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3. Abstract

The gut microbiota comprises a complex microbial community influenced by a diverse range of
extrinsic and intrinsic factors. In vertebrate hosts, the major richness and abundance of microbial
taxa resides in the gastrointestinal tract (GIT), which exerts a central role in nutrient absorption,
intestinal homeostasis, immune system, protection against pathogens, hormone and vitamin
production, among others. However, to date, most microbial studies have been performed on
human and laboratory animals and little is known about the gut microbiota composition in wild
populations, particularly in reptilian species, one of the most diverse and successful groups of
vertebrates. Therefore, understanding how the gut microbiota contributes to host fitness is a
major goal of microbial research. Moreover, to avoid lethal procedures in wild populations is
necessary to estimate which non-lethal method (fecal samples or cloacal swabs) is more accurate
to assess GIT microbiota. Here, through next-generation sequencing technology, we examined
the variation of gut bacterial communities among four lizard species of the genus Sceloporus (S.
aeneus, S. bicanthalis, S. grammicus and S. spinosus) inhabiting a mountainous region in central
Mexico (La Malinche volcano). The bacterial 16S rRNA gene was PCR-amplified to assess the
gut bacterial communities and investigate how environmental conditions, phylogenetic
relatedness, seasonal dynamics and diet composition influence their diversity and composition.
Furthermore, by amplifying the mitochondrial cytochrome ¢ oxidase subunit I (COI) gene, we
characterized the diet of these Sceloporus lizard species during the dry and rainy seasons and
explored whether seasonal dietary changes promote seasonal variation in gut microbiota

composition.

Chapter 1. Non-lethal sampling methods are frequently used to investigate the GIT microbiota
of vertebrate hosts. However, which non-lethal method is more appropriate to study lizard gut
microbiota remains largely unknown. To validate which method better represents the gut
microbiota in wild lizards, we compared the bacterial communities retrieved by fecal samples
and cloacal swabs to those obtained by directly sampling the dissected GIT segments (i.e.
stomach, small intestine and rectum) in the mesquite lizard S. grammicus. Our results revealed

that bacterial communities from fecal samples and cloacal swabs were highly correlated with
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bacterial communities from different GIT segments. However, at Amplicon Sequencing
Variants (ASVs) level, fecal samples reflected more accurately bacterial communities of GIT
segments, particularly with the small intestine and rectum compared to stomach, suggesting that
fecal samples comprise a reliable non-lethal method for monitoring gut bacterial communities

in Sceloporus populations.

Chapter II. After confirming the suitability of fecal samples to study lizard gut microbiota, we
compared the fecal microbiota (hereafter, gut microbiota) of two closely related species, S.
aeneus and S. bicanthalis, inhabiting contrasting environments (i.e. i.e. cornfields and human-
induced grasslands versus alpine grasslands) within La Malinche volcano to discern how species
identity and ecological conditions promote shifts in their gut microbiota. Furthermore, to
investigate whether the bacterial composition is primarily driven by environmental conditions
or phylogenetic relatedness, we compared the core gut microbiota from two coexisting lizard
species at ~2600 m above sea level “m a.s.l.” (i.e. S. aeneus and S. grammicus) and two
coexisting lizard species at ~4150 m a.s.l. (i.e. S. bicanthalis and S. grammicus). Our results
indicated that bacterial alpha diversity and community composition varied significantly between
lizard species. Strikingly, S. bicanthalis living at ~4150 m a.s.l. showed a higher taxonomic,
phylogenetic and functional alpha diversity compared to S. aeneus living at ~2600 m a.s.l.
Moreover, we detected differences in core microbial community structure between lizards S.
aeneus and S. grammicus coexisting at ~2600 m a.s.l. as well as between S. bicanthalis and S.
grammicus coexisting at ~4150 m a.s.l., indicating that despite inhabiting the same area their
differences may be associated to variation in life history traits, microhabitat use and divergence
time. Additionally, the core microbial community did not differ between closely related species,
S. aeneus and S. bicanthalis inhabiting two different sites, suggesting that core microbial taxa

remain stable over time.

Chapter III. There is increasing evidence that diet greatly modulates gut microbiota, however,
it is necessary to first investigate how the dietary composition of wild populations varies over
time to better understand whether this variability may affect temporal dynamics of gut

microbiota. We applied DNA metabarcoding analysis to characterize the diet composition of S.
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aeneus, S. bicanthalis, S. grammicus and S. spinosus during the dry and rainy seasons.
According to the results, Hemiptera, Araneae, Hymenoptera and Coleoptera were the most
frequently consumed orders in both seasons. Among lizard species, we found a greater
taxonomic (arthropod genera) and phylogenetic (arthropod lineages) diversity during the dry
season compared to the rainy season, which probably implies that during the dry season exists
a scarcity of food resources leading to individuals exploiting alternative prey, resulting in more
diverse diets. Furthermore, we observed significant differences in dietary and phylogenetic
composition between seasons, and seasonal dietary turnover was higher in S. spinosus than S.
bicanthalis, two species living in contrasting environments in the study area. Lastly, S.
bicanthalis was the only species that showed changes in seasonal diet breadth, being greater in
the dry season than in the rainy season. Due to their broad dietary spectrum, these lizard species
can be considered generalist predators, and diet could be a key factor influencing their gut

microbiota.

Chapter 1IV. In the last decade, descriptive and comparative studies have shown that gut
microbiota composition is shaped by a wide variety of factors. Here, we quantified seasonal
shifts in gut bacterial communities across four Sceloporus species (S. aeneus, S. bicanthalis, S.
grammicus and S. spinosus). We also evaluated whether lizard gut microbiota vary
synchronously with temporal changes in diet composition. Our results showed that the most
abundant phyla were Firmicutes, Bacteroidota and Proteobacteria, and the closely related
species S. aeneus and S. bicanthalis shared a great number of ASVs. The interactive effect
species*season greatly influenced bacterial diversity and composition. Gut bacterial alpha
diversity varied by season depending on the species, being higher during the dry season than the
rainy season for S. bicanthalis, whereas S. aeneus showed opposite trends and the two other
species did not exhibit seasonal differences. Additionally, bacterial community assembly was
more similar between S. aeneus and S. bicanthalis, as well as between S. grammicus and S.
spinosus. Changes in gut microbiota composition were associated with shifts in dietary
composition, but dietary richness did not influence gut bacterial diversity. According to our
expectations, lizard gut microbial communities exhibit seasonal dynamics that are linked to

seasonal dietary changes. In addition to diet composition, other key factors that vary seasonally
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such as temperature, humidity, microbial inoculums and seasonal physiological shifts may
induce temporal dynamics of lizard gut microbiota.

For this fourth chapter, we do not show formal results (i.e. images, figures, tables, etc.)
because they are presented in a manuscript that will be submitted to an international journal,

and copyright conflicts should be avoided.
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4. General Introduction

4.1. The Importance of Gut Microbiota in Vertebrate Populations

The terms “Microbiota” and “microbiome” are often used interchangeably, but they denote
distinct meanings. Microbiota properly refers to the community of microorganisms themselves,
whereas microbiome is defined as the collective genome from all the microorganisms inhabiting
a specific environment (Marchesi and Ravel 2015). The animal microbiota is a complex
microbial community that includes bacteria, archaea, viruses, protozoans and fungi (Wu and Wu
2012). These microbes can reside within and outside of animal bodies, however, the
gastrointestinal tract (GIT) contains the greatest richness and abundance of microbial taxa
(Colston and Jackson 2016). The host-microbiota relationship comprises a bidirectional
interaction in which microbial communities are important for diverse hosts’ functions, such as
energy metabolism through the production of short-chain fatty acids (Backhed and cols. 2005).
In addition, gut microbiota stimulates the development and function of the immune system
(Turnbaugh and cols. 2007), restrains pathogen growth by competitive exclusion (i.e. habitat
and dietary resources) (Khan and cols. 2021) and, in a wider context, can contribute to
environmental or ecological adaptation (Alberdi and cols. 2016). At the same time, host provides
different microhabitats with high input of nutrients for the microbial communities. Nevertheless,
when host-microbiota symbiosis is altered, detrimental effects can occur on host health, giving
rise to a phenomenon known as dysbiosis, which is characterized by a reduced microbial

diversity (Carding and cols. 2015).

