog (Atelopus zeteki). Biol. Conserv. 176, 199–206. doi: 
10.1016/j.biocon.2014.05.029 

Belden, L. K., and Harris, R. N. (2007). Infectious diseases in wildlife: the community ecology 
context. Front. Ecol. Environ. 5, 533–539. doi: 10.1890/060122 

Bell, T., Ager, D., Song, J.-I., Newman, J. A., Thompson, I. P., Lilley, A. K., et al. (2005). 
Larger islands house more bacterial taxa. Science 308, 1884–1884. doi: 
10.1126/science.1111318 

Bell, T. H., El-Din Hassan, S., Lauron-Moreau, A., Al-Otaibi, F., Hijri, M., Yergeau, E., et al. 
(2014). Linkage between bacterial and fungal rhizosphere communities in hydrocarbon-
contaminated soils is related to plant phylogeny. ISME J. 8, 331–343. doi: 
10.1038/ismej.2013.149 

Benítez-López, A., Santini, L., Gallego-Zamorano, J., Milá, B., Walkden, P., Huijbregts, M. A. 
J., et al. (2021). The island rule explains consistent patterns of body size evolution in 
terrestrial vertebrates. Nat. Ecol. Evol. 5, 768–786. doi: 10.1038/s41559-021-01426-y 

Bergmann, P. J., Morinaga, G., Freitas, E. S., Irschick, D. J., Wagner, G. P., and Siler, C. D. 
(2020). Locomotion and palaeoclimate explain the re-evolution of quadrupedal body form in 
Brachymeles lizards. Proc. R. Soc. B. 287, 20201994. doi: 10.1098/rspb.2020.1994 

Blackburn, D. C., Siler, C. D., Diesmos, A. C., McGuire, J. A., Cannatella, D. C., and Brown, R. 
M. (2013). An adaptive radiation of frogs in a Southeast Asian island archipelago. Evolution 
67, 2631–2646. doi: 10.1111/evo.12145 

Bletz, M. C., Archer, H., Harris, R. N., McKenzie, V. J., Rabemananjara, F. C. E., Rakotoarison, 
A., et al. (2017). Host ecology rather than host phylogeny drives amphibian skin microbial 
community structure in the biodiversity hotspot of Madagascar. Front. Microbiol. 8, 1530. 
doi: 10.3389/fmicb.2017.01530 

Boback, S. M. (2003). Body size evolution in snakes: evidence from island populations. Copeia 
2003, 81–94. doi: 10.1643/0045-8511(2003)003[0081:BSEISE]2.0.CO;2 

https://doi.org/10.1007/BF02012947
https://doi.org/10.1371/journal.pone.0220329
https://doi.org/10.1007/s00572-012-0445-z
https://doi.org/10.1111/evo.13305
https://doi.org/10.1126/science.1111318
https://doi.org/10.1038/ismej.2013.149
https://doi.org/10.1038/s41559-021-01426-y
https://doi.org/10.1098/rspb.2020.1994
https://doi.org/10.1111/evo.12145
https://doi.org/10.3389/fmicb.2017.01530
https://doi.org/10.1643/0045-8511(2003)003%5b0081:BSEISE%5d2.0.CO;2


 57 

Bodawatta, K. H., Hird, S. M., Grond, K., Poulsen, M., and Jønsson, K. A. (2022). Avian gut 
microbiomes taking flight. Trends Microbiol. 30, 268–280. doi: 10.1016/j.tim.2021.07.003 

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al- Ghalith, G. A., et al. 
(2019). Reproducible, interactive, scalable, and extensible microbiome data science using 
QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9 

Bouffaud, M., Poirier, M., Muller, D., and Moënne‐Loccoz, Y. (2014). Root microbiome relates 
to plant host evolution in maize and other Poaceae. Environ. Microbiol. 16, 2804–2814. doi: 
10.1111/1462-2920.12442 

Brooks, A. W., Kohl, K. D., Brucker, R. M., Van Opstal, E. J., and Bordenstein, S. R. (2016). 
Phylosymbiosis: relationships and functional effects of microbial communities across host 
evolutionary history. PLoS Biol. 14, e2000225. doi: 10.1371/journal.pbio.2000225 

Brown, J. H., and Kodric-Brown, A. (1977). Turnover rates in insular biogeography: effect of 
immigration on extinction. Ecology 58, 445–449. doi: 10.2307/1935620 

Brown, R. M., Diesmos, A. C., and Alcala, A. C. (2002). The state of Philippine herpetology and 
the challenges for the next decade. Silliman J. 42, 18–87. 

Brown, R. M., Diesmos, A. C., and Alcala, A. C. (2008). “Philippine amphibian biodiversity is 
increasing in leaps and bounds,” in Threatened Amphibians of the World (Lynx Edicions: 
Barcelona, Spain; IUCN: Gland, Switzerland; and Conservation International: Arlington, 
Virginia, USA.), 82–83. 

Brown, R. M., and Siler, C. D. (2014). Spotted stream frog diversification at the Australasian 
faunal zone interface, mainland versus island comparisons, and a test of the Philippine ‘dual‐
umbilicus’ hypothesis. J. Biogeogr. 41, 182–195. doi: 10.1111/jbi.12192 

Brown, R. M., Siler, C. D., Oliveros, C. H., Diesmos, A. C., and Alcala, A. C. (2011). A new 
Gekko from Sibuyan Island, central Philippines. Herpetologica 67, 460–476. doi: 
10.1655/HERPETOLOGICA-D-11-00025.1 

Brown, R. M., Siler, C. D., Oliveros, C. H., Esselstyn, J. A., Diesmos, A. C., Hosner, P. A., et al. 
(2013a). Evolutionary processes of diversification in a model island archipelago. Annu. Rev. 
Ecol. Evol. Syst. 44, 411–435. doi: 10.1146/annurev-ecolsys-110411-160323 

Brown, R., Siler, C., Oliveros, C., Welton, L., Rock, A., Swab, J., et al. (2013b). The amphibians 
and reptiles of Luzon Island, Philippines, VIII: the herpetofauna of Cagayan and Isabela 
Provinces, northern Sierra Madre Mountain Range. Zookeys 266, 1–120. doi: 
10.3897/zookeys.266.3982 

Bürkner, P.-C. (2017). brms: An R package for Bayesian multilevel models using Stan. J. Stat. 
Soft. 80, 1–28. doi: 10.18637/jss.v080.i01 

Chevalier, C., Stojanović, O., Colin, D. J., Suarez-Zamorano, N., Tarallo, V., Veyrat-Durebex, 
C., et al. (2015). Gut microbiota orchestrates energy homeostasis during cold. Cell 163, 
1360–1374. doi: 10.1016/j.cell.2015.11.004 

Chlebicki, A., and Olejniczak, P. (2007). Symbiotic drift as a consequence of declining host 
plant populations. Acta Biol. Cracov., Bot. 49, 89–93. 

Colston, T. J., and Jackson, C. R. (2016). Microbiome evolution along divergent branches of the 
vertebrate tree of life: what is known and unknown. Mol. Ecol. 25, 3776–3800. doi: 
10.1111/mec.13730 

Colston, T. J., Noonan, B. P., and Jackson, C. R. (2015). Phylogenetic analysis of bacterial 
communities in different regions of the gastrointestinal tract of Agkistrodon piscivorus, the 
cottonmouth snake. PLoS One 10, e0128793. doi: 10.1371/journal.pone.0128793 

https://doi.org/10.1016/j.tim.2021.07.003
https://doi.org/10.1111/1462-2920.12442
https://doi.org/10.1371/journal.pbio.2000225
https://doi.org/10.2307/1935620
https://doi.org/10.1111/jbi.12192
https://doi.org/10.1655/HERPETOLOGICA-D-11-00025.1
https://doi.org/10.1146/annurev-ecolsys-110411-160323
https://doi.org/10.3897/zookeys.266.3982
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1016/j.cell.2015.11.004
https://doi.org/10.1111/mec.13730
https://doi.org/10.1371/journal.pone.0128793


 58 

Crews, D., Bergeron, J. M., Bull, J. J., Flores, D., Tousignant, A., Skipper, J. K., et al. (1994). 
Temperature‐dependent sex determination in reptiles: proximate mechanisms, ultimate 
outcomes, and practical applications. Dev. Genet. 15, 297–312. doi: 
10.1002/dvg.1020150310 

Da Silva, I. R., De Souza, F. A., Da Silva, D. K. A., Oehl, F., and Maia, L. C. (2017). Patterns of 
arbuscular mycorrhizal fungal distribution on mainland and island sandy coastal plain 
ecosystems in Brazil. Microb. Ecol. 74, 654–669. doi: 10.1007/s00248-017-0979-x 

Davison, J., Moora, M., Öpik, M., Ainsaar, L., Ducousso, M., Hiiesalu, I., et al. (2018). 
Microbial island biogeography: isolation shapes the life history characteristics but not 
diversity of root-symbiotic fungal communities. ISME J. 12, 2211–2224. doi: 
10.1038/s41396-018-0196-8 

Dawson, M. N., Algar, A. C., Heaney, L. R., and Stuart, Y. E. (2016). “The evolutionary 
biogeography of islands, lakes, and mountaintops,” in The encyclopedia of evolutionary 
biology (Cambridge, MA: Academic Press), 203–210. 

De Leon, M., Montecillo, A. D., Pinili, D. S., Siringan, M. A. T., and Park, D.-S. (2018). 
Bacterial diversity of bat guano from Cabalyorisa Cave, Mabini, Pangasinan, Philippines: a 
first report on the metagenome of Philippine bat guano. PLoS One 13, e0200095. doi: 
10.1371/journal.pone.0200095 

Dickey, J. R., Swenie, R. A., Turner, S. C., Winfrey, C. C., Yaffar, D., Padukone, A., et al. 
(2021). The utility of macroecological rules for microbial biogeography. Front. Ecol. Evol. 9, 
633155. doi: 10.3389/fevo.2021.633155 

Dinnage, R., Simonsen, A. K., Barrett, L. G., Cardillo, M., Raisbeck‐Brown, N., Thrall, P. H., et 
al. (2019). Larger plants promote a greater diversity of symbiotic nitrogen‐fixing soil bacteria 
associated with an Australian endemic legume. J. Ecol. 107, 977–991. doi: 10.1111/1365-
2745.13083 

Easson, C. G., and Thacker, R. W. (2014). Phylogenetic signal in the community structure of 
host-specific microbiomes of tropical marine sponges. Front. Microbiol. 5, 532. doi: 
10.3389/fmicb.2014.00532 

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME improves 
sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200. doi: 
10.1093/bioinformatics/btr381 

Eliades, S. J., Colston, T. J., and Siler, C. D. (2022). Gut microbial ecology of Philippine 
gekkonids: ecoevolutionary effects on microbiome compositions. FEMS Microbiol. Ecol. 98, 
fiac124. doi: 10.1093/femsec/fiac124 

Esselstyn, J. A., Maher, S. P., and Brown, R. M. (2011). Species interactions during 
diversification and community assembly in an island radiation of shrews. PLoS One 6, 
e21885. doi: 10.1371/journal.pone.0021885 