During the last decades, next-generation sequencing (NGS) technologies have revolutionized
the biological sciences, allowing the scientific community to sequence hundreds of samples in
parallel at much-reduced cost, and evaluate different aspects related to diversity and function of
microbial communities. However, most studies using NGS have focused their efforts to
understand how GIT microbial communities influence on human health (Méndez-Salazar and
cols. 2018), laboratory animals (Zhang and cols. 2019) and captive populations such as birds
(Jacobs and cols. 2019) and mammals (Prabhu and cols. 2020). While individuals under

controlled settings constitute a valuable tool, it is questionable to make inferences about their



wild counterparts (Colston and Jackson 2016), since they do not experience shifts in dietary
patterns and other environmental variables, and are exposed to fewer microbial inoculum
sources (soil, plant material, arthropods). As such, captive animals often have less diverse
microbial communities than their wild counterparts (McKenzie and cols. 2017). For instance, it
has been reported that diversity, composition (i.e. taxonomic richness) and structure (i.e. relative
abundance of each taxon) of the gut microbiota vary according to nonspecific and specific host
factors (Figure 1A). Interestingly, vertebrate studies have revealed that gut microbiota
composition is shaped by intrinsic (e.g. host genetics, age, sex and reproductive status),
environmental (e.g. dietary habits, seasonality, habitat use and geographical distance) and
evolutionary (e.g. phylogenetic relatedness) factors (Colston and Jackson 2016; Grond and cols.
2018; Ingala and cols. 2018; Baniel and cols. 2021). However, dietary habits and phylogenetic
relatedness have been considered the major drivers of gut microbiota variation (Kartzinel and
cols. 2019; Youngblut and cols. 2019). Under this context, it is crucial to assess the relative
influence of different factors on gut bacterial communities, particularly in wild reptile
populations, the second most diverse vertebrate group after birds (Pincheira-Donoso and cols.

2013).

Non-avian reptiles have been considered among the most diverse radiations of terrestrial
vertebrates (Pyron and cols. 2013). There are currently over 10,000 species of extant reptiles,
distributed in all continents except Antarctica. They include lizards (59%), snakes (35%), turtles
(3.4%), amphisbaenids (2%), crocodiles (0.3%) and tuataras (0.01%) (Pincheira-Donoso and
cols. 2013; Uetz and cols. 2022). In particular, the lizard family Phrynosomatidae (order
Squamata) comprises a diverse group with 10 genera and more than 150 species (Wiens and
cols. 2010). However, most phrynosomatids belong to the genus Sceloporus with approximately
116 species distributed from southern Canada to western Panama (Leaché 2010; Wiens and cols.
2013; Uetz and cols. 2022), ranging from sea level to about 4600 m (Lemos-Espinal and
Ballinger 1995). They are considered as active thermoregulators (Andrews 1998) and commonly
use the sit-and-wait foraging strategy (Weiss 2001). Furthermore, Sceloporus members exhibit
differences in sexual-size dimorphism, display different reproductive modes (i.e. oviparous and

viviparous), occur in a wide variety of habitats including deserts, semiarid regions, shrublands,



forests and mountainous ecosystems, and are taxonomically diverse (Wiens and Reeder 1997;
Wiens and cols. 2010). In addition, some spiny lizards can live from one year up to five years
(Rodriguez-Romero and cols. 2002; Méndez de la Cruz and cols. 2018). These unique features
make them a promising model system for studying gut microbial communities in relation with
seasonal dietary variation. But these associations are just beginning to be explored. A better
understanding of their diet and microbial dynamics may help explain their successful adaptation

and occupancy of multiple habitats.

Based on the above listed criteria, this doctoral thesis integrates a descriptive approach to
characterize the gut bacterial communities, and evaluate how different extrinsic (e.g. seasonal
dynamics, diet composition and environmental conditions) and intrinsic (e.g. species identity
and evolutionary history) factors influence gut microbiota variation, using as model study four
Sceloporus lizard species (S. aeneus, S. bicanthalis, S. grammicus and S. spinosus) inhabiting
in the La Malinche volcano (Figure 1B), central Mexico, a protected area characterized by its
high biodiversity in a deforested region (Diaz de la Vega-Pérez and cols. 2019). Here, we used
NGS of bacterial 16S rRNA gene and Cytochrome ¢ Oxidase Subunit I (COI) gene to gain

insight into gut microbiota and diet of studied lizards under natural conditions.

Drivers of gut
microbiota variation

Sex

Figure 1. (A) The first circle displays different extrinsic and intrinsic factors influencing gut microbiota
composition in animal populations. The four Sceloporus lizard species under study have been included in the second
circle. (B) Map of the study area. Individuals were collected in two different sites along the La Malinche volcano,
at ~2600 m above sea level “m a.s.l.” (Low-zone) and ~4150 m a.s.l. (High-zone). Lizards were transported to La
Malinche Scientific Station (LMSS) at ~3100 m a.s.1. to collect fecal samples.



5. Chapter I: Comparative analysis of two nonlethal methods for the study of the gut
bacterial communities in wild lizards

Mauricio Hernandez, Sergio Ancona, Stephanie Hereira-Pacheco, Anibal H. Diaz de la Vega-

Pérez and Yendi E. Navarro-Noya. Integrative Zoology 2023; 00: 1-16. DOI:10.1111/1749-

4877.12711. [IF: 3.3]

Currently, sample collection, storage and DNA extraction are key steps when investigating the
interaction between host and microbiota. Historically, most vertebrate microbiota studies have
focused on GIT samples, fecal samples and rectal or cloacal swabs to evaluate microbial
community composition. However, to avoid euthanasia procedures in threatened species or
populations with a small number of individuals non-lethal sampling procedures, specifically
rectal/cloacal swabs have been used. However, few studies have assessed whether non-lethal
methods (i.e. fecal samples or cloacal swabs) can accurately represent the intestinal microbial
communities. In the First Chapter, we characterized the bacterial communities of three GIT
segments (i.e. stomach, small intestine and rectum) and compared them with the fecal and
cloacal bacterial communities using the mesquite lizard (S. grammicus) as a model system. Since
fecal samples or cloacal swabs can retrieve distinct microbial communities, the goal of this
chapter was to estimate which non-invasive method is more accurate to study lizard gut
microbiota. Given that previous studies have found a significant association between fecal and
intestinal microbial assembly (Kohl and cols. 2017; Videvall and cols. 2017; Montoya-Ciriaco
and cols. 2020), we hypothesized that fecal bacterial communities best resemble the intestinal
microbiota. Briefly, our results revealed that bacterial communities of the three different GIT
segments were correlated to those retrieved from the fecal and cloacal samples (Spearmans’
rank correlations > 0.84). However, at the level of Amplicon Sequence Variant (ASVs:
sequences differing from each other by a single nucleotide), feces were more accurate than
cloacal swabs, supporting our hypothesis that fecal samples comprise a good proxy to study
lizard gut microbiota. The following paper published in Integrative Zoology contains more

detailed information of the study (Hernandez and cols. 2023).
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Abstract

Fecal samples or cloacal swabs are preferred over lethal dissections to study vertebrate gut microbiota for ethical
reasons, but it remains unclear which nonlethal methods provide more accurate information about gut microbiota.
We compared the bacterial communities of three gastrointestinal tract (GIT) segments, that is, stomach, small
intestine (midgut), and rectum (hindgut) with the bacterial communities of the cloaca and feces in the mesquite
lizard Sceloporus grammicus. The hindgut had the highest taxonomic and functional alpha diversity, followed by
midgut and feces, whereas the stomach and cloaca showed the lowest diversities. The taxonomic assemblages of
the GIT segments at the phylum level were strongly correlated with those retrieved from feces and cloacal swabs
(rs > 0.84 in all cases). The turnover ratio of Amplicon Sequence Variants (ASVs) between midgut and hindgut
and the feces was lower than the ratio between these segments and the cloaca. More than half of the core-ASVs in
the midgut (24 of 32) and hindgut (58 of 97) were also found in feces, while less than 5 were found in the cloaca.
At the ASVs level, however, the structure of the bacterial communities of the midgut and hindgut were similar
to those detected in feces and cloaca. Our findings suggest that fecal samples and cloacal swabs of spiny lizards
provide a good approximation of the taxonomic assemblages and beta diversity of midgut and hindgut microbiota,
while feces better represent the bacterial communities of the intestinal segments at a single nucleotide variation
level than cloacal swabs.

Key words: animal microbiome, cloacal swabs, fecal samples, intestinal tract, reptile gut microbiome
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M. Hernéndez ef al.

INTRODUCTION

The microbiota of the gastrointestinal tract (GIT) is
richer and more abundant than in other body parts, and
includes bacteria, fungi, protozoa, archaea, and viruses
(Belkaid & Hand 2014). Composition and diversity of
bacterial communities can vary considerably along the
GIT, raising the possibility of multiple bacterial commu-
nity assemblies in the intestine of vertebrates, including
mammals (Lkhagva et al. 2021), birds (Videvall et al.
2017; Grond et al. 2020), amphibians (Zhou et al. 2020),
and reptiles (Colston et al. 2015; Tang et al. 2019). Spatial
heterogeneity of bacterial communities along GIT seg-
ments have been attributed to differences in pH, oxy-
gen concentration, water content, and nutrient availabil-
ity, which impose differential selective pressures on mi-
croorganisms (Donaldson ef al. 2016; Grond et al. 2018).
Variation in the bacterial community composition along
the GIT confers specific functions to gut segments (Miller
et al. 2021), which are essential for physiological pro-
cesses in the hosts, such as metabolism of carbohydrates
and the subsequent production of short-chain fatty acids
that are used for signaling and as a source of energy
(Parada-Venegas et al. 2019). Gut bacterial communities
also play a vital role in immune functioning and protec-
tion against pathogens (Turnbaugh ez al. 2007; Belkaid
& Hand 2014), contribute to survival and reproduction of
their hosts, and are thus critical for ecological adaptation
(Gilbert et al. 2015; Alberdi et al. 2016). In return, hosts
provide nutrients and adequate microhabitats for the mi-
crobial communities in their GIT.