Esselstyn, J. A., Timm, R. M., and Brown, R. M. (2009). Do geological or climatic processes 
drive speciation in dynamic archipelagos? The tempo and mode of diversification in 
Southeast Asian shrews. Evolution 63, 2595–2610. doi: 10.1111/j.1558-5646.2009.00743.x 

Evans, S. E., and Jones, M. E. (2010). “The origin, early history and diversification of 
lepidosauromorph reptiles,” in New aspects of Mesozoic biodiversity (Springer, Berlin, 
Heidelberg), 27–44. doi: 10.1007/978-3-642-10311-7_2 

Fitzpatrick, C. R., Copeland, J., Wang, P. W., Guttman, D. S., Kotanen, P. M., and Johnson, M. 
T. J. (2018). Assembly and ecological function of the root microbiome across angiosperm 
plant species. Proc. Natl. Acad. Sci. U.S.A. 115. doi: 10.1073/pnas.1717617115 

https://doi.org/10.1002/dvg.1020150310
https://doi.org/10.1007/s00248-017-0979-x
https://doi.org/10.1038/s41396-018-0196-8
https://doi.org/10.1371/journal.pone.0200095
https://doi.org/10.3389/fevo.2021.633155
https://doi.org/10.1111/1365-2745.13083
https://doi.org/10.1111/1365-2745.13083
https://doi.org/10.3389/fmicb.2014.00532
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/femsec/fiac124
https://doi.org/10.1371/journal.pone.0021885
https://doi.org/10.1111/j.1558-5646.2009.00743.x
https://doi.org/10.1073/pnas.1717617115


 59 

Gillespie, R. G. (2007). “Oceanic islands: models of diversity,” in Encyclopedia of biodiversity 
(Amsterdam, The Netherlands: Elsevier), 1–13. 

Glassman, S. I., Lubetkin, K. C., Chung, J. A., and Bruns, T. D. (2017). The theory of island 
biogeography applies to ectomycorrhizal fungi in subalpine tree “islands” at a fine scale. 
Ecosphere 8, e01677. doi: 10.1002/ecs2.1677 

Godon, J.-J., Arulazhagan, P., Steyer, J.-P., and Hamelin, J. (2016). Vertebrate bacterial gut 
diversity: size also matters. BMC Ecol. 16, 12. doi: 10.1186/s12898-016-0071-2 

Grant, B. R., and Grant, P. R. (2008). Fission and fusion of Darwin’s finches populations. Phil. 
Trans. R. Soc. B. 363, 2821–2829. doi: 10.1098/rstb.2008.0051 

Griffing, A. H., Sanger, T. J., Daza, J. D., Nielsen, S. V., Pinto, B. J., Stanley, E. L., et al. (2019). 
Embryonic development of a parthenogenetic vertebrate, the mourning gecko 
(Lepidodactylus lugubris). Dev. Dynam. 248, 1070–1090. doi: 10.1002/dvdy.72 

Grilli, G., Urcelay, C., Galetto, L., Davison, J., Vasar, M., Saks, Ü., et al. (2015). The 
composition of arbuscular mycorrhizal fungal communities in the roots of a ruderal forb is 
not related to the forest fragmentation process. Environ. Microbiol. 17, 2709–2720. doi: 
10.1111/1462-2920.12623 

Heaney, L. (2000). Dynamic disequilibrium: a long-term, large-scale perspective on the 
equilibrium model of island biogeography. Glob. Ecol. Biogeogr. 9, 59–74. 

Heaney, L. R., Balete, D. S., Rickart, E. A., Alviola, P. A., Duya, M. R. M., Duya, M. V., et al. 
(2011). Seven new species and a new subgenus of forest mice (Rodentia: Muridae: Apomys) 
from Luzon Island. Fieldiana Life Earth Sci. 2, 1–60. doi: 10.3158/2158-5520-2.1.1 

Hernández-Gómez, O., Byrne, A. Q., Gunderson, A. R., Jenkinson, T. S., Noss, C. F., Rothstein, 
A. P., et al. (2020). Invasive vegetation affects amphibian skin microbiota and body 
condition. PeerJ 8, e8549. doi: 10.7717/peerj.8549 

Hessen, D. O., Faafeng, B. A., Smith, V. H., Bakkestuen, V., and Walseng, B. (2006). Extrinsic 
and intrinsic controls of zooplankton diversity in lakes. Ecology 87, 433–443. doi: 
10.1890/05-0352 

Hird, S. M. (2017). Evolutionary biology needs wild microbiomes. Front. Microbiol. 8, 725. doi: 
10.3389/fmicb.2017.00725 

Hoffbeck, C., Middleton, D. M. R. L., Nelson, N. J., and Taylor, M. W. (2023). 16S rRNA gene‐
based meta‐analysis of the reptile gut microbiota reveals environmental effects, host 
influences and a limited core microbiota. Mol. Ecol. 32, 6044–6058. doi: 10.1111/mec.17153 

Hothorn, T., Hornik, K., and Zeileis, A. (2006). Unbiased recursive partitioning: a conditional 
inference framework. J. Comput. Graph Stat. 15, 651–674. doi: 10.1198/106186006X133933 

Hutchinson, M. C., Cagua, E. F., Balbuena, J. A., Stouffer, D. B., and Poisot, T. (2017). paco: 
implementing Procrustean Approach to Cophylogeny in R. Methods Ecol. Evol. 8, 932–940. 
doi: 10.1111/2041-210X.12736 

Itescu, Y. (2019). Are island‐like systems biologically similar to islands? A review of the 
evidence. Ecography 42, 1298–1314. doi: 10.1111/ecog.03951 

Jiménez, R. R., and Sommer, S. (2017). The amphibian microbiome: natural range of variation, 
pathogenic dysbiosis, and role in conservation. Biodivers. Conserv. 26, 763–786. doi: 
10.1007/s10531-016-1272-x 

Keenan, S. W., Engel, A. S., and Elsey, R. M. (2013). The alligator gut microbiome and 
implications for archosaur symbioses. Sci. Rep. 3, 2877. doi: 10.1038/srep02877 

Kennedy-Shaffer, L. (2019). Before p< 0.05 to beyond p< 0.05: using history to contextualize p-
values and significance testing. Am. Stat. 73, 82–90. doi: 10.1080/00031305.2018.1537891 

https://doi.org/10.1002/ecs2.1677
https://doi.org/10.1186/s12898-016-0071-2
https://doi.org/10.1098/rstb.2008.0051
https://doi.org/10.1002/dvdy.72
https://doi.org/10.1111/1462-2920.12623
https://doi.org/10.3158/2158-5520-2.1.1
https://doi.org/10.1890/05-0352
https://doi.org/10.3389/fmicb.2017.00725
https://doi.org/10.1111/mec.17153
https://doi.org/10.1111/2041-210X.12736
https://doi.org/10.1111/ecog.03951
https://doi.org/10.1038/srep02877
https://doi.org/10.1080/00031305.2018.1537891


 60 

Keselman, H. J., and Rogan, J. C. (1977). The Tukey multiple comparison test: 1953-1976. 
Psychol. Bull. 84, 1050–56. 

Kim, S.-C., McGowen, M. R., Lubinsky, P., Barber, J. C., Mort, M. E., and Santos-Guerra, A. 
(2008). Timing and tempo of early and successive adaptive radiations in Macaronesia. PLoS 
One 3, e2139. doi: 10.1371/journal.pone.0002139 

Kinkel, L. L., Andrews, J. H., Berbee, F. M., and Nordheim, E. V. (1987). Leaves as islands for 
microbes. Oecologia 71, 405–408. doi: 10.1007/BF00378714 

Kirsch, M. R., Smith, S. N., Becker, D. J., Watters, J. L., Marske, K. A., Siler, C. D., and Lanier, 
H. C. 2024. Family, not phylogeny, drives microbiome differences in Oklahoma 
salamanders. Front. Microbiomes 3:1277645. doi: 10.3389/frmbi.2024.1277645 

Kissling, W. D., Blach-Overgaard, A., Zwaan, R. E., and Wagner, P. (2016). Historical 
colonization and dispersal limitation supplement climate and topography in shaping species 
richness of African lizards (Reptilia: Agaminae). Sci. Rep. 6, 34014. doi: 10.1038/srep34014 

Kohl, K. D. (2020). Ecological and evolutionary mechanisms underlying patterns of 
phylosymbiosis in host-associated microbial communities. Phil. Trans. R. Soc. B. 375, 
20190251. doi: 10.1098/rstb.2019.0251 

Kohl, K. D., Dearing, M. D., and Bordenstein, S. R. (2018a). Microbial communities exhibit host 
species distinguishability and phylosymbiosis along the length of the gastrointestinal tract. 
Mol. Ecol. 27, 1874–1883. doi: 10.1111/mec.14460 

Kohl, K. D., Varner, J., Wilkening, J. L., and Dearing, M. D. (2018b). Gut microbial 
communities of American pikas (Ochotona princeps): evidence for phylosymbiosis and 
adaptations to novel diets. J. Anim. Ecol. 87, 323–330. doi: 10.1111/1365-2656.12692 

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and Schloss, P. D. (2013). 
Development of a dual-index sequencing strategy and curation pipeline for analyzing 
amplicon sequence data on the MiSeq Illumina sequencing platform. Appl. Environ. 
Microbiol. 79, 5112–5120. doi: 10.1128/AEM.01043-13 

Kueneman, J. G., Bletz, M. C., McKenzie, V. J., Becker, C. G., Joseph, M. B., Abarca, J. G., et 
al. (2019). Community richness of amphibian skin bacteria correlates with bioclimate at the 
global scale. Nat. Ecol. Evol. 3, 381–389. doi: 10.1038/s41559-019-0798-1 

Lapoint, R. T., O’Grady, P. M., and Whiteman, N. K. (2013). Diversification and dispersal of the 
Hawaiian Drosophilidae: the evolution of Scaptomyza. Mol. Phylogenetics Evol. 69, 95–108. 
doi: 10.1016/j.ympev.2013.04.032 

Legendre, P., Desdevises, Y., and Bazin, E. (2002). A statistical test for host–parasite 
coevolution. Syst. Biol. 51, 217–234. doi: 10.1080/10635150252899734 

Leigh, B. A., Bordenstein, S. R., Brooks, A. W., Mikaelyan, A., and Bordenstein, S. R. (2018). 
Finer-scale phylosymbiosis: insights from insect viromes. mSystems 3, e00131-18. doi: 
10.1128/mSystems.00131-18 

Lepère, C., Domaizon, I., Taïb, N., Mangot, J.-F., Bronner, G., Boucher, D., et al. (2013). 
Geographic distance and ecosystem size determine the distribution of smallest protists in 
lacustrine ecosystems. FEMS Microbiol. Ecol. 85, 85–94. doi: 10.1111/1574-6941.12100 

Ley, R. E., Lozupone, C. A., Hamady, M., Knight, R., and Gordon, J. I. (2008). Worlds within 
worlds: evolution of the vertebrate gut microbiota. Nat. Rev. Microbiol. 6, 776–788. doi: 
10.1038/nrmicro1978 

Li, H., Zhou, R., Zhu, J., Huang, X., and Qu, J. (2019). Environmental filtering increases with 
elevation for the assembly of gut microbiota in wild pikas. Microb. Biotechnol. 12, 976–992. 
doi: 10.1111/1751-7915.13450 

https://doi.org/10.1371/journal.pone.0002139
https://doi.org/10.1007/BF00378714
https://doi.org/10.1038/srep34014
https://doi.org/10.1098/rstb.2019.0251
https://doi.org/10.1111/mec.14460
https://doi.org/10.1111/1365-2656.12692
https://doi.org/10.1016/j.ympev.2013.04.032
https://doi.org/10.1080/10635150252899734
https://doi.org/10.1128/mSystems.00131-18
https://doi.org/10.1111/1574-6941.12100
https://doi.org/10.1038/nrmicro1978
https://doi.org/10.1111/1751-7915.13450


 61 

Lim, S. J., and Bordenstein, S. R. (2020). An introduction to phylosymbiosis. Proc. R. Soc. B. 
287, 20192900. doi: 10.1098/rspb.2019.2900 

Linkem, C. W., Brown, R. M., Siler, C. D., Evans, B. J., Austin, C. C., Iskandar, D. T., et al. 
(2013). Stochastic faunal exchanges drive diversification in widespread Wallacean and 
Pacific island lizards (Squamata: Scincidae: Lamprolepis smaragdina ). J. Biogeogr. 40, 
507–520. doi: 10.1111/jbi.12022 

Linkem, C. W., Diesmos, A. C., and Brown, R. M. (2011). Molecular systematics of the 
Philippine forest skinks (Squamata: Scincidae: Sphenomorphus): testing morphological 
hypotheses of interspecific relationships. Zool. J. Linn. Soc. 163, 1217–1243. doi: 
10.1111/j.1096-3642.2011.00747.x 

Logue, J. B., Langenheder, S., Andersson, A. F., Bertilsson, S., Drakare, S., Lanzén, A., et al. 
(2012). Freshwater bacterioplankton richness in oligotrophic lakes depends on nutrient 
availability rather than on species–area relationships. ISME J. 6, 1127–1136. doi: 
10.1038/ismej.2011.184 

Lomolino, M. V. (2010). Four Darwinian themes on the origin, evolution and preservation of 
island life. J. Biogeogr. 37, 985–994. doi: 10.1111/j.1365-2699.2009.02247.x 

Losos, J. B. (2011). Lizards in an Evolutionary Tree: Ecology and Adaptive Radiation of Anoles. 
(Oakland, CA: University of California Press). 

Losos, J. B., and Miles, D. B. (2002). Testing the hypothesis that a clade has adaptively radiated: 
iguanid lizard clades as a case study. Am. Nat. 160, 147–157. 

Losos, J. B., and Ricklefs, R. E. (2009). Adaptation and diversification on islands. Nature 457, 
830–836. doi: 10.1038/nature07893 

Loudon, A. H., Woodhams, D. C., Parfrey, L. W., Archer, H., Knight, R., McKenzie, V., et al. 
(2014). Microbial community dynamics and effect of environmental microbial reservoirs on 
red-backed salamanders (Plethodon cinereus). ISME J. 8, 830–840. doi: 
10.1038/ismej.2013.200 

MacArthur, R. H., and Wilson, E. O. (1963). An equilibrium theory of insular zoogeography. 
Evolution 17, 373–87. 

MacArthur, R., and Wilson, E. (1967). The Theory of Island Biogeography. (Princeton, NJ: 
Princeton University Press). 

Makowski, D., Ben-Shachar, M., and Lüdecke, D. (2019). bayestestR: Describing effects and 
their uncertainty, existence and significance within the Bayesian framework. J. Open Source 
Softw. 4, 1541. doi: 10.21105/joss.01541 

Mallott, E. K., and Amato, K. R. (2021). Host specificity of the gut microbiome. Nat. Rev. 
Microbiol. 19, 639–653. doi: 10.1038/s41579-021-00562-3 

Martin, C. R., Osadchiy, V., Kalani, A., and Mayer, E. A. (2018). The brain-gut-microbiome 
axis. Cell. Mol. Gastroenterol. Hepatol. 6, 133–148. doi: 10.1016/j.jcmgh.2018.04.003 

Matthews, T. J., Triantis, K. A., Whittaker, R. J., and Guilhaumon, F. (2019). sars: an R package 
for fitting, evaluating and comparing species–area relationship models. Ecography 42, 1446–
1455. doi: 10.1111/ecog.04271 

Mazel, F., Davis, K. M., Loudon, A., Kwong, W. K., Groussin, M., and Parfrey, L. W. (2018). Is 
host filtering the main driver of phylosymbiosis across the tree of life? mSystems 3, e00097-
18. doi: 10.1128/mSystems.00097-18 

McFall-Ngai, M., Hadfield, M. G., Bosch, T. C. G., Carey, H. V., Domazet-Lošo, T., Douglas, 
A. E., et al. (2013). Animals in a bacterial world, a new imperative for the life sciences. Proc. 
Natl. Acad. Sci. U.S.A. 110, 3229–3236. doi: 10.1073/pnas.1218525110 

https://doi.org/10.1098/rspb.2019.2900
https://doi.org/10.1111/jbi.12022
https://doi.org/10.1111/j.1096-3642.2011.00747.x
https://doi.org/10.1038/ismej.2011.184
https://doi.org/10.1111/j.1365-2699.2009.02247.x
https://doi.org/10.1038/nature07893
https://doi.org/10.21105/joss.01541
https://doi.org/10.1038/s41579-021-00562-3
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1111/ecog.04271
https://doi.org/10.1128/mSystems.00097-18
https://doi.org/10.1073/pnas.1218525110


 62 

Mcguire, J. A., Huang, X., Reilly, S. B., Iskandar, D. T., Wang-Claypool, C. Y., Werning, S., et 
al. (2023). Species delimitation, phylogenomics, and biogeography of Sulawesi flying 
lizards: a diversification history complicated by ancient hybridization, cryptic species, and 
arrested speciation. Syst. Biol. 72, 885–911. doi: 10.1093/sysbio/syad020 

McLaughlin, R. W., Cochran, P. A., and Dowd, S. E. (2015). Metagenomic analysis of the gut 
microbiota of the Timber Rattlesnake, Crotalus horridus. Mol. Biol. Rep. 42, 1187–1195. 
doi: 10.1007/s11033-015-3854-1 

Meiri, S. (2017). Oceanic island biogeography: nomothetic science of the anecdotal. Front. 
Biogeogr. 9. doi: 10.21425/F59132081 

Mittelbach, G. G., and Schemske, D. W. (2015). Ecological and evolutionary perspectives on 
community assembly. Trends Ecol. Evol. 30, 241–247. doi: 10.1016/j.tree.2015.02.008 

Moeller, A. H., Sanders, J. G., Sprockett, D. D., and Landers, A. (2023). Assessing co-
diversification in host-associated microbiomes. J. Evol. Biol. 36, 1659–1668. doi: 
10.1111/jeb.14221 

Oaks, J. R., Siler, C. D., and Brown, R. M. (2019). The comparative biogeography of Philippine 
geckos challenges predictions from a paradigm of climate‐driven vicariant diversification 
across an island archipelago. Evolution 73, 1151–1167. doi: 10.1111/evo.13754 

Ochman, H., Worobey, M., Kuo, C.-H., Ndjango, J.-B. N., Peeters, M., Hahn, B. H., et al. 
(2010). Evolutionary relationships of wild hominids recapitulated by gut microbial 
communities. PLoS Biol. 8, e1000546. doi: 10.1371/journal.pbio.1000546 

Papke, R. T., Ramsing, N. B., Bateson, M. M., and Ward, D. M. (2003). Geographical isolation 
in hot spring cyanobacteria. Environ. Microbiol. 5, 650–659. doi: 10.1046/j.1462-
2920.2003.00460.x 

Paradis, E., and Schliep, K. (2019). ape 5.0: an environment for modern phylogenetics and 
evolutionary analyses in R. Bioinformatics 35, 526–528. doi: 10.1093/bioinformatics/bty633 

Peay, K. G., Bruns, T. D., Kennedy, P. G., Bergemann, S. E., and Garbelotto, M. (2007). A 
strong species–area relationship for eukaryotic soil microbes: island size matters for 
ectomycorrhizal fungi. Ecol. Lett. 10, 470–480. doi: 10.1111/j.1461-0248.2007.01035.x 

Perry, B. W., Gopalan, S. S., Pasquesi, G. I. M., Schield, D. R., Westfall, A. K., Smith, C. F., et 
al. (2022). Snake venom gene expression is coordinated by novel regulatory architecture and 
the integration of multiple co-opted vertebrate pathways. Genome Res. 32, 1058–1073. doi: 
10.1101/gr.276251.121 

Pincheira-Donoso, D., Harvey, L. P., and Ruta, M. (2015). What defines an adaptive radiation? 
Macroevolutionary diversification dynamics of an exceptionally species-rich continental 
lizard radiation. BMC Evol. Biol. 15, 153. doi: 10.1186/s12862-015-0435-9 

Pollock, F. J., McMinds, R., Smith, S., Bourne, D. G., Willis, B. L., Medina, M., et al. (2018). 
Coral-associated bacteria demonstrate phylosymbiosis and cophylogeny. Nat. Commun. 9, 
4921. doi: 10.1038/s41467-018-07275-x 

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

Posa, M. R. C., Diesmos, A. C., Sodhi, N. S., and Brooks, T. M. (2008). Hope for threatened 
tropical biodiversity: lessons from the Philippines. BioScience 58, 231–240. doi: 
10.1641/B580309 

Qin, M., Jiang, L., Qiao, G., and Chen, J. (2023). Phylosymbiosis: the eco-evolutionary pattern 
of insect–symbiont interactions. Int. J. Mol. Sci. 24, 15836. doi: 10.3390/ijms242115836 

https://doi.org/10.1093/sysbio/syad020
https://doi.org/10.1007/s11033-015-3854-1
https://doi.org/10.21425/F59132081
https://doi.org/10.1016/j.tree.2015.02.008
https://doi.org/10.1111/jeb.14221
https://doi.org/10.1111/evo.13754
https://doi.org/10.1371/journal.pbio.1000546
https://doi.org/10.1046/j.1462-2920.2003.00460.x
https://doi.org/10.1046/j.1462-2920.2003.00460.x
https://doi.org/10.1111/j.1461-0248.2007.01035.x
https://doi.org/10.1101/gr.276251.121
https://doi.org/10.1186/s12862-015-0435-9
https://doi.org/10.1038/s41467-018-07275-x
https://doi.org/10.1641/B580309
https://doi.org/10.3390/ijms242115836


 63 

Qin, Z., Wang, S., Guo, D., Zhu, J., Chen, H., Bai, L., et al. (2019). Comparative analysis of 
intestinal bacteria among venom secretion and non-secrection snakes. Sci. Rep. 9, 6335. doi: 
10.1038/s41598-019-42787-6 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The SILVA 
ribosomal RNA gene database project: improved data processing and web-based tools. 
Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219 

R Core Team (2023). R: A Language and Environment for Statistical Computing. Available at: 
https://www.R-project.org/ (Accessed October 10, 2023). 