Most studies in laboratory and wild animals rely on
rectal or cloacal swabs for monitoring gut microbial com-
munities, since they can be easily taken. However, there
is no standardized sample collection protocol to study the
gut microbiota of wild animal populations (Ingala et al.
2018; Borreli et al. 2020), which limits comparison of
data from different studies. Vertebrate gut microbial com-
munities have been characterized using methods that are
lethal or nonlethal to the hosts. Lethal methods imply dis-
section of the GIT, whereas nonlethal methods include
collection of fecal samples and rectal or cloacal swabs.
Each method has its advantages and disadvantages. Lethal
methods give an accurate characterization of the diver-
sity and structure of the gut microbiota, but the death
of the hosts is the major drawback. Although dissection
of the GIT provides more information as it gives a com-
plete picture of the microbial communities, it is unaccept-
able in endangered species or small populations. Alterna-
tively, nonlethal methods allow the study of individuals
over time (e.g. from birth to death), increase sample size,

and do not affect rare and endangered populations. How-
ever, nonlethal methods may yield biased estimations of
the diversity and structure of the gut microbial communi-
ties since they can retrieve microorganisms that live in the
lower or external areas of the GIT, which may differ from
microorganisms that live in the upper GIT (Kohl ez al.
2017; Tang et al. 2019).

The variation in biochemical and physiological char-
acteristics along the GIT may affect the occurrence of
specific microbial taxa (Grond et al. 2018). Therefore,
cloacal or fecal samples may not resemble the bacterial
communities in the gut, but as far as we know, this vari-
ation has not been investigated in detail. Comprehensive
examination of the reliability of nonlethal methods is
important because some of these methods could be more
accurate than others (Stanley et al. 2015). In ostrich birds
(Struthio camelus L.), feces provided a more accurate
determination of the composition of the bacterial com-
munities from the large intestine than cloacal samples
(Videvall et al. 2017). Particularly, within the reptile
group, Colston et al. (2015) and Tang et al. (2019)
considered solely cloacal swabs, whereas Kohl et al.
(2017) and Montoya-Ciriaco et al. (2020) only studied
fecal samples to compare the microbiota profiles between
lethal and nonlethal methods. To date, only one study has
considered both fecal and cloacal samples and compared
them to the gastrointestinal microbiota of the lizard Scelo-
porus virgatus Smith, 1938 obtained by dissection of the
GIT (Bunker et al. 2022). The latter study reported that
although cloacal swabs recovered bacterial communities
that were similar to those found in the lower intestine, the
cloacal community showed extreme specialization, and
feces and cloacal swabs exhibit different communities
(Bunker et al. 2022). However, it does not provide clear
indications of which sampling method can be used as a
good indicator of the structure and diversity of the micro-
bial communities along the GIT. Still, we lack a general
appreciation of the accuracy of fecal and cloacal samples
regarding different traits of microbial communities such
as alpha taxonomic and functional diversity, taxonomic
assemblage, differential abundance of bacterial taxa and
species turnover, in comparison to lethal methods.

We used 16S rRNA gene sequencing to compare bac-
terial community profiles of the stomach, small intes-
tine, rectum, feces, and cloacal swabs (hereafter cloaca)
of the mesquite lizard Sceloporus grammicus Wiegmann,
1828 (Fig. 1b). Sceloporus grammicus is an insectivo-
rous lizard (Leyte-Manrique & Ramirez-Bautista 2010;
Montoya-Ciriaco et al. 2020) that can be found from
southern Texas in the United States to southern Oaxaca in
Mexico (Lemos-Espinal & Ballinger 1995). The mesquite

2 © 2023 International Society of Zoological Sciences, Institute of Zoology/

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.



0.75

Relative abundance

P
s ’

’ ’ ’
Small intestine

c Stomach Rectum

| m
0.00

Relative abundance
o o
3 3

o
)
o

Gut microbiota of wild lizards

Phylum

Acidobacteriota
Actinobacteriota
Bacteroidota
Campylobacterota
Cyanobacteria
Deferribacterota
Desulfobacterota

Firmicutes
Proteobacteria
Spirochaetota
Unassaigned
Verrucomicrobiota

Cloaca Feces
Genus

Alistipes

Bacteroides
Hafnia-Obesumbacterium
Helicobacter

Hungatella
Lachnoclostridium
Lachnospiraceae_NK4A136
Odoribacter

Others

Parabacteroides
Pseudomonas
Salmonella

Ureaplasma

Figure 1 Taxonomic bacterial composition among compartments of the gastrointestinal tract (i.e. stomach, small intestine, and rec-
tum), feces, and cloaca of the mesquite lizard (Sceloporus grammicus). (a) Relative abundance at the phylum level, (b) illustration
showing the sampling sites, and (c) relative abundance at the genus level.

lizard is the most widely distributed species complex of
lizards in Mexico, so its natural history is well known
(Zuniga-Vega et al. 2008; Diaz de la Vega-Pérez et al.
2019), and it is considered as a least-concern species ac-
cording to the Red List of Threatened Species (Hammer-
son et al. 2007). As such, we considered this species as
an excellent model organism to compare the accuracy
of different nonlethal methods to characterize gut bac-

terial communities of lizards. Specifically, we aimed to
answer (i) how different is the taxonomic and functional
diversity and the structure of the bacterial communities
of different GIT segments compared to bacterial commu-
nities retrieved from fecal and cloacal samples? and (ii)
which nonlethal method, fecal or cloacal sampling, pro-
vides a bacterial community that best resembles the bac-
terial communities of the GIT?
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MATERIALS AND METHODS

Ethics statement

The study has been approved by the Secretaria de
Medio Ambiente y Recursos Naturales (SEMARNAT,
Mexico), under the collecting permit: SGPA/DGVS/
007736/20. All procedures have been conducted follow-
ing the Official Mexican Norm NOM-126-ECOL-2000 as
a guideline to handle the reptiles.

Study area and sample collection

To prevent sex differences and age-related variation
in gut bacterial communities of lizards (Martin et al.
2010; Kohl ez al. 2017) from affecting our inferences,
we only included adult males in this study (snout—vent
length [SVL] > 44.1 mm, Jiménez-Cruz et al. 2005). Our
sample consisted of 10 male adult lizards (mean SVL
56.5 =+ 3.7 mm, mean total length 117.5 £+ 9.7 mm,
mean weight 5.6 &= 1.7 g; Table S1, Supporting Informa-
tion), which were collected near the municipality of Ix-
tenco (19°13/39.5"N, 97°54’44.1”W, Tlaxcala, Mexico),
at 2600 m above sea level (m a.s.l.) in October 2020.
Specimens were captured by hand or noose during their
daytime activity period (from 0900 to 1600 hour). Upon
capture, lizards were transported individually to La Ma-
linche Scientific Station at 3100 m a.s.l. (19°14/39.2”N,
97°59'25.1”"W). At the research station, each individual
was housed separately in plastic containers (20 x 30 x
15 cm), previously sterilized with Lysol disinfectant and
70% ethanol. The plastic containers had a sterile sheet of
paper placed on the floor to collect fecal samples. Fecal
samples were collected the day after each lizard was cap-
tured, 1-3 min after the first defecation of every lizard in
captivity, using sterile forceps and transferred to 1.5 mL
sterile polypropylene tubes. Lizards were exposed to sun-
light to raise their body temperature and stimulate their
natural defecation, which occurred within 10—15 min. As
such, the variation of defecation time among individuals
was controlled to prevent possible changes in the fecal
bacterial communities that might occur over time and bias
our results. Cloacal samples were collected after defeca-
tion using sterile rayon swabs (COPAN, Italy). The swabs
were gently inserted ~10 mm into the cloaca, rotated
~360°, retrieved, and added to 1.5 mL sterile polypropy-
lene tubes. Both fecal samples and cloacal swabs were
kept at 4°C in a coolbox while being transported to the
laboratory. Fecal samples were stored at —20°C and cloa-
cal samples at —70°C prior to DNA extraction. Feces were
processed first the next day and cloacal samples thereafter,

that is, after approximately 3 days. Storage of the swabs
at —70°C avoided possible DNA degradation. Approxi-
mately 20 h elapsed between capturing the lizards and
collecting the fecal samples and cloacal swabs, and less
than 4 h between fecal and cloacal data collection and GIT
dissection.

Lizard individuals were placed into a chamber which
contained cotton balls saturated with chloroform for eu-
thanasia and death occurred within 20 s. Death was con-
firmed by examining the lack of heartbeat and breath.
Dissection of each specimen was performed under sterile
conditions in a laminar flow cabinet. Immediately post-
mortem, the entire GIT was removed from the body cav-
ity. Three different gut segments were collected (stomach,
small intestine, and rectum) (Fig. 1b), including both lu-
minal and mucosal microbiotas. Dissecting the GIT af-
ter defecation (3—4 h) allowed the stomach and other GIT
segments to discharge all or most of their contents before
sampling, since lizards usually defecate only once a day
(Kohl et al. 2017). Samples were placed in 1.5 mL sterile
polypropylene tubes and stored at —20°C until DNA ex-
traction on the next day. The work tools were disinfected
with 70% ethanol and burned every time as a different
GIT section was taken to reduce cross-contamination.