Rebollar, E. A., and Harris, R. N. (2019). Editorial: ecology of amphibian-microbial symbioses. 
Front. Microbiol. 10:766. doi: 10.3389/fmicb.2019.00766 

Reche, I., Pulido-Villena, E., Morales-Baquero, R., and Casamayor, E. O. (2005). Does 
ecosystem size determine aquatic bacterial richness? Ecology 86, 1715–1722. doi: 
10.1890/04-1587 

Redelings, B. D., and Holder, M. T. (2017). A supertree pipeline for summarizing phylogenetic 
and taxonomic information for millions of species. PeerJ 5, e3058. doi: 10.7717/peerj.3058 

Ren, T., Kahrl, A. F., Wu, M., and Cox, R. M. (2016). Does adaptive radiation of a host lineage 
promote ecological diversity of its bacterial communities? A test using gut microbiota of 
Anolis lizards. Mol. Ecol. 25, 4793–4804. doi: 10.1111/mec.13796 

Ricklefs, R. E., Losos, J. B., and Townsend, T. M. (2007). Evolutionary diversification of clades 
of squamate reptiles. J. Evol. Biol. 20, 1751–1762. doi: 10.1111/j.1420-9101.2007.01388.x 

Rocha, S., Carretero, M. A., Vences, M., Glaw, F., and James Harris, D. (2006). Deciphering 
patterns of transoceanic dispersal: the evolutionary origin and biogeography of coastal lizards 
(Cryptoblepharus ) in the Western Indian Ocean region. J. Biogeogr. 33, 13–22. doi: 
10.1111/j.1365-2699.2005.01375.x 

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a versatile 
open source tool for metagenomics. PeerJ 4, e2584. doi: 10.7717/peerj.2584 

Rominger, A. J., Goodman, K. R., Lim, J. Y., Armstrong, E. E., Becking, L. E., Bennett, G. M., 
et al. (2016). Community assembly on isolated islands: macroecology meets evolution. Glob. 
Ecol. Biogeogr. 25, 769–780. doi: 10.1111/geb.12341 

Rosenzweig, M. L. (1995). Species diversity in space and time. (Cambridge University Press). 
Rothier, P. S., Simon, M. N., Marroig, G., Herrel, A., and Kohlsdorf, T. (2022). Development 

and function explain the modular evolution of phalanges in gecko lizards. Proc. R. Soc. B. 
289, 20212300. doi: 10.1098/rspb.2021.2300 

Sanders, J. G., Powell, S., Kronauer, D. J. C., Vasconcelos, H. L., Frederickson, M. E., and 
Pierce, N. E. (2014). Stability and phylogenetic correlation in gut microbiota: lessons from 
ants and apes. Mol. Ecol. 23, 1268–1283. doi: 10.1111/mec.12611 

Schield, D. R., Card, D. C., Hales, N. R., Perry, B. W., Pasquesi, G. M., Blackmon, H., et al. 
(2019). The origins and evolution of chromosomes, dosage compensation, and mechanisms 
underlying venom regulation in snakes. Genome Res. 29, 590–601. doi: 
10.1101/gr.240952.118 

Schubert, M., Lindgreen, S., and Orlando, L. (2016). AdapterRemoval v2: rapid adapter 
trimming, identification, and read merging. BMC Res. Notes 9, 88. doi: 10.1186/s13104-016-
1900-2 

Sehnal, L., Brammer-Robbins, E., Wormington, A. M., Blaha, L., Bisesi, J., Larkin, I., et al. 
(2021). Microbiome composition and function in aquatic vertebrates: small organisms 

https://doi.org/10.1038/s41598-019-42787-6
https://www.r-project.org/
https://doi.org/10.1890/04-1587
https://doi.org/10.7717/peerj.3058
https://doi.org/10.1111/mec.13796
https://doi.org/10.1111/j.1420-9101.2007.01388.x
https://doi.org/10.1111/j.1365-2699.2005.01375.x
https://doi.org/10.1111/geb.12341
https://doi.org/10.1098/rspb.2021.2300
https://doi.org/10.1111/mec.12611
https://doi.org/10.1101/gr.240952.118


 64 

making big impacts on aquatic animal health. Front. Microbiol. 12, 567408. doi: 
10.3389/fmicb.2021.567408 

Setiadi, M. I., McGuire, J. A., Brown, R. M., Zubairi, M., Iskandar, D. T., Andayani, N., et al. 
(2011). Adaptive radiation and ecological opportunity in Sulawesi and Philippine fanged frog 
(Limnonectes) communities. Am. Nat. 178, 221–240. doi: 10.1086/660830 

Sherrill-Mix, S., McCormick, K., Lauder, A., Bailey, A., Zimmerman, L., Li, Y., et al. (2018). 
Allometry and ecology of the bilaterian gut microbiome. mBio 9, e00319-18. doi: 
10.1128/mBio.00319-18 

Shine, R. (2005). Life-history evolution in reptiles. Annu. Rev. Ecol. Evol. Syst. 36, 23–46. doi: 
10.1146/annurev.ecolsys.36.102003.152631 

Shine, R., and Bonnet, X. (2000). Snakes: a new ‘model organism’ in ecological research? 
Trends Ecol. Evol. 15, 221–222. 

Sibuet, M., and Olu, K. (1998). Biogeography, biodiversity and fluid dependence of deep-sea 
cold-seep communities at active and passive margins. Deep-Sea Res. II: Top. Stud. 
Oceanogr. 45, 517–567. doi: 10.1016/S0967-0645(97)00074-X 

Siler, C. D., and Brown, R. M. (2011). Evidence for repeated acquisition and loss of complex 
body‐form characters in an insular clade of Southeast Asian semi‐fossorial skinks. Evolution 
65, 2641–2663. doi: 10.1111/j.1558-5646.2011.01315.x 

Siler, C. D., Diesmos, A. C., Alcala, A. C., and Brown, R. M. (2011). Phylogeny of Philippine 
slender skinks (Scincidae: Brachymeles) reveals underestimated species diversity, complex 
biogeographical relationships, and cryptic patterns of lineage diversification. Mol. 
Phylogenetics Evol. 59, 53–65. doi: 10.1016/j.ympev.2010.12.019 

Siler, C. D., Oaks, J. R., Esselstyn, J. A., Diesmos, A. C., and Brown, R. M. (2010). Phylogeny 
and biogeography of Philippine bent-toed geckos (Gekkonidae: Cyrtodactylus) contradict a 
prevailing model of Pleistocene diversification. Mol. Phylogenetics Evol. 55, 699–710. doi: 
10.1016/j.ympev.2010.01.027 

Siler, C. D., Oaks, J. R., Welton, L. J., Linkem, C. W., Swab, J. C., Diesmos, A. C., et al. (2012). 
Did geckos ride the Palawan raft to the Philippines? J. Biogeogr. 39, 1217–1234. doi: 
10.1111/j.1365-2699.2011.02680.x 

Simões, T. R., Kammerer, C. F., Caldwell, M. W., and Pierce, S. E. (2022). Successive climate 
crises in the deep past drove the early evolution and radiation of reptiles. Sci. Adv. 8, 
eabq1898. doi: 10.1126/sciadv.abq1898 

Smith, S. N., Colston, T. J., and Siler, C. D. (2021). Venomous snakes reveal ecological and 
phylogenetic factors influencing variation in gut and oral microbiomes. Front. Microbiol. 12, 
657754. doi: 10.3389/fmicb.2021.657754 

Smith, S. N., Watters, J. L., and Siler, C. D. (2023). Host ecology drives frog skin microbiome 
diversity across ecotone in South-Central North America. Front. Microbiomes 2, 1286985. 
doi: 10.3389/frmbi.2023.1286985 

Song, S. J., Sanders, J. G., Delsuc, F., Metcalf, J., Amato, K., Taylor, M. W., et al. (2020). 
Comparative analyses of vertebrate gut microbiomes reveal convergence between birds and 
bats. mBio 11, e02901-19. doi: 10.1128/mBio.02901-19 

Spiesman, B. J., Stapper, A. P., and Inouye, B. D. (2018). Patch size, isolation, and matrix effects 
on biodiversity and ecosystem functioning in a landscape microcosm. Ecosphere 9, e02173. 
doi: 10.1002/ecs2.2173 

Storey, J. D. (2002). A direct approach to false discovery rates. J. R. Stat. Soc. Ser. B Methodol. 
64, 479–498. doi: 10.1111/1467-9868.00346 

https://doi.org/10.3389/fmicb.2021.567408
https://doi.org/10.1086/660830
https://doi.org/10.1128/mBio.00319-18
https://doi.org/10.1146/annurev.ecolsys.36.102003.152631
https://doi.org/10.1016/S0967-0645(97)00074-X
https://doi.org/10.1111/j.1558-5646.2011.01315.x
https://doi.org/10.1016/j.ympev.2010.12.019
https://doi.org/10.1016/j.ympev.2010.01.027
https://doi.org/10.1111/j.1365-2699.2011.02680.x
https://doi.org/10.1126/sciadv.abq1898
https://doi.org/10.3389/fmicb.2021.657754
https://doi.org/10.3389/frmbi.2023.1286985
https://doi.org/10.1128/mBio.02901-19
https://doi.org/10.1002/ecs2.2173
https://doi.org/10.1111/1467-9868.00346


 65 

Storey, J. D. (2003). The positive false discovery rate: a Bayesian interpretation and the q-value. 
Ann. Statist. 31. doi: 10.1214/aos/1074290335 

Storey, J. D., and Tibshirani, R. (2003). Statistical significance for genomewide studies. Proc. 
Natl. Acad. Sci. U.S.A. 100, 9440–9445. doi: 10.1073/pnas.1530509100 

Sullam, K. E., Essinger, S. D., Lozupone, C. A., O’Connor, M. P., Rosen, G. L., Knight, R., et al. 
(2012). Environmental and ecological factors that shape the gut bacterial communities of 
fish: a meta‐analysis. Mol. Ecol. 21, 3363–3378. doi: 10.1111/j.1365-294X.2012.05552.x 

Tang, W., Zhu, G., Shi, Q., Yang, S., Ma, T., Mishra, S. K., et al. (2019). Characterizing the 
microbiota in gastrointestinal tract segments of Rhabdophis subminiatus: dynamic changes 
and functional predictions. MicrobiologyOpen 8, e00789. doi: 10.1002/mbo3.789 

Teittinen, A., and Soininen, J. (2015). Testing the theory of island biogeography for 
microorganisms—patterns for spring diatoms. Aquat. Microb. Ecol. 75, 239–250. doi: 
10.3354/ame01759 

Thomas, T., Moitinho-Silva, L., Lurgi, M., Björk, J. R., Easson, C., Astudillo-García, C., et al. 
(2016). Diversity, structure and convergent evolution of the global sponge microbiome. Nat. 
Commun. 7, 11870. doi: 10.1038/ncomms11870 

Tinker, K. A., and Ottesen, E. A. (2020). Phylosymbiosis across deeply diverging lineages of 
omnivorous cockroaches (order Blattodea). Appl. Environ. Microbiol. 86, e02513-19. doi: 
10.1128/AEM.02513-19 

Tonini, J. F. R., Beard, K. H., Ferreira, R. B., Jetz, W., and Pyron, R. A. (2016). Fully-sampled 
phylogenies of squamates reveal evolutionary patterns in threat status. Biol. Conserv. 204, 
23–31. doi: 10.1016/j.biocon.2016.03.039 

Townsend, T. M., Leavitt, D. H., and Reeder, T. W. (2011). Intercontinental dispersal by a 
microendemic burrowing reptile (Dibamidae). Proc. R. Soc. B. 278, 2568–2574. doi: 
10.1098/rspb.2010.2598 

Tremaroli, V., and Bäckhed, F. (2012). Functional interactions between the gut microbiota and 
host metabolism. Nature 489, 242–249. doi: 10.1038/nature11552 

Uetz, P., Freed, P., Aguilar, R., Reyes, F., Kudera, J., and Hošek, J. (2023). The Reptile 
Database. Available at: http://www.reptile-database.org (accessed February 13, 2024). 

Van Der Gast, C. J., Jefferson, B., Reid, E., Robinson, T., Bailey, M. J., Judd, S. J., et al. (2006). 
Bacterial diversity is determined by volume in membrane bioreactors. Environ. Microbiol. 8, 
1048–1055. doi: 10.1111/j.1462-2920.2006.00996.x 

Van Der Gast, C. J., Lilley, A. K., Ager, D., and Thompson, I. P. (2005). Island size and 
bacterial diversity in an archipelago of engineering machines. Environ. Microbiol. 7, 1220–
1226. doi: 10.1111/j.1462-2920.2005.00802.x 

Van Dover, C. L., German, C. R., Speer, K. G., Parson, L. M., and Vrijenhoek, R. C. (2002). 
Evolution and biogeography of deep-sea vent and seep invertebrates. Science 295, 1253–
1257. doi: 10.1126/science.1067361 

Vasconcelos, D. S., Harris, D. J., Damas-Moreira, I., Pereira, A., and Xavier, R. (2023). Factors 
shaping the gut microbiome of five species of lizards from different habitats. PeerJ 11, 
e15146. doi: 10.7717/peerj.15146 

Vences, M., Wollenberg, K. C., Vieites, D. R., and Lees, D. C. (2009). Madagascar as a model 
region of species diversification. Trends Ecol. Evol. 24, 456–465. doi: 
10.1016/j.tree.2009.03.011 

Vitt, L. J., and Caldwell, J. P. (2013). Herpetology: An Introductory Biology of Amphibians and 
Reptiles, 4th Edn. (Cambridge, MA: Academic Press). 

https://doi.org/10.1214/aos/1074290335
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1111/j.1365-294X.2012.05552.x
https://doi.org/10.1002/mbo3.789
https://doi.org/10.3354/ame01759
https://doi.org/10.1038/ncomms11870
https://doi.org/10.1128/AEM.02513-19
https://doi.org/10.1016/j.biocon.2016.03.039
https://doi.org/10.1098/rspb.2010.2598
https://doi.org/10.1038/nature11552
http://www.reptile-database.org/
https://doi.org/10.1111/j.1462-2920.2006.00996.x
https://doi.org/10.1111/j.1462-2920.2005.00802.x
https://doi.org/10.1126/science.1067361
https://doi.org/10.7717/peerj.15146
https://doi.org/10.1016/j.tree.2009.03.011


 66 

Vitt, L. J., Pianka, E. R., Cooper, Jr., W. E., and Schwenk, K. (2003). History and the global 
ecology of squamate reptiles. Am. Nat. 162, 44–60. doi: 10.1086/375172 

Wang, A. W. (2021). ‘Natural laboratories’ in perspective: a review of literature on theories of 
island biogeography. Routes 2, 15–22. 

Warren, B. H., Simberloff, D., Ricklefs, R. E., Aguilée, R., Condamine, F. L., Gravel, D., et al. 
(2015). Islands as model systems in ecology and evolution: prospects fifty years after 
MacArthur‐Wilson. Ecol. Lett. 18, 200–217. doi: 10.1111/ele.12398 

Warshall, P. (1995). “The Madrean sky island archipelago: a planetary overview.,” in 
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). 

Welton, L. J., Wood, P. L., Oaks, J. R., Siler, C. D., and Brown, R. M. (2014). Fossil-calibrated 
phylogeny and historical biogeography of Southeast Asian water monitors (Varanus salvator 
Complex). Mol. Phylogenetics Evol. 74, 29–37. doi: 10.1016/j.ympev.2014.01.016 

Whitaker, R. J., Grogan, D. W., and Taylor, J. W. (2003). Geographic barriers isolate endemic 
populations of hyperthermophilic archaea. Science 301, 976–978. doi: 
10.1126/science.1086909 

White, W. B., and Culver, D. C. (2012). Encyclopedia of caves. (Cambridge, MA: Academic 
Press). 

Whittaker, R. J., Triantis, K. A., and Ladle, R. J. (2008). A general dynamic theory of oceanic 
island biogeography. J. Biogeogr. 35, 977–994. doi: 10.1111/j.1365-2699.2008.01892.x 

Wickham, H. (2007). Reshaping data with the reshape Package. J. Stat. Soft. 21. doi: 
10.18637/jss.v021.i12 

Yeoh, Y. K., Dennis, P. G., Paungfoo-Lonhienne, C., Weber, L., Brackin, R., Ragan, M. A., et 
al. (2017). Evolutionary conservation of a core root microbiome across plant phyla along a 
tropical soil chronosequence. Nat. Commun. 8, 215. doi: 10.1038/s41467-017-00262-8 

Youngblut, N. D., Reischer, G. H., Walters, W., Schuster, N., Walzer, C., Stalder, G., et al. 
(2019). Host diet and evolutionary history explain different aspects of gut microbiome 
diversity among vertebrate clades. Nat. Commun. 10, 2200. doi: 10.1038/s41467-019-10191-
3 

Yu, G., Smith, D. K., Zhu, H., Guan, Y., and Lam, T. T. (2017). ggtree: an R package for 
visualization and annotation of phylogenetic trees with their covariates and other associated 
data. Methods Ecol. Evol. 8, 28–36. doi: 10.1111/2041-210X.12628 

Zhang, B., Ren, J., Yang, D., Liu, S., and Gong, X. (2019). Comparative analysis and 
characterization of the gut microbiota of four farmed snakes from southern China. PeerJ 7, 
e6658. doi: 10.7717/peerj.6658 

Zhu, Q., Mai, U., Pfeiffer, W., Janssen, S., Asnicar, F., Sanders, J. G., et al. (2019). 
Phylogenomics of 10,575 genomes reveals evolutionary proximity between domains Bacteria 
and Archaea. Nat. Commun. 10, 5477. doi: 10.1038/s41467-019-13443-4 

 

https://doi.org/10.1086/375172
https://doi.org/10.1111/ele.12398
https://doi.org/10.1016/j.ympev.2014.01.016
https://doi.org/10.1126/science.1086909
https://doi.org/10.1111/j.1365-2699.2008.01892.x
https://doi.org/10.18637/jss.v021.i12
https://doi.org/10.1038/s41467-017-00262-8
https://doi.org/10.1038/s41467-019-10191-3
https://doi.org/10.1038/s41467-019-10191-3
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.7717/peerj.6658
https://doi.org/10.1038/s41467-019-13443-4


 67 

Appendix A 

Supplementary Material for Venomous snakes reveal ecological and 
phylogenetic factors influencing variation in gut and oral 
microbiomes 

 

Supplementary Figures 

 
Figure S1 | Alpha diversity rarefaction curves based on Shannon diversity. Each curve is 
representative of a single swab. Based on these curves, we decided to rarefy all samples to a 
sequencing depth of 500 sequences. 
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Figure S2 | Beta diversity analysis based on the Bray-Curtis dissimilarity matrix. (A) PCoA of 
all samples with the different body sites represented as triangles = mouth samples and circle = 
gut samples, and point color representing the different host species: red = Boiga dendrophila, 
blue = Laticauda laticaudata, and purple = Trimeresurus flavomaculatus. (B) Boxplots 
generated by the PERMANOVA comparing the mouth and gut samples from each host species. 

Supplementary Tables 

Host Species Habitat 
Type 

Venom 
Toxin 

Mouth 
sample no. 

(pre-
rarefaction) 

Mouth 
sample no. 

(post-
rarefaction) 

Gut sample 
no. (pre-

rarefaction) 

Gut sample 
no. (post-

rarefaction) 

Boiga 
dendrophila 

Semi-
Arboreal Denmotoxin 8 3 8 4 

Laticauda 
laticaudata Marine Neurotoxin 7 7 7 6 

Trimeresurus 
flavomaculatus Arboreal Hemotoxin 7 7 7 7 

Total   22 17 22 17 

Table S1 | Sample sizes for the total number of mouth and gut samples before and after 
rarefaction to exclude samples with low sequence number (i.e. <500 reads per sample). 
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Host Species Acidobacteria Actinobacteria Bacteroidetes Firmicutes Proteobacteria 
Boiga 
dendrophila 6.33% 20.65% 3.98% 9.68% 50.26% 

Laticauda 
laticaudata 1.61% 9.76% 19.90% 11.54% 38.94% 

Trimeresurus 
flavomaculatus 1.52% 3.45% 8.13% 2.93% 82.28% 

Table S2 | Relative abundances of the five dominant (relative abundance > 1%) microbial phyla 
present in all mouth samples from the three host species. 