DNA extraction, library preparation, and
amplicon sequencing

DNA extraction protocol from the different GIT seg-
ments and fecal and cloacal samples is detailed in the
Supporting Information. In all cases, a negative con-
trol was run in parallel to verify any contamination dur-
ing DNA extraction and no contamination was detected.
The V3-V4 hypervariable regions of the 16S rRNA
gene was PCR-amplified in triplicate using the primers
341F (5-CCTACGGGNGGCWGCAG-3’) and 805R (5'-
ACHVGGGTATCTAATCC-3') modified with adapters
for the Illumina sequencing platform (Herlemann et al.
2011). All PCRs were done in 20 pL final volume reac-
tion containing reaction buffer 1x, MgCl, 1 mM, dNTPs
mix 200 uM, bovine serum albumin 500 ug uL~!, 2
units of Dream7aq DNA polymerase (Thermo Fisher Sci-
entific, Waltham, MA USA), 25 uM of each primer, and
10 ng of DNA template. A negative control was included
in each batch of reactions and no contamination was
found. Thermal cycling consisted of an initial denatura-
tion at 95°C for 2 min, followed by 28 cycles of denatu-
ration at 95°C for 30 s, annealing at 55°C for 30 s, and
elongation at 72°C for 30 s. The final elongation was
done at 72°C for 5 min. Amplicon products were quan-
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tified, combined in equimolar amounts, and purified for
sequencing. The quantification of the PCR products was
determined using a fluorospectrometer NanoDrop® 3300
(Thermo Fisher Scientific, MA, USA) with PicoGreen ds-
DNA assay (Invitrogen, CA, USA), and purifications were
done using QIAquick PCR purification kit according to
the manufacturer’s instructions (QIAGEN, Germany). Se-
quencing was done by Macrogen Inc. (Seoul, South Ko-
rea) with 300-bp PE MiSeq runs (Illumina, CA, USA).
The GIT segments from three individuals gave no reads
after sequencing. To recover the samples, all the samples
of those individuals were re-sequenced (i.e. the three GIT
segments, feces, and cloaca). Raw sequence databases are
available at Sequence Read Archive from the NCBI under
accession number PRINA808744.

Taxonomic classification of the gut bacterial
communities

Sequencing data analysis was done using the open-
source software Quantitative Insights Into Microbial
Ecology (QIIME). Raw sequences were imported into
QIIME v1.9.1 to extract barcodes using the “ex-
tract_barcodes.py” script (Caporaso et al. 2010). Then,
sequences were imported to QIIME2 v2021.4.0 (Bolyen
et al. 2019). Forward and reverse Illumina adapters were
removed from the sequences and demultiplexed raw se-
quences were quality-filtered (i.e. by standard filtering pa-
rameters: maxEE = 2, truncQ = 2), denoised, trimmed
(i.e. forward reads were trimmed to 260 bp and reverse
reads to 200 bp), merged, and dereplicated into amplicon
sequence variants (ASVs) by DADA2 (Divisive Ampli-
con Denoising Algorithm 2) plugin (Callahan et al. 2016).
The two sequencing batches were analyzed with the same
quality parameters, and the feature-tables and representa-
tive sequences were merged with the “g2-feature-table”
plugin (https://github.com/qiime2/q2-feature-table). The
taxonomy to each ASV was assigned using the “classify-
sklearn” classifier trained against the SILVA 16S rRNA
gene database version v.138.1. Finally, sequences classi-
fied as chloroplast and mitochondria were removed from
the dataset for further analyses.

Statistical analysis

All downstream statistical analyses were done using
the software R v.4.1.2 (R Core Team 2021). To visual-
ize the relative frequency at the phylum and genus level
of each sampling section, a barplot was constructed using
the phyloseq v.1.34.0 R package (McMurdie & Holmes

Gut microbiota of wild lizards

2013). Due to the compositional nature of the micro-
biome datasets (Gloor et al. 2017), a centered log-ratio
transformation (c/r) was applied to the frequency table of
ASVs for community composition analyses. This com-
positional approach simultaneously accounts for library
size differences and biological variability. Differentially
abundant ASVs among GIT segments and fecal and cloa-
cal samples were determined with ANOVA-like differ-
ential expression analysis (ALDEx) with the function
“aldex.ttest,” which performed a Wilcoxon-test, using the
ALDEXx2 v.1.25.1 R package (Fernandes et al. 2013).

Following Videvall et al. (2017), we examined the po-
tential relationship of the bacterial communities at the
phylum level between both nonlethal methods and the
three GIT segments. Raw counts from the frequency ta-
ble of phyla were clr transformed with cmultRepl and
codaSeq.clr functions from the zCompositions v.1.4.0
(Palarea-Albaladejo & Martin-Fernandez 2015) and Co-
daSeq v.0.99.6 R packages (https://github.com/ggloor/
CoDaSeq). To quantify the association between the rel-
ative frequency of bacterial phyla in the feces and cloaca
with those in the GIT segments, a Spearman’s rank corre-
lation was computed.

A principal component analysis (PCA) was done with
the clr transformed ASVs table as calculated by the
prcomp function in R. Differences between the bacte-
rial community structure in the fecal and cloacal sam-
ples and those in the GIT segments were determined with
a perMANOVA based on Aitchison distances applying
the adonis2 function with 999 permutations using the ve-
gan v.2.5-7 R package (Oksanen et al. 2020). Individual
identity was included as a random factor with the set-
blocks function. A pairwise-perMANOVA was done to
determine differences between sampling sites using the
pairwise.perm.manova function from the RVAideMem-
oire v.0.9-81 R package (Hervé 2022) with a Benjamini—
Hochberg correction of the P-value. The relative species
turnover rate per community, which represents the propor-
tion of a typical community that changes from one com-
munity to another, was quantified with the hilldiv v.1.5.4
R package (Alberdi & Gilbert 2019). Pairwise compar-
isons between nonlethal methods of sampling and GIT
segments were selected as occurring within the same in-
dividual. A Venn diagram was generated to show unique
and shared ASVs among GIT segments, feces, and cloaca
based on core bacterial communities (i.e. bacterial ASVs
that are shared by at least 50% of the samples).

Hill numbers were calculated to determine alpha tax-
onomic and functional diversity. This ecological met-
ric measures diversity in terms of effective number of
ASVs and considers different diversity orders (gD) which
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weighs common species to a greater or lesser extent. The
Hill numbers at ¢ = 0 is the species richness as it does
not consider the relative abundance, ¢ = 1 consider both
richness and evenness and is equivalent to the exponential
of Shannon’s entropy index and represent typical ASVs,
whereas g = 2 considers dominant ASVs; that is, the rela-
tive abundances of ASVs are proportionally overweighted
and are equivalent to the inverse Simpson’s index (Chao
et al. 2014). Alpha taxonomic diversity was computed
with the frequency table of ASVs using the AilIR v.0.5.1 R
package (Li 2018). Functional diversity was determined
as the mean functional diversity per species (MD_g),
which considers pairwise distances of the ASVs calcu-
lated with the functional traits. Functional traits were pre-
dicted using the taxonomic assignments and computed
using PICRUSt2 (Phylogenetic Investigation of Commu-
nities by Reconstruction of Unobserved States) (Langille
et al. 2013). The MD_g was calculated within the AillR
R package using the frequency table of ASVs and the
predicted Enzyme Commission Numbers associated with
the taxonomic assignment of each ASV. The Wilcoxon
signed-rank test was used to test differences between
groups, that is, differences between fecal samples and
GIT segments, and between cloacal samples and GIT seg-
ments. In all cases, a P-value < 0.05 was considered as
statistically significant. All scripts and R programming for
the analysis are available at the GitHub repository: https:/
/github.com/Steph0522/Sceloporus_grammicus.

RESULTS

Overall, 50 samples were obtained, that is, five sam-
ples from 10 adult males. After denoising and quality
filtering, 740 562 high-quality sequences were acquired
from 740 939 raw reads, with an average of 14 811 reads
per sample (Table S2, Supporting Information). A total
of 1296 ASVs were identified, representing 11 bacterial
phyla, 16 classes, 52 orders, 83 families, 136 genera, and
85 species.

Taxonomic assemblies of bacterial communities
along the gastrointestinal tract, feces, and cloaca

Gut bacterial communities of the mesquite lizard was
dominated by Firmicutes (38.4% = 24.5%), Bacteroidota
(28.6% = 20.8%), Proteobacteria (27.5% =+ 36.9%), and
Campylobacterota (4.0% =+ 18.0%) (Fig. la; Fig. Sla,
Supporting Information). All other bacterial phyla rep-
resented less than 1%. The relative abundance of some
bacterial phyla varied among GIT segments, feces, and

cloaca. Proteobacteria was the dominant phylum in cloaca
(60%); Firmicutes dominated in the feces (51%), stom-
ach (46%), rectum (46%), and small intestine (39%). Bac-
teroidota showed a large relative frequency in the rectum
(40%), feces (36%), small intestine (33%), and stomach
(22%).