 

Beta 
diversity 
analysis 

Host ecology 
(gut samples) 

Species 
(mouth 
samples) 

Body site 
(marine 
samples) 

Body site 
(arboreal 
samples) 

Body site 
(semi-
arboreal 
samples) 

Unweighted-
Unifrac 

Semi-Arboreal 
vs. Marine: 
pseudo-F = 
3.68; p-value = 
0.004 

B. dendrophila 
vs. L. 
laticaudata: 
pseudo-F = 
1.33; p-value = 
0.131 

Mouth vs. Gut: 
pseudo-F = 
3.39; p-value = 
0.002 

Mouth vs. Gut: 
pseudo-F = 
1.39; p-value = 
0.111 

Mouth vs. 
Gut: pseudo-
F = 2.89; p-
value = 0.032 

Semi-Arboreal 
vs. Arboreal: 
pseudo-F = 
2.09; p-value = 
0.004 

B. dendrophila 
vs. T. 
flavomaculatus: 
pseudo-F = 
1.76; p-value = 
0.062 

Marine vs. 
Arboreal: 
pseudo-F = 
3.08; p-value = 
0.001 

L. laticaudata 
vs. T. 
flavomaculatus: 
pseudo-F = 
2.13; p-value = 
0.011 

Weighted-
Unifrac 

Semi-Arboreal 
vs. Marine: 
pseudo-F = 
3.83; p-value = 
0.039 

B. dendrophila 
vs. L. 
laticaudata: 
pseudo-F = 
2.47; p-value = 
0.048 Mouth vs. Gut: 

pseudo-F = 
4.41; p-value = 
0.01 

Mouth vs. Gut: 
pseudo-F = 
0.694; p-value 
= 0.765 

Mouth vs. 
Gut: pseudo-
F = 3.27; p-
value = 0.122 

Semi-Arboreal 
vs. Arboreal: 
pseudo-F = 
1.11; p-value = 
0.352 

B. dendrophila 
vs. T. 
flavomaculatus: 
pseudo-F = 
3.92; p-value = 
0.028 

Marine vs. 
Arboreal: 
pseudo-F = 

L. laticaudata 
vs. T. 
flavomaculatus: 
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6.14; p-value = 
0.003 

pseudo-F = 
6.60; p-value = 
0.002 

Bray-Curtis 

Semi-Arboreal 
vs. Marine: 
pseudo-F = 
5.40; p-value = 
0.003 

B. dendrophila 
vs. L. 
laticaudata: 
pseudo-F = 
2.18; p-value = 
0.02 

Mouth vs. Gut: 
pseudo-F = 
3.67; p-value = 
0.001 

Mouth vs. Gut: 
pseudo-F = 
0.857; p-value 
= 1.0 

Mouth vs. 
Gut: pseudo-
F = 2.35; p-
value = 0.169 

Semi-Arboreal 
vs. Arboreal: 
pseudo-F = 
1.16; p-value = 
0.295 

B. dendrophila 
vs. T. 
flavomaculatus: 
pseudo-F = 
1.78; p-value = 
0.034 

Marine vs. 
Arboreal: 
pseudo-F = 
4.88; p-value = 
0.001 

L. laticaudata 
vs. T. 
flavomaculatus: 
pseudo-F = 
3.71; p-value = 
0.003 

Table S3 | Beta diversity results for each analysis (Unweighted-Unifrac, Weighted-Unifrac, and 
Bray-Curtis). Bold values indicate significant differences. 
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Appendix B 

Supplementary Material for Host ecology drives frog skin 
microbiome diversity across ecotone in South-Central North 
America 

Supplementary Data: Detailed Unweighted- and Weighted-Unifrac beta 
diversity results  

Unweighted- and Weighted-Unifrac distance matrices were used to analyze beta diversity among 
skin microbiome samples. The Unweighted-Unifrac analysis indicated that the skin microbiomes 
of A. blanchardi were significantly different from both Rana species (R. catesbeiana: pseudo-F = 
2.81; q-value = 0.003; R. sphenocephala: pseudo-F = 2.27; q-value = 0.006; Appendix B, Figure 
S7) but were not significantly different from either Hyla species (H. chrysoscelis/versicolor: 
pseudo-F = 1.34; q-value = 0.094; H. cinerea: pseudo-F = 1.39; q-value = 0.105). Additionally, 
the skin microbial communities of H. chrysoscelis/versicolor were significantly different from H. 
cinerea (pseudo-F = 2.00; q-value = 0.014), R. catesbeiana (pseudo-F = 3.81; q-value = 0.003), 
and R. sphenocephala (pseudo-F = 2.40; q-value = 0.006). Also, results from this analysis 
indicated that H. cinerea had significantly different skin microbial diversity when compared to 
both Rana species (R. catesbeiana: pseudo-F = 5.10; q-value = 0.003; R. sphenocephala: pseudo-
F = 4.30; q-value = 0.003) and both Rana species differed from one another (R. catesbeiana vs. 
R. sphenocephala: pseudo-F = 2.00; q-value = 0.006). Based on the species-to-species 
comparisons, it is not surprising that skin microbiomes differed by host family (Hylidae vs. 
Ranidae: pseudo-F = 5.94; p-value = 0.001). When we grouped the data into ecoregions, we 
found that samples from each ecoregion were significantly different from one another (Arkansas 
Valley vs. Central Great Plains: pseudo-F = 2.28; q-value = 0.002, Crosstimbers: pseudo-F = 
4.69; q-value = 0.002, and South Central Plains: pseudo-F = 3.67; q-value = 0.002; Central Great 
Plains vs. Crosstimbers: pseudo-F = 4.49; q-value = 0.002 and South Central Plains: pseudo-F = 
2.08; q-value = 0.004; Crosstimbers vs. South Central Plains: pseudo-F = 8.45; q-value = 0.002). 
More specifically, within each host species, except H. chrysoscelis/versicolor (Arkansas Valley 
vs. Crosstimbers: pseudo-F = 1.56; p-value = 0.057), significant differences were found among 
skin microbiome samples collected from the same species located in different ecoregions (A. 
blanchardi: Arkansas Valley vs. Crosstimbers: pseudo-F = 3.87; p-value = 0.001; H. cinerea: 
Arkansas Valley vs. Crosstimbers: pseudo-F = 3.09; p-value = 0.003; R. catesbeiana: Central 
Great Plains vs. South Central Plains: pseudo-F = 2.30; p-value = 0.002; R. sphenocephala: 
Central Great Plains vs. South Central Plains: pseudo-F = 1.34; p-value = 0.048; Appendix B, 
Figure S7). Lastly, when we grouped samples based on the ecology of the hosts, we found 
significant differences between each habitat type: aquatic vs. arboreal (pseudo-F = 5.34; q-value 
= 0.002), aquatic vs. semi-aquatic (pseudo-F = 2.45; q-value = 0.002), and arboreal vs. semi-
aquatic (pseudo-F = 2.33; q-value = 0.003; Appendix B, Figure S7). 

Weighted-Unifrac analysis of the skin microbiome samples found significant differences 
among all host species we compared with the exception of A. blanchardi vs. H. cinerea (pseudo-
F = 1.75; q- value = 0.111). Additionally, significant differences were found among samples 
from each host family (Hylidae vs. Ranidae: pseudo-F = 8.96; p-value = 0.001). Skin 
microbiomes differed among all species found at distinct ecoregions (Arkansas Valley vs. 
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Central Great Plains: pseudo-F = 9.83; q-value = 0.002, Crosstimbers: pseudo-F = 9.74; q-value 
= 0.002, and South Central Plains: pseudo-F = 4.52; q-value = 0.002; Central Great Plains vs. 
Crosstimbers: pseudo-F = 7.59; q-value = 0.002 and South Central Plains: pseudo-F = 2.89; q-
value = 0.009; Crosstimbers vs. South Central Plains: pseudo-F = 8.12; q-value = 0.002). With 
the exception of R. sphenocephala (Central Great Plains vs. South Central Plains: pseudo-F = 
1.98; p-value = 0.094), the skin microbial communities of each host species differed between 
ecoregions (A. blanchardi: Arkansas Valley vs. Crosstimbers: pseudo-F = 3.14; p-value = 0.011; 
H. chrysoscelis/versicolor: Arkansas Valley vs. Crosstimbers: pseudo-F = 5.79; p-value = 0.001; 
H. cinerea: Arkansas Valley vs. Crosstimbers: pseudo-F = 4.92; p-value = 0.001; R. catesbeiana: 
Central Great Plains vs. South Central Plains: pseudo-F = 2.29; p-value = 0.038; Figure 2.3). 
Additionally, skin microbiomes differed based on host ecology (aquatic vs. arboreal: pseudo-F = 
8.49; q-value = 0.003; aquatic vs. semi-aquatic: pseudo-F = 2.64; q-value = 0.019; arboreal vs. 
semi-aquatic: pseudo-F = 4.79; q-value = 0.003; Figure 2.3). 

Supplementary Figures 

 

Figure S1 | Alpha diversity rarefaction curves based on Shannon Diversity and Number of 
OTUs. Each curve is representative of a single swab. Based on these curves, we decided to rarefy 
all samples to a sequencing depth of 1,000 sequences.
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Figure S2 | Compositional comparison of two positive control samples (Zymo Research 
Products, Irvine, CA, USA): the ZymoBIOMICS microbial community DNA standard (Cat. No. 
D6305, Zymo Research Products) and the ZymoBIOMICS microbial community standard (Cat. 
No. D6300, Zymo Research Products) alongside the expected composition of both standards. 
The microbial community standard was extracted alongside the focal skin microbiome samples 
whereas the microbial DNA standard contained pre-extracted DNA that was amplified and 
sequenced with the other focal samples. The compositions of both standards were compared to 
assess any bias or error in our extraction and amplification methods. We found that there were 
little compositional differences between the two standards; however, two microbial species that 
comprised a small portion of the expected composition, Cryptococcus neoformans and 
Saccharomyces cerevisiae were missing from the two positive control samples. This could 
indicate that our methodologies may have been less sensitive to certain microbial taxa that 
comprised a small percentage of the overall microbiome composition within our samples.
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Figure S3 | Alpha diversity (Faith’s Phylogenetic Diversity, Top; Shannon Diversity, Middle; 
Observed OTUs, Bottom) comparisons of microbial OTUs by host species. The host species are 
represented by distinct colors as indicated in the figure legend. Figure was created with 
BioRender.com. 
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Figure S4 | Results of the Classification and Regression Tree analysis indicated that host 
ecology explained all of the variance in Shannon Diversity among our focal samples. Both 
aquatic and semi-aquatic frogs had significantly higher diversity than the arboreal species.  

 

Figure S5 | Classification and Regression Tree analysis revealed that ecoregion explained most 
of the variance found in the number of Operational Taxonomic Units (i.e., Observed OTUs) 
within our focal samples. Samples from the Crosstimbers ecoregion had significantly less OTUs 
when compared to samples from the other three ecoregions. Additionally, among frogs from the 
Arkansas Valley, Central Great Plains, and South Central Plains ecoregions, ecology explained 
the remaining variance in the number of OTUs, with semi-aquatic frogs having significantly 
more OTUs when compared to aquatic and arboreal frogs. 
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Figure S6 | Results of the Classification and Regression Tree analysis show that ecoregion was 
the only variable that explained the variance in Faith’s Phylogenetic Diversity (PD) among our 
skin microbiome samples. Samples collected from the Crosstimbers ecoregion were less diverse 
when compared to the other three ecoregions. Similarly, Arkansas Valley samples had less 
diversity than those from Central Great Plains and South Central Plains ecoregions. 
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Figure S7 | Beta diversity comparisons based on Unweighted-Unifrac distances. (A) Principal 
Coordinates Analysis (PCoA) of all samples with point color indicating the host species: orange 
= Acris blanchardi, green = Hyla chrysoscelis/versicolor, red = Hyla cinerea, blue = Rana 
catesbeiana, purple = Rana sphenocephala, and shapes representing the different host ecological 
preferences: triangle = arboreal, circle = aquatic, and square = semi-aquatic. (B) PCoAs of each 
host family separately with Hylidae samples on top and Ranidae samples on the bottom. Color 
indicates the ecoregion where sampling occurred: dark gray = Arkansas Valley and Central Great 
Plains, yellow = Crosstimbers and South Central Plains. 