At the genus level, Bacteroides (15.8% =+ 11.4%),
Hafnia-Obesumbacterium (12.8% =+ 28.9%), Pseu-
domonas (8.5% =+ 26.3%), Alistipes (4.2% =+ 3.9%),
Helicobacter (4.0% =+ 18.0%), Hungatella (3.9% =+
4.6%), Salmonella (3.8% =+ 11.6%), Parabacteroides
(3.6% =% 3.2%), Ureaplasma (3.3% =+ 14.2%), Odorib-
acter (2.9% = 2.8%), Lachnoclostridium (2.8% =+ 2.8%),
and Laschospiraceae_ NK4A136 (1.2 & 1.9%) were the
most abundant genera across all GIT segments, fe-
ces, and cloaca (Fig. lc; Fig. S1b, Supporting Infor-
mation). The most abundant bacterial genera had dif-
ferent relative abundances in the studied sections. For
instance, the stomach was dominated by Pseudomonas
(20.7%) and Ureaplasma (16.3%). In the small intestine,
Pseudomonas (21%), Bacteroides (18.6%), and Alistipes
(5.6%) showed a high abundance. The rectum harbored a
high relative abundance of Bacteroides (20.8%), Hafnia-
Obesumbacterium (7.5%), and Alistipes (6.1%). The fe-
ces were dominated by Bacteroides (20.7%), followed
by Hafnia-Obesumbacterium (7.2%), and Hungatella
(6.1%). Last, Hafnia-Obesumbacterium (48.8%), Heli-
cobacter (18.3%), Salmonella (9.1%), and Bacteroides
(5.3%) were the most abundant bacterial genera in cloaca.
The analysis with ALDEx2 showed a larger number of
differentially abundant ASVs between cloaca and rectum,
and between feces and stomach than among other seg-
ments (Fig. 2). Overall, differential abundance analysis
revealed that Enterobacterial ASVs were more frequent
in cloaca (Hafnia-Obesumbacterium and Salmonella)
and feces (Enterobacteriaceae). Strict anaerobes, such as
Lachnospiraceae, were more frequent in the feces com-
pared to stomach or small intestine, while these bacteria
were more common in the rectum than in cloaca. In ad-
dition, some bacterial genera, such as Bacteroides, Pseu-
domonas, and Hungatella, increased significantly in the
GIT segments.

Are relative frequencies of bacterial phyla in the
feces and cloaca related to those observed in the
gut segments?

We determined the association of the relative fre-
quency of bacterial phyla between feces or cloaca with
GIT segments using Spearman’s rank correlations. All the
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associations were strong and highly significant. The rela-
tive frequencies of bacterial phyla were strongly corre-
lated between the feces and the stomach (r; = 0.84), small
intestine (rs = 0.93), and rectum (s = 0.94) (Fig. 3).
The correlations between the relative frequencies of bac-
terial phyla retrieved by cloacal samples and stomach
(rs = 0.86), cloacal samples and small intestine
(rs = 0.85), and cloacal samples and rectum (r; = 0.84)
were also strong.

ASVs turnover and shared diversity among
gastrointestinal tract segments, feces, and cloaca

Overall, turnover ratio was higher among gut seg-
ments and cloaca than among gut segments and feces at
g = 0, 1, and 2 orders. For instance, considering typical
ASVs (i.e. ¢ = 1), a turnover ratio of >80% was ob-
served between cloaca and the three GIT segments; fe-
ces showed an ~60% turnover ratio compared to the rec-
tum, ~68% compared to the small intestine, and ~80%
compared to the stomach (Fig. 4a). A similar pattern
was observed at ¢ = 0 and g = 2. Similarly, pairwise-
perMANOVA showed a statistically significant difference
between cloaca and all GIT segments, while the bacterial

communities in the feces only differed statistically with
those bacterial communities of the stomach (Table S3,
Supporting Information). The PCA of the bacterial com-
munity structure at ASVs level did not separate the sam-
ple sections, that is, GIT segments, feces, and cloaca, but
grouped them per individual (Fig. 4b). The perMANOVA
indicated a statistically significant difference in the mi-
crobiota structure between GIT segments, and the feces
and cloaca (df = 4, F = 1.102, adjusted R*> = 0.090,
P = 0.028).

The core bacterial community, defined as those present
in >50% of the samples, was represented by a total of 12
ASVs in the stomach, 32 in the small intestine, 97 in the
rectum, 71 in feces, and 9 in cloaca. Venn diagram showed
that rectum and feces shared 33 ASVs exclusively be-
tween them, only three were shared between the rectum
and small intestine, and 20 were shared between feces,
rectum, and small intestine (Fig. 4c). The core microbiota
of the rectum had the largest number of unique ASVs
(35), followed by stomach (12), feces (11), small intestine
(5), and cloaca (2). Feces and small intestine, cloaca and
feces, and cloaca and rectum shared one ASV, whereas
stomach and rectum, stomach and cloaca, and stomach
and feces did not share any ASV.
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Alpha and functional diversity of the bacterial
communities of the gastrointestinal tract, feces,
and cloaca

The bacterial alpha diversity was statistically different
among GIT segments, feces, and cloaca (P < 0.05)
(Fig. 5a—c). The highest taxonomic diversity at all g
diversity orders was observed in the rectum followed
by small intestine and feces. The smallest diversity was

found in the stomach and cloaca. Considering total
(g = 0), frequent (¢ = 1), and dominant (g = 2) ASVs,
the rectum had a higher diversity than cloaca, and feces
had higher diversity than stomach (Fig. 5a—c, Wilcoxon
signed-rank test, P < 0.05; Table S4, Supporting Informa-
tion). Considering frequent and dominant ASVs, rectum
displayed a higher diversity than feces (Fig. 5b,c). Func-
tional alpha diversity, which considers the differences
in functional traits between ASVs, showed differences
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among GIT segments, feces, and cloaca (Fig. 5d—f). The DISCUSSION
greatest functional diversity at all g orders was found in
the rectum, feces, and small intestine, followed by the
stomach and cloaca (Wilcoxon signed-rank test, P <
0.05; Table S5, Supporting Information). No significant
correlation was found between the alpha diversity of
GIT segments with that of feces and cloaca (data not
shown).

Bacterial communities retrieved by fecal and cloacal
samples were compared with the bacterial communities
of three different GIT segments, that is, stomach, small
intestine (midgut), and rectum (hindgut), of the mesquite
lizard to determine which nonlethal method is more ac-
curate to study gut microbial communities. Based on
our results, both fecal and cloacal samples comprise two

10 © 2023 International Society of Zoological Sciences, Institute of Zoology/
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nonlethal methods that provide a good approximation of
the gut microbial communities. However, fecal samples
outperform at ASVs level as the turnover ratio of ASVs
was higher among gut segments and cloaca compared to
feces, and rectum and feces shared more core bacterial
communities than rectum and cloaca. We did not find a
significant correlation between the taxonomic and func-
tional alpha diversity of the bacterial communities of fe-
ces and cloaca with those in the GIT segments.

Gut bacterial composition showed that Firmicutes,
Bacteroidota, and Proteobacteria were the most dominant
bacterial phyla of S. grammicus. Previous studies with the
lizard species Sceloporus undulatus (Bosc and Daudin,
1801) (Trevelline et al. 2019), Sceloporus occidentalis
Baird and Girard, 1852 (Moeller ef al. 2020), and S. vir-
gatus (Bunker et al. 2022) found that the same bacte-
rial lineages dominated their GIT. We found some differ-
ences of microbial taxa along the GIT segments, feces,
and cloaca. For instance, Proteobacteria showed a higher
abundance in the cloaca than in other GIT segments. This
result was consistent with those obtained in birds (Grond
et al. 2020), oviparous lizards (Bunker et al. 2022), and
amphibians (Zhou et al. 2020), where the cloaca had a
higher frequency of this bacterial phylum. Given that Pro-
teobacteria are considered facultative anaerobes (Moon
et al. 2018), their high abundance in the cloaca could be
associated with its semi-aerobic conditions (Grond et al.
2018). In the small intestine, rectum, and feces, the most
abundant phyla were Firmicutes and Bacteroidota, similar
to previous studies in birds (Videvall ez al. 2017; Grond
et al. 2020), snakes (Tang et al. 2019), and amphibians
(Zhou et al. 2020). It is widely established that the GIT
of most vertebrates is dominated by Firmicutes and Bac-
teroidota, and these bacterial phyla are capable of degrad-
ing complex molecules such as polysaccharides and pro-
teins (Flint ez al. 2012; Colston & Jackson 2016; Grond
etal. 2018).

At the genus level, Bacteroides, Hafnia-
Obesumbacterium, Pseudomonas, Alistipes, and He-
licobacter were the most abundant bacterial genera in the
mesquite lizard gut, as reported for other reptiles (Hong
et al. 2011; Colston et al. 2015; Tang et al. 2019; Fong
et al. 2020; Montoya-Ciriaco ef al. 2020). The frequency
of Pseudomonas was higher in the stomach and small
intestine, which is consistent with other studies in snakes
(Tang et al. 2019) and birds (Zhang et al. 2017). In
snakes, for instance, it has been argued that Pseudomonas
bacteria can break down proteins (Tang et al. 2019). The
genus Bacteroides was found in all sampled sections,
as reported along the GIT in other vertebrate groups
(Tang et al. 2019; Zhou et al. 2020; Lkhagva et al. 2021).