Supplementary Tables
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Table S1 | Metadata for 179 skin microbiome samples that were collected, extracted, and 
sequenced. Each horizontal row represents an individual sample.
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Host Species Ecology Ecoregions Host Family 

Skin 
Sample No. 
(pre-
rarefaction) 

Skin 
Sample No. 
(post-
rarefaction) 

Acris blanchardi Semi-
Aquatic 

Arkansas 
Valley; 
Crosstimbers 

Hylidae 38 17 

Hyla 
chrysoscelis/versicolor Arboreal 

Arkansas 
Valley; 
Crosstimbers 

Hylidae 37 27 

Hyla cinerea Arboreal 
Arkansas 
Valley; 
Crosstimbers 

Hylidae 37 24 

Rana catesbeiana Aquatic 
Central Great 
Plains; South 
Central Plains 

Ranidae 42 30 

Rana sphenocephala Semi-
Aquatic 

Central Great 
Plains; South 
Central Plains 

Ranidae 25 15 

Total    179 113 

Table S2 | Sample sizes for the number of skin microbiome samples before and after rarefaction 
to exclude samples with low sequence number.  
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Appendix C 

Supplementary Material for Bending the rules of island biogeography: 
Microbiome diversity decreases with increased island size among insular 
reptilian hosts in the Philippines 

 

SUPPLEMENTARY DATA 

Detailed microbiome composition results 
Among most of our focal gut microbiome samples (N = 212), Proteobacteria emerged as the 
most abundant phyla (56.83%). Three other dominant (relative abundance ≥ 1%) phyla were 
found among the majority of samples: Actinobacteriota (4.68%; N = 136), Bacteroidota 
(16.54%; N = 184), and Firmicutes (21.41%; N = 179). Viperidae gut microbiome samples were 
dominated by Proteobacteria (84%), but also contained Bacteroidota (11%), Firmicutes (4%), 
and Actinobacteriota (2%) in lower abundances. Similarly, Colubridae samples had high relative 
abundances of Proteobacteria (72%), and Firmicutes (10%), Bacteroidota (9%), Actinobacteriota 
(4%), and Verrucomicrobiota (1%) made up smaller portions of the overall composition. Most 
samples from the family Homalopsidae contained only Proteobacteria (61%), Bacteroidota 
(19%), and Firmicutes (17%), whereas six microbial phyla, Actinobacteriota (3%), Bacteroidota 
(17%), Campilobacterota (29%), Firmicutes (19%), Fusobacteriota (3%), and Proteobacteria 
(44%) dominated the gut microbiomes of most lizards in the family Agamidae. Samples from the 
Dibamidae family had the lowest percentage of Proteobacteria (4%), and were instead dominated 
by Firmicutes (54%), Bacteroidota (36%), Desulfobacterota (8%), and also contained 
Verrucomicrobiota (2%) and Cyanobacteria (1%). Campilobacterota were the most abundant 
phylum among Elapidae samples (63%) which also contained Proteobacteria (23%), 
Bacteroidota (21%), Verrucomicrobiota (13%), Firmicutes (8%), Fusobacteriota (2%), and 
Actinobacteriota (1%). Two samples from the turtle family Geoemydidae and the lizard family 
Gekkonidae had high abundances of Campilobacterota (Geoemydidae: 33% and 73%; 
Gekkonidae: 44% and 58%), but most Geoemydidae samples were dominated by Proteobacteria 
(45%), Firmicutes (23%), Bacteroidota (13%), Actinobacteriota (3%), and Bdellovibrionota 
(2%) while Gekkonidae samples comprised Proteobacteria (49%), Firmicutes (24%), 
Bacteroidota (16%), Actinobacteriota (4%), Cyanobacteria (1%), and Desulfobacterota (1%). 
Similar to compositions of Geoemydidae and Gekkonidae samples, Typhlopidae snakes 
possessed low relative abundances of Bdellovibrionota (2%) and Desulfobacterota (1%), 
respectively, but they also contained Proteobacteria (55%), Bacteroidota (30%), Firmicutes 
(10%), and Actinobacteriota (3%). Although the average relative abundance was low (1%), 
Acidobacteriota was found among Scincidae samples only which also contained six other phyla: 
Proteobacteria (48%), Firmicutes (26%), Bacteroidota (17%), Actinobacteriota (3%), 
Verrucomicrobiota (2%), and Desulfobacterota (1%). 

Composition results for the four focal islands 
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Desulfobacterota was detected among Calayan and Camiguin Norte samples, and 
Verrucomicrobiota was present within the gut microbiomes of individuals from Calayan and 
Negros islands. Desulfobacterota and Verrucomicrobiota have been identified as dominant 
members of some snake species (Tang et al., 2019; Smith et al., 2021; Hoffbeck et al., 2023); 
therefore, it is not surprising that these phyla were detected within our focal samples. Further, 
Bdellovibrionota, Cyanobacteria, and Patescibacteria were found within samples from Negros 
Island only (Appendix C, Figure S3). Patescibacteria has been identified as a dominant member 
of the Laticauda laticaudata oral microbiome, but no other studies to date have reported 
Patescibacteria within reptilian gut microbiome samples, but members of this large microbial 
radiation are found in various aquatic environments such as groundwater (Brown et al., 2015) 
and seawater (Takebe et al., 2020), and activated sludge collected from wastewater tanks (Fujii 
et al., 2022). Similarly, Bdellovibrionota has not yet been reported as a dominant member of the 
reptilian gut microbiome, but members of the phylum are found commonly within the 
environment (i.e., soil, freshwater, ocean). In contrast, other reptilian gut microbiome studies 
have detected Cyanobacteria in low relative abundances (Hong et al., 2011; Tang et al., 2019; 
Zhang et al., 2019). Only one phylum was unique to samples from Luzon Island (Spirochaetota; 
Appendix C, Figure S3), and members of this phylum have been found within the gut 
microbiomes of other reptile species (Hong et al., 2011; Keenan et al., 2013; Arizza et al., 2019; 
Zhang et al., 2019). 
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Supplementary Figures 

Figure S1 | Rarefaction curves based on Shannon Diversity and Observed OTUs alpha diversity 
metrics. Each curve is representative of a single swab. Based on these curves, we rarefied all 
samples to a sequencing depth of 1,000 sequences. 
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Figure S2 | (A) Shannon Diversity and (B) Observed OTUs comparisons between different host 
microhabitat groups. The different groups are distinguished based on color with burrowing = 
orange, freshwater = teal, ground-dwelling = red, lower-level arboreal = dark green, marine = 
dark blue, saxicolous (rock-dwelling) = purple, and upper-level arboreal = yellow. (A) Shannon 
diversity was significantly higher among burrowing reptiles when compared to all other groups 
with the exception of ground-dwelling and saxicolous species. Similarly, ground-dwelling 
reptiles possessed significantly more diverse microbiomes than individuals from all other 
microhabitat groups except burrowing and saxicolous species. Microbiomes of marine species 
were also significantly less diverse than saxicolous and upper-level arboreal individuals. (B) 
Burrowing and ground-dwelling reptiles possessed significantly more OTUs when compared to 
freshwater and marine species. The microbiomes of marine species were also significantly less 
diverse than individuals from both arboreal groups (lower and upper) and the saxicolous group.
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Figure S3 | Alpha diversity comparisons between the four host ecology groups using (A) 
Shannon Diversity and (B) Faith’s Phylogenetic Diversity (PD). Different host ecologies are 
distinguished by color with aquatic = blue, arboreal = green, burrowing = orange, and ground-
dwelling = red. Shannon diversity was significantly lower when comparing the microbiomes of 
aquatic reptiles to all other ecological groups. Arboreal species also possessed significantly 
lower gut microbiome diversity when compared to burrowing and ground-dwelling reptiles, but 
ground-dwelling and burrowing species did not differ from one another. Similar results were 
found using Faith’s PD, but there was not a significant difference when comparing the 
microbiomes of aquatic and arboreal reptiles. 
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Figure S4 | Relative abundances of the dominant microbial phyla present within our focal gut 
microbiome samples. Each vertical bar represents a single reptile individual, and samples are 
grouped based on the geographic locations of the hosts: (A) Camiguin Norte, (B) Calayan, (C) 
Negros, and (D) Luzon. 
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Figure S5 | Tanglegram showing the correspondence between the phylogeny of our focal 
microbial phyla and the reptile host phylogeny. We did not find evidence of cophylogeny 
between our focal hosts and their associated microbiota, as indicated by the numerous crossing 
lines linking both trees. 

Supplementary Tables
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Table S1 | Metadata for 299 gut microbiome samples that were extracted, amplified, and 
sequenced. 



 141 

Table S2 | Unweighted- and Weighted-Unifrac beta diversity comparisons between all host 
microhabitat and host ecology groups. Bold values represent significant differences.

 
Unweighted-Unifrac Weighted-Unifrac 

Host 
Microhabitat 

Burrowing vs. Freshwater: pseudo-F = 1.031, q-
value = 0.326 

Burrowing vs. Freshwater: pseudo-F = 1.159, q-value 
= 0.350 

Burrowing vs. Ground: pseudo-F = 1.609, q-
value = 0.039 

Burrowing vs. Ground: pseudo-F = 0.881, q-value = 
0.466 

Burrowing vs. Lower Level Arboreal: pseudo-F 
= 3.022, q-value = 0.002 

Burrowing vs. Lower Level Arboreal: pseudo-F = 
7.319, q-value = 0.004 

Burrowing vs. Marine: pseudo-F = 3.263, q-
value = 0.002 

Burrowing vs. Marine: pseudo-F = 4.749, q-value 
= 0.008 

Burrowing vs. Saxicolous: pseudo-F = 1.586, q-
value = 0.059 

Burrowing vs. Saxicolous: pseudo-F = 1.046, q-value 
= 0.385 

Burrowing vs. Upper Level Arboreal: pseudo-F 
= 3.267, q-value = 0.002 

Burrowing vs. Upper Level Arboreal: pseudo-F = 
4.133, q-value = 0.012 

Freshwater vs. Ground: pseudo-F = 1.274, q-value 
= 0.105 

Freshwater vs. Ground: pseudo-F = 1.193, q-value = 
0.348 

Freshwater vs. Lower Level Arboreal: pseudo-F = 
1.326, q-value = 0.124 

Freshwater vs. Lower Level Arboreal: pseudo-F = 
1.791, q-value = 0.141 

Freshwater vs. Marine: pseudo-F = 2.210, q-
value = 0.008 

Freshwater vs. Marine: pseudo-F = 2.123, q-value = 
0.110 

Freshwater vs. Saxicolous: pseudo-F = 1.125, q-
value = 0.250 

Freshwater vs. Saxicolous: pseudo-F = 1.238, q-value 
= 0.330 

Freshwater vs. Upper Level Arboreal: pseudo-F = 
1.183, q-value = 0.187 

Freshwater vs. Upper Level Arboreal: pseudo-F = 
0.633, q-value = 0.721 

Ground vs. Lower Level Arboreal: pseudo-F = 
2.561, q-value = 0.002 

Ground vs. Lower Level Arboreal: pseudo-F = 
6.468, q-value = 0.004 

Ground vs. Marine: pseudo-F = 3.588, q-value = 
0.002 

Ground vs. Marine: pseudo-F = 6.125, q-value = 
0.006 

Ground vs. Saxicolous: pseudo-F = 1.320, q-value 
= 0.121 

Ground vs. Saxicolous: pseudo-F = 0.882, q-value = 
0.466 

Ground vs. Upper Level Arboreal: pseudo-F = 
2.640, q-value = 0.002 

Ground vs. Upper Level Arboreal: pseudo-F = 
3.072, q-value = 0.050 

Lower Level Arboreal vs. Marine: pseudo-F = 
2.371, q-value = 0.002 

Lower Level Arboreal vs. Marine: pseudo-F = 
7.945, q-value = 0.004 

Lower Level Arboreal vs. Saxicolous: pseudo-F 
= 1.738, q-value = 0.038 

Lower Level Arboreal vs. Saxicolous: pseudo-F = 
5.952, q-value = 0.004 

Lower Level Arboreal vs. Upper Level Arboreal: 
pseudo-F = 1.384, q-value = 0.076 