Gut microbiota of wild lizards

Bacteroides species are known to degrade complex
polysaccharides (Flint ef al. 2012). Their high abundance
along the GIT in this insectivorous lizard could be related
to the degradation of chitin, a polysaccharide found in the
exoskeletons of insects. The genus Lachnoclostridium
was well represented in the small intestine, rectum, and
feces. Members of the Clostridia class and Clostridiaceae
family were detected in insectivorous bats (Banskar et al.
2016; Ingala et al. 2018) and birds (Sottas et al. 2021).
It has been reported that members of Clostridium, for
example, C. beijerinckii, have the potential to convert
N-acetylglucosamine, an essential structural component
of the arthropod exoskeleton, into simple molecules (Al
Makishah & Mitchell 2013).

The cloacal bacterial assemblages are different from
those obtained in the GIT segments. In this study, cloacal
bacterial communities were dominated by Proteobacteria
and Hafnia-Obesumbacterium, Helicobacter, Salmonella,
and Bacteroides genera. The cloaca is a complex struc-
ture that collects excretory products from the digestive,
urinary, and reproductive systems (Diaz-Figueroa &
Mitchell 2006), which may reflect a mixture of bacteria
coming from these systems (Escallén et al. 2019). A
recent study in S. virgatus (Bunker et al. 2022) found
similar cloacal bacterial communities. For instance, they
reported that at the family level, Enterobacteriaceae and
Helicobacteraceae displayed a high abundance in the
cloacal tissue and cloacal swabs. While our study and
previous works have sampled cloaca to investigate reptile
bacterial communities, the role of these bacterial mem-
bers in the lizard’s microbiome is still largely unknown.
Therefore, metagenomic analyses are needed to reveal the
influence of cloacal microbiota on lizard communities.

The structure of the bacterial communities at the phy-
lum level in the fecal and cloacal samples showed a strong
relationship with those in the GIT segments (s > 0.84).
The strong correlation between the bacterial communities
of the feces and cloaca, and the GIT segments despite dif-
ferences in composition (Fig. 1a) might be due to the fact
that cloacal swabs were taken just after defecating or that
the factors affecting the composition of the bacterial com-
munities in the gut are acting similarly on the bacterial
communities in feces and cloaca in spiny lizards. A re-
cent work on ostriches (Struthio camelus) found that the
correlations of both fecal and cloacal samples with ileal
and cecal samples were weak, whereas the correlations
with colon were stronger and even more so with the fe-
cal samples (s = 0.56) (Videvall et al. 2017). A possible
explanation for the strong correlation between feces and
rectum is that fecal matter formation and temporary stor-
age prior to elimination takes place in the large intestine
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(Zaher et al. 2012). Thus, in terms of composition, the
fecal bacterial communities might resemble the actual
hindgut microbiota. We cannot discard fecal contamina-
tion in the rectum, since we collected mucosal and lumi-
nal microbiota from the GIT segments. Given that reptiles
often defecate once a day (Kohl et al. 2017), the diges-
tive tract was empty or nearly empty after defecation. As
such, the gut microbiota analyzed belonged mostly to the
mucosal and not the luminal environment. Luminal and
mucosal-associated microbiota are different as reported
in previous studies (e.g. Kohl ef al. 2019). In bats, the
mucosal microbiota is closely related to intrinsic factors,
such as the immune system, whereas the luminal micro-
biota is shaped primarily by dietary intake (e.g. Ingala
et al. 2018). More studies are needed to elucidate how
microbial communities might differ in the two intestinal
environments of lizards.

At the ASVs level, the lowest turnover ratio was found
between the bacterial communities of the rectum and fe-
ces, followed by the ratio between small intestine and
feces, whereas turnover ratio between gut segments and
cloaca outweighed more than 80%. Our results indicated
that approximately 40% of the typical ASVs found in the
rectum and 30% found in the small intestine were ob-
served in the feces. Considering the core bacterial biota,
the rectum and feces also shared more bacterial ASVs
than the small intestine and feces. It is important to no-
tice that although several genera were shared among the
cloaca, rectum, and small intestine, only a few ASVs were
shared among these structures. Hence, we cannot discard
the possibility that the precipitation method used with the
swabs to increase the yields of DNA might have affected
this result. Multivariate analysis grouped bacterial com-
munities from the same individual rather than sampling
sections. This finding is interesting since previous studies
in wild house mice have demonstrated that host-specific
differences influence gut microbiota composition (Lin-
nenbrink ef al. 2013; Suzuki et al. 2019), which could be
related to little genetic variation among individuals. Fur-
ther genetic analyses are probably needed to test this hy-
pothesis in the mesquite lizard.

The alpha diversity of the gut bacterial communities
varied among GIT segments, feces, and cloaca. For in-
stance, the stomach and cloaca had a lower effective num-
ber of total, frequent, and dominant ASVs than the feces,
whereas the rectum and small intestine had a higher diver-
sity. These differences in microbial alpha diversity were
also reported for other vertebrate organisms. In ostriches,
the caecum, colon, and feces had a higher alpha diver-
sity than the cloaca and ileum (Videvall ef al. 2017). Our

findings also showed a reduced diversity and specialized
microbiota in the cloaca, and the same phenomenon has
been observed in birds (Zhang ef al. 2017) and lizards
(Martin et al. 2010; Bunker et al. 2022). A likely expla-
nation is that in vertebrates, mucus secretion with im-
mune cells produced by the mucosal surface (e.g. cloa-
cal mucosa) can alter and select the most appropriate mi-
crobial communities for the host (Zarepour et al. 2013),
which may reduce cloacal bacterial diversity. Further-
more, the complexity of the physiological functions that
converge in the cloaca exposes its microbiota to different
selective pressures such as a semi-aerobic environment,
antimicrobial molecules, and exogenous microorganisms
transmitted during copulation (White et al. 2011; Grond
et al. 2018). Although cloaca displayed low bacterial di-
versity, some commensal bacteria detected in the cloaca
of S. grammicus (e.g. Hafnia-Obesumbacterium and Al-
istipes) could provide beneficial effects to their hosts. For
instance, in wild birds, it has been proven that cloacal bac-
terial assemblage was associated with phenotypic quality
of hosts (Ruiz-Rodriguez et al. 2009). The diversity of
the bacterial communities in the stomach was lower than
in the two intestinal segments and no ASVs were shared
between the stomach, and the small intestine and rectum.
This might be explained by the conditions in the stom-
ach, such as a low pH that chemically digests food and
a higher oxygen content, that differ from those in the in-
testine segments (Grond et al. 2018). Notably, we did not
find a relationship between the alpha diversity of bacterial
communities of the GIT segments and feces and cloaca.
This implies that the factors defining the diversity of the
gut microbial communities in the spiny lizards do not af-
fect the local diversity in the feces and cloaca. Hence,
studies attempting to test hypotheses regarding changes
in alpha diversity may not adequately be tested with fecal
or cloacal samples.

In summary, our findings indicate that nonlethal sam-
pling of the feces and cloaca reflect changes in the bac-
terial taxonomic assemblages while feces better represent
the bacterial communities of the intestinal segments at a
single nucleotide variation level in the spiny lizards than
cloacal swabs. However, when possible, we recommend
the validation of these nonlethal methods independently
in other species of lizards. Our results provide valuable
information, and further studies are required to elucidate
whether fecal and cloacal microbial communities fully
represent gut microbiota in the intestinal mucosa or in
other GIT segments, such as mouth and esophagus, two
semi-aerobic environments which may affect gut micro-
biota composition.
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of Sceloporus grammicus. Bold text indicates a P-value
< 0.05.

Table S5 Wilcoxon signed-rank test comparison of Hill
numbers to measure alpha functional diversity between
gastrointestinal tract segments with the feces and cloaca
of Sceloporus grammicus. Bold text indicates a P-value <
0.05.

Cite this article as:

Figure S1 Relative abundance of the dominant (a)
phyla and (b) genera among gastrointestinal tract seg-
ments, feces and cloaca of Sceloporus grammicus. Box
and whisker plots (median, interquartile and 10-90 per-
centiles) of the relative abundance and raincloud plot with
the distribution among individuals (avg, average; sd, stan-
dard deviation of the mean).
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6. Chapter II: Is habitat more important than phylogenetic relatedness for elucidating the
gut bacterial composition in sister lizard species?