Lower Level Arboreal vs. Upper Level Arboreal: 
pseudo-F = 2.029, q-value = 0.110 

Marine vs. Saxicolous: pseudo-F = 2.701, q-
value = 0.002 

Marine vs. Saxicolous: pseudo-F = 4.170, q-value = 
0.004 

Marine vs. Upper Level Arboreal: pseudo-F = 
2.919, q-value = 0.002 

Marine vs. Upper Level Arboreal: pseudo-F = 
5.488, q-value = 0.004 

Saxicolous vs. Upper Level Arboreal: pseudo-F = 
1.554, q-value = 0.059 

Saxicolous vs. Upper Level Arboreal: pseudo-F = 
2.850, q-value = 0.038 

Host Ecology 

Aquatic vs. Arboreal: pseudo-F = 1.835, q-value 
= 0.018 

Aquatic vs. Arboreal: pseudo-F = 3.765, q-value = 
0.008 

Aquatic vs. Burrowing: pseudo-F = 2.084, q-
value = 0.009 

Aquatic vs. Burrowing: pseudo-F = 3.188, q-value 
= 0.014 

Aquatic vs. Ground: pseudo-F = 2.464, q-value 
= 0.002 

Aquatic vs. Ground: pseudo-F = 3.923, q-value = 
0.006 

Arboreal vs. Burrowing: pseudo-F = 3.205, q-
value = 0.002 

Arboreal vs. Burrowing: pseudo-F = 4.402, q-
value = 0.006 

Arboreal vs. Ground: pseudo-F = 2.507, q-value 
= 0.002 

Arboreal vs. Ground: pseudo-F = 3.039, q-value = 
0.028 

Burrowing vs. Ground: pseudo-F = 1.609, q-
value = 0.019 

Burrowing vs. Ground: pseudo-F = 0.881, q-value = 
0.388 
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    Observed OTUs Shannon Diversity Faith's Phylogenetic Diversity 

Site 

Intra-
Island 

Albay vs. Labo: H = 5.194, q-
value = 0.0830 

Albay vs. Labo: H = 4.093, q-
value = 0.172 

Albay vs. Labo: H = 4.811, q-
value = 0.144 

Albay vs. Quezon: H = 4.221, 
q-value = 0.0830 

Albay vs. Quezon: H = 2.700, 
q-value = 0.255 

Albay vs. Quezon: H = 4.033, 
q-value = 0.166 

Albay vs. Tabaco: H = 3.202, q-
value = 0.129 

Albay vs. Tabaco: H = 3.857, q-
value = 0.174 

Albay vs. Tabaco: H = 3.857, q-
value = 0.166 

Hinoba-an vs. Valencia: H = 
2.873, q-value = 0.140 

Hinoba-an vs. Valencia: H = 
0.210, q-value = 0.755 

Hinoba-an vs. Valencia: H = 
0.839, q-value = 0.559 

Labo vs. Quezon: H = 0.315, q-
value = 0.670 

Labo vs. Quezon: H = 0.073, q-
value = 0.816 

Labo vs. Quezon: H = 0.0002, 
q-value = 0.990 

Labo vs. Tabaco: H = 0.188, q-
value = 0.744 

Labo vs. Tabaco: H = 0.143, q-
value = 0.780 

Labo vs. Tabaco: H = 0.052, q-
value = 0.957 

Quezon vs. Tabaco: H = 0.011, 
q-value = 0.987 

Quezon vs. Tabaco: H = 0.220, 
q-value = 0.755 

Quezon vs. Tabaco: H = 
0.0007, q-value = 0.990 

Inter-
Island 

Albay vs. Calayan: H = 2.552, 
q-value = 0.162 

Albay vs. Calayan: H = 3.020, 
q-value = 0.230 

Albay vs. Calayan: H = 7.596, 
q-value = 0.144 

Albay vs. Camiguin Norte: H = 
1.108, q-value = 0.371 

Albay vs. Camiguin Norte: H = 
3.133, q-value = 0.230 

Albay vs. Camiguin Norte: H = 
6.428, q-value = 0.144 

Albay vs. Hinoba-an: H = 0, q-
value = 1 

Albay vs. Hinoba-an: H = 0, q-
value = 1 

Albay vs. Hinoba-an: H = 3, q-
value = 0.194 

Albay vs. Valencia: H = 1.781, 
q-value = 0.255 

Albay vs. Valencia: H = 1.496, 
q-value = 0.387 

Albay vs. Valencia: H = 5.626, 
q-value = 0.144 

Calayan vs. Camiguin Norte: H 
= 1.562, q-value = 0.282 

Calayan vs. Camiguin Norte: H 
= 0.124, q-value = 0.780 

Calayan vs. Camiguin Norte: H 
= 0.227, q-value = 0.824 

Calayan vs. Hinoba-an: H = 
4.156, q-value = 0.083 

Calayan vs. Hinoba-an: H = 
1.083, q-value = 0.426 

Calayan vs. Hinoba-an: H = 
3.478, q-value = 0.166 

Calayan vs. Labo: H = 18.934, 
q-value = 0.0002 

Calayan vs. Labo: H = 9.230, q-
value = 0.057 

Calayan vs. Labo: H = 4.658, q-
value = 0.144 

Calayan vs. Quezon: H = 4.887, 
q-value = 0.083 

Calayan vs. Quezon: H = 1.769, 
q-value = 0.343 

Calayan vs. Quezon: H = 1.833, 
q-value = 0.328 

Calayan vs. Tabaco: H = 5.643, 
q-value = 0.082 

Calayan vs. Tabaco: H = 6.324, 
q-value = 0.109 

Calayan vs. Tabaco: H = 1.390, 
q-value = 0.393 

Calayan vs. Valencia: H = 
0.002, q-value = 1 

Calayan vs. Valencia: H = 
0.412, q-value = 0.663 

Calayan vs. Valencia: H = 
4.814, q-value = 0.144 

Camiguin Norte vs. Hinoba-an: 
H = 3.675, q-value = 0.103 

Camiguin Norte vs. Hinoba-an: 
H = 1.163, q-value = 0.426 

Camiguin Norte vs. Hinoba-an: 
H = 2.426, q-value = 0.257 

Camiguin Norte vs. Labo: H 
= 18.414, q-value = 0.0002 

Camiguin Norte vs. Labo: H = 
5.843, q-value = 0.109 

Camiguin Norte vs. Labo: H = 
3.455, q-value = 0.166 

Camiguin Norte vs. Quezon: 
H = 8.215, q-value = 0.028 

Camiguin Norte vs. Quezon: H 
= 1.140, q-value = 0.426 

Camiguin Norte vs. Quezon: H 
= 2.302, q-value = 0.258 

Camiguin Norte vs. Tabaco: 
H = 7.859, q-value = 0.028 

Camiguin Norte vs. Tabaco: H 
= 4.872, q-value = 0.127 

Camiguin Norte vs. Tabaco: H 
= 1.586, q-value = 0.364 

Camiguin Norte vs. Valencia: H 
= 1.053, q-value = 0.371 

Camiguin Norte vs. Valencia: H 
= 0.529, q-value = 0.623 

Camiguin Norte vs. Valencia: H 
= 3.401, q-value = 0.166 

Hinoba-an vs. Labo: H = 4.446, 
q-value = 0.083 

Hinoba-an vs. Labo: H = 1.878, 
q-value = 0.341 

Hinoba-an vs. Labo: H = 0.625, 
q-value = 0.623 

Hinoba-an vs. Quezon: H = 
4.226, q-value = 0.083 

Hinoba-an vs. Quezon: H = 
1.057, q-value = 0.426 

Hinoba-an vs. Quezon: H = 
0.209, q-value = 0.824 

Hinoba-an vs. Tabaco: H = 
3.048, q-value = 0.133 

Hinoba-an vs. Tabaco: H = 
2.012, q-value = 0.336 

Hinoba-an vs. Tabaco: H = 
0.583, q-value = 0.623 

Labo vs. Valencia: H = 13.189, 
q-value = 0.003 

Labo vs. Valencia: H = 8.247, 
q-value = 0.057 

Labo vs. Valencia: H = 0.001, 
q-value = 0.990 

Quezon vs. Valencia: H = 
4.226, q-value = 0.083 

Quezon vs. Valencia: H = 
2.391, q-value = 0.285 

Quezon vs. Valencia: H = 
0.057, q-value = 0.957 

Tabaco vs. Valencia: H = 4.627, 
q-value = 0.083 

Tabaco vs. Valencia: H = 5.082, 
q-value = 0.127 

Tabaco vs. Valencia: H = 
0.0001, q-value = 0.990 

Island   Calayan vs. Camiguin Norte: H 
= 1.562, q-value = 0.317 

Calayan vs. Camiguin Norte: H 
= 0.124, q-value = 0.724 

Calayan vs. Camiguin Norte: H 
= 0.227, q-value = 0.761 
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Calayan vs. Luzon: H = 
15.958, q-value = 0.0003 

Calayan vs. Luzon: H = 8.679, 
q-value = 0.010 

Calayan vs. Luzon: H = 6.178, 
q-value = 0.05 

Calayan vs. Negros: H = 0.060, 
q-value = 0.806 

Calayan vs. Negros: H = 0.592, 
q-value = 0.530 

Calayan vs. Negros: H = 
5.731, q-value = 0.05 

Camiguin Norte vs. Luzon: H 
= 15.411, q-value = 0.0003 

Camiguin Norte vs. Luzon: H = 
4.589, q-value = 0.064 

Camiguin Norte vs. Luzon: H = 
4.184, q-value = 0.077 

Camiguin Norte vs. Negros: H 
= 0.627, q-value = 0.514 

Camiguin Norte vs. Negros: H 
= 0.668, q-value = 0.530 

Camiguin Norte vs. Negros: H 
= 3.797, q-value = 0.077 

Luzon vs. Negros: H = 13.429, 
q-value = 0.0005 

Luzon vs. Negros: H = 8.989, 
q-value = 0.010 

Luzon vs. Negros: H = 0.076, 
q-value = 0.783 

Table S3 | Alpha diversity comparisons between the sites and islands that host communities 
were sampled. Bold values indicate significant differences. 