Mauricio Hernandez, Sergio Ancona, Anibal H. Diaz de la Vega-Pérez, Ligia C. Mufioz-Arenas,

Stephanie Hereira-Pacheco and Yendi E. Navarro-Noya. Microbes and Environments 2022;

37(3): ME21087. DOI: 10.1264/jsme2.ME21087. [IF: 2.6]

Since fecal bacterial communities accurately resemble the bacterial communities of the GIT
(Hernandez and cols. 2023), in the Second Chapter, we characterized the fecal bacterial
communities (hereafter gut microbiota) of two closely related species, S. aeneus and S.
bicanthalis, inhabiting at different elevations within La Malinche volcano, 2600 and 4150 m
a.s.l. respectively. These two species are morphologically and ecologically similar (Méndez de
la Cruz and cols. 2018), which renders them ideal subjects to examine interspecific differences
in their bacterial assemblages. Because gut microbiota variation among populations is strongly
influenced by microbial local exposure (Lankau and cols. 2012), altitudinal gradient (Montoya-
Ciriaco and cols. 2020) and particular evolutionary history of species (Li and cols. 2017), we
hypothesized that S. aeneus and S. bicanthalis would exhibit differences in their gut microbiota
diversity and composition. Furthermore, to elucidate the influence of environmental conditions
and phylogenetic relatedness on bacterial communities, we compared the core gut microbiota
between S. grammicus and S. aeneus that coexist at ~2600 m a.s.l., and between S. grammicus
and S. bicanthalis that coexist at ~4150 m a.s.l. in the study area. There were significant
differences in diversity and composition of the gut microbiota between species, and these results
support the hypothesis that gut microbiota differ among them. Gut bacterial alpha diversity was
higher in S. bicanthalis living at ~4150 m a.s.l. compared to S. aeneus living at ~2600 m a.s.l.,
which probably implies that more diverse microbiotas in S. bicanthalis may contribute to a better
adaptation and thrive at high-altitude regions. Additionally, core microbial community varied
between S. grammicus with S. aeneus and S. bicanthalis, but not between closely related species
S. aeneus and S. bicanthalis, suggesting that habitat conditions and evolutionary history impact
on gut microbiota variation. Find more information about the published research in Microbes

and Environments (Hernandez and cols. 2022).
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The gut microbiota influences the phenotype and fitness of a host; however, limited information is currently available
on the diversity and functions of the gut microbiota in wild animals. Therefore, we herein examined the diversity,
composition, and potential functions of the gut microbiota in three Sceloporus lizards: Sceloporus aeneus, S. bicanthalis,
and S. grammicus, inhabiting different habitats in a mountainous ecosystem. The gut bacterial community of S. bicanthalis
from alpine grasslands at 4,150 m a.s.l. exhibited greater taxonomic, phylogenetic, and functional alpha diversities than
its sister species S. aeneus from cornfields and human-induced grasslands at 2,600 m a.s.l. Bacteria of the genus Blautia
and metabolic functions related to the degradation of aromatic compounds were more abundant in S. bicanthalis than
in S. aeneus, whereas Oscillibacter and predicted functions related to amino acid metabolism and fermentation were
more abundant in S. aeneus. The structure of the dominant and most prevalent bacteria, i.e., the core microbiota, was
similar between the sister species from different habitats, but differed between S. grammicus and S. aeneus cohabiting
at 2,600 m a.s.l. and between S. grammicus and S. bicanthalis cohabiting at 4,150 m a.s.l. These results suggest that
phylogenetic relatedness defines the core microbiota, while the transient, i.e., non-core, microbiota is influenced by
environmental differences in the habitats. Our comparisons between phylogenetically close species provide further evidence
for the specialized and complex associations between hosts and the gut microbiota as well as insights into the roles of
phylogeny and ecological factors as drivers of the gut microbiota in wild vertebrates.

Key words: gut microbiota, mountain ecosystem, related species, reptile microbiome, wild lizard

The gut microbiota strongly influences the health of
its vertebrate hosts via energy and nutrient acquisition
(Matsuyama et al., 2019) or protection against pathogens,
either by competing against pathogenic microbes or by
boosting the host’s immune system (Belkaid and Hand,
2014). Importantly, the gut microbiota shapes the phenotype
of the host, and, thus, plays a critical role in how natural
populations respond to environmental conditions (Alberdi
et al., 2016). Nevertheless, the majority of research on the
composition and functions of the vertebrate gut microbiota
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have focused on mammals, and predominantly on humans
and captive mammalian populations (Colston and Jackson,
2016). Therefore, limited information is currently available
on the composition and functions of the gut microbiota in
wild vertebrate populations.

Non-avian reptiles are taxonomically very diverse (Uetz
and Hosek, 2021), and are widely distributed and play
important ecological functions in their habitats (Pereira
de Miranda, 2017); however, research on the composition
and functions of their gut microbial communities is in its
infancy. Only a few studies have examined the wild and
captive reptilian gut microbiota, and the findings obtained
showed that several factors may influence gut microbiota
variations in this group of animals, e.g., climate change
(Bestion et al., 2017), an altitudinal gradient (Zhang et al.,
2018; Montoya-Ciriaco et al., 2020), gestation (Trevelline
et al., 2019), diet and captivity (Kohl ez al., 2017), multi-
ple mating (White et al., 2011), and phylogeny and ecomor-
phism (Ren et al., 2016).

Coevolution between gut microbial communities and
hosts has been documented in mammals (Li ez al., 2017;
Ingala et al., 2018), reptiles (Scheelings et al., 2020), and
birds (Sottas et al., 2021), with the general pattern being that
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the gut microbiota is more similar in closely related species
than among distantly related species. Nevertheless, similari-
ties in the composition of the gut microbiota of phylogenet-
ically close species may not be unambiguously dissociated
from ecological similarities between hosts. A previous study
reported that the gut bacterial composition did not signif-
icantly differ between sympatric populations of closely
related species of the deer mice Peromyscus leucopus and
P. maniculatus gracilis, which have similar diets (Baxter et
al., 2015). These findings raised the question as to whether
this was due to ecological similarities rather than phyloge-
netic relatedness between host species (see Sottas et al.,
2021 for a similar example in the nightingale birds Luscinia
megarhynchos and L. luscinia).

Reptiles provide striking examples of the complex rela-
tionships between the composition of the gut microbiota
and the ecology and phylogeny of hosts. Small dietary
variations may explain differences in the gut microbiota
compositions and structures of two Liolaemus lizard spe-
cies (Liolaemus parvus and L. ruibali; Kohl et al., 2017).
Similarly, fine-scale exposure to different local pools of
microbial species resulted in differences in the gut microbial
communities of the land iguanas Conolophus subcristatus
and C. pallidus cohabiting the Galapagos islands (Hong et
al., 2011; Lankau et al., 2012). Variations in gut bacterial
communities were detected between two species of anoles,
Anolis cristatellus and A. sagrei, which exhibit convergent
trunk-ground ecomorphs (Ren et al., 2016). However, fur-
ther research on other reptiles is needed to confirm the
generality of these patterns.

In the present study, we used 16S rRNA gene sequencing
to compare the taxonomic, phylogenetic, and functional
diversities of the fecal bacterial biota (hereafter referred to
as the gut microbiota) of two closely related lizard species
of the genus Sceloporus (Phrynosomatidae): the oviparous
lizard Sceloporus aeneus Wiegmann, 1828, and the vivip-
arous lizard S. bicanthalis Smith, 1937 inhabiting the vol-
cano La Malinche (4,460 m a.s.l.) in the Trans-Mexican
Volcanic Belt. These sister species diverged from their
common ancestor ~5.5 million years ago (Wiens et al.,
2013), and exhibit similar morphologies and body sizes
(snout to vent length 51-59 mm). Both species are terres-
trial and inhabit grasslands (Méndez de la Cruz et al,
2018), their maximum average lifespan is approximately
one year (Rodriguez-Moreno, 2004), and they are general-
ist insectivorous (Canseco-Marquez and Gutiérrez-Mayén,
2010; Cruz-Elizalde ef al., 2021). In La Malinche, these liz-
ard species occupy contrasting habitats. S. aeneus is mainly
found in cornfields, human-induced grasslands, and shrubs
located at 2,600 m a.s.l., with a mean air temperature of
13.20+6.69°C and mean relative humidity of 66.68+22.09%
(Dominguez-Godoy et al., 2020). In contrast, S. bicanthalis
is mainly found in alpine grasslands located at 4,150 m
a.s.l., where mean air temperature is 6.02+4.7°C and mean
relative humidity is 67.74+29.93% (Dominguez-Godoy et
al., 2020).

After the gut microbiota of S. aeneus was shown to dif-
fer from that of S. bicanthalis despite them being sister
species, we compared the core gut microbiota of these spe-
cies with that of another member of the genus Sceloporus,
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the mesquite lizard S. grammicus Wiegmann, 1828, which
coexists with both species in the studied sites. S. grammicus
is an insectivorous lizard with arboreal and saxicolous hab-
its that lives at 2,300-4,400 m a.s.l. in La Malinche (Diaz
de la Vega-Pérez et al., 2019a). We speculated that if the
core gut bacterial composition differs between S. grammicus
and the two other Sceloporus species, then differences in
the gut bacterial composition between S. aeneus and S.
bicanthalis may be attributed to species identity (Sottas et
al., 2021) rather than differences in the ecological condi-
tions to which these lizards are subject. Data on the core
gut microbiota of S. grammicus were taken from Montoya-
Ciriaco et al. (2020).

Materials and Methods

Ethics statement

The sampling and handling of lizards complied with ethical
and legal regulations in Mexico to conduct research on wild organ-
isms, as stipulated in the Norma Oficial Mexicana (NOM-126-
ECOL-2000). Permission for the sampling and handling of lizards
was granted by the Secretaria de Medio Ambiente y Recursos Nat-
urales (SEMARNAT, Mexico) under the collecting permits SGPA/
DGVS/15396/15 and SGPA/DGVS/007736/20.

Study area and sampling

La Malinche is an eroded stratovolcano situated in the Mexican
states of Tlaxcala and Puebla (N 19°, 14’ W 98°02’). This volcano
is mainly covered by cornfields, shrubs, and herbaceous plants
(low-zone at 2,600 m a.s.l.), coniferous (Pinus spp. and Abies spp.)
and oak (Quercus spp.) forests (medium-zone at 3,200 m a.s.l.),
and rocky alpine grassland and shrubs of Juniperus monticola
(high-zone at 4,150 m a.s.l.) (Dominguez-Godoy et al., 2020).
Lizards were sampled in February 2020 at different elevations: 9
individuals of S. aeneus were collected at 2,600 m a.s.l. (19°12’ N,
97°55" W) and 9 of S. bicanthalis at 4,150 m a.s.l. (19°14’ N,
98°01" W). Lizards were captured by hand between 0900 and
1600 h. Each captured specimen was transported individually
to the La Malinche Scientific Station, located at 3,100 m a.s.l.
(19°14’ N, 97°59" W), for fecal sampling. Lizards were housed
individually in sanitized cages and maintained at 20-25°C until
they naturally defecated. The base of each cage was covered with
a sterile paper sheet and fecal samples were collected with sterile
forceps. Fecal samples were placed in separate 1.5-mL sterile pol-
ypropylene tubes, stored and transported into a cooler with ice
(<4°C), and then kept at —20°C until DNA extraction. All lizards
were released alive in good physical condition at the site at which
they were captured.

DNA isolation and library preparation

DNA was extracted from feces using two different methods of
cell lysis and pooled as previously described by Montoya-Ciriaco
et al. (2020). DNA quality was verified by electrophoresis through
1% agarose gels. Amplification of the V3—V4 region of the 16S
rRNA gene was performed using the 341F (5'-CCTACGGGNGGC
WGCAG-3') and 805R (5'-ACHVGGGTATCTAATCC-3') primers
(Herlemann et al., 2011) modified with adapters for the Illumina
sequencing platform. The thermal cycling conditions of PCR were
as follows: denaturation at 95°C for 2 min, followed by 28 cycles
of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, elon-
gation at 72°C for 30 s, and a final extension at 72°C for 5 min.
A negative control was included in each PCR to detect reagent
contamination. PCR was performed in triplicate, pooled, purified
using the FastGene Gel/PCR Extraction Kit (Nippon Genetics),
quantified using a NanoDrop 3300 fluorospectrometer (Thermo
Fisher Scientific) with the PicoGreen dsDNA assay (Invitrogen),
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and combined at equal molar concentrations. Sequencing was con-
ducted by Macrogen with 300-bp PE MiSeq runs (Illumina). Raw
sequence databases are available at the Sequence Read Archive
(SRA) from the NCBI under the project number PRINA816478.

Bioinformatic analysis

A sequencing data analysis was performed using the open-
source software QIIME. Demultiplexing was conducted with
QIIME v1.9.1 (Caporaso et al., 2010). Sequences were imported
into QIIME2 v2021.4.0 (Bolyen et al., 2019). Denoising, quality
filtering, trimming, paired-end sequence merging, dereplication
in Amplicon Sequence Variants (ASVs), and chimera filtering
were performed with the DADA2 plugin (Callahan et al., 2016).
Standard filtering parameters (maxEE=2, truncQ=2, p-pooling-
method=pseudo) were applied to forward and reverse reads, and
forward reads were trimmed to 260 nt and reverse to 200 nt. Query
sequences (rep-set) were assigned taxonomically with classify-
sklearn with a Naive Bayes supervised learning algorithm using
the trained SILVA 16S rRNA gene database version v.138.1.
Organellar 16S rRNA sequences, i.e., from mitochondria and
chloroplasts, were eliminated. After these filtering steps, samples
with fewer than 1,000 reads were eliminated from the dataset. To
construct the phylogeny for the calculation of phylogenetic diver-
sity, the rep-set was aligned with MAFFT (Katoh and Standley,
2013) and a rooted maximum likelihood tree was built using IQ-
TREE multicore version 2.0.3 (Minh et al., 2019) with the best
substitution model for our dataset as selected with the ModelFinder
algorithm, i.e., the GTR+F+R10 model. The potential functions
of the microbiome were investigated with PICRUSt2. The rep_set
and a reference database of genomes from the Integrated Microbial
Genomes database were aligned with hidden Markov models to
insert ASVs into a reference tree. Genome predictions were per-
formed with a hidden-state algorithm. Pathway abundance based
on Enzyme Classification number (EC number) abundance was
inferred with MetaCyc (Caspi et al., 2016).

Statistical analysis

Downstream statistical analyses were performed within the R
environment (R Core Team, 2020). We used Hill numbers to meas-
ure true taxonomic, phylogenetic, and functional alpha diversities
at different ¢ diversity orders: g=0 corresponds to the total number
of ASVs or species richness, g=1 corresponds to frequent ASVs
and is equivalent to the exponential of the Shannon entropy, and
g=2 corresponds to dominant ASVs and is equivalent to the recip-
rocal of the Simpson index (Chao et al., 2014; Alberdi and Gilbert,
2019). Taxonomic, functional, and phylogenetic alpha diversities
were obtained using the 4illR R package (Ma and Li, 2018). Taxo-
nomic alpha diversity was calculated with the frequency table of
ASVs. Functional diversity was assessed as the mean functional
diversity per species (MD_q), which calculates the effective sum
of pairwise distances between a fixed species and all other species
using the frequency table of ASVs (community) and that of EC
numbers (functional traits). Hill numbers for phylogenetic diver-
sity incorporate the tree’s branching pattern, the relative branch
lengths, and the relative abundance of each node/branch, and the
unit of measurement is the effective total branch length (Chao et
al., 2010). A non-parametric Mann-Whitney-Wilcoxon test was
implemented to detect significant differences in alpha diversities
between S. aeneus and S. bicanthalis. Adjusted P-values were
considered to be significant at P<0.05.

Due to the compositional nature of the microbiome data, we
applied a centered-log-ratio transformation “c/r” to the frequency
table of ASVs, which makes the data symmetric and linearly
related, with the ALDEx2 R package (Gloor et al., 2017). A
Robust Aitchison Principal Component Analysis (RPCA), which
is a proper distance metric for compositional data (Aitchison et
al., 2000), was obtained to examine variations in bacterial com-
munity assemblages, and these differences were assessed using
a permutational multivariate analysis of variance (perMANOVA)
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with 999 permutations using the vegan R package (Oksanen ef al.,
2017). An ANOVA-like Differential Expression (ALDEX) analysis
was used to examine differences in the abundance of taxonomic
groups and EC numbers among S. aeneus and S. bicanthalis with
the ALDEx2 R package. Raw counts were used as an input and
Monte Carlo Dirichlet instances of c/r transformation values were
generated with the function “aldex.clr”. To test for differences
in abundance between bacterial taxa, a Mann-Whitney-Wilcoxon
test was conducted using the function “aldex.ttest’. A Benjamini-
Hochberg sequential correction was applied to the resulting P-
value. Heatmaps of differentially abundant taxa and functions
were constructed with the ComplexHeatmap R package (Gu et
al., 2016).

We compared the gut bacterial community structure of the two
populations of S. grammicus sampled by Montoya-Ciriaco et al.
(2020) with S. aeneus and S. bicanthalis: one population coexist-
ing with S. aeneus at 2,600 m a.s.l., and another population coex-
isting with S. bicanthalis at 4,150 m as.l. Sequences from the
gut bacterial communities of both populations of S. grammicus
were obtained from the NCBI (https://www.ncbi.nlm.nih.gov/
search/all/?term=PRJINA544140). To reduce the bias of comparing
two different datasets, the two fasta files of the representa-
tive sequences were clustered with a closed-reference clustering
method at a similarity threshold of 97% using VSEARCH within
QIIME2 and against the Greengenes 16S rRNA gene database
version 13_8 (http://greengenes.lbl.gov/Download/). The resulting
OTUs were taxonomically assigned with classify-sklearn and fre-
quency tables of taxonomic compositions at the genus level were
used for further analyses. It was necessary to use the core gut
bacterial communities instead of the whole bacterial communities
of the gut, which include both the core microbiota and non-core
microbiota, because samples were collected in different years (S.
grammicus was sampled in 2015; S. aeneus and S. bicanthalis
were sampled in 2020). The core gut microbiota is more stable
over time than the non-core gut microbiota (Huse et al., 2012)
and, thus, comparisons of the core microbiota allowed us to
reduce the potential confounding effect of interannual variations
in the composition of gut bacterial communities. Core gut bacterial
communities were defined as bacterial genera with a prevalence
>55% in the samples of each species. The resulting frequency
table that contained the samples from S. aeneus, S. bicanthalis,
and S. grammicus at the genus level was c/r transformed, and
perMANOVA and PCA were performed as described above for
the comparisons of interest. A Venn diagram was constructed
with the VennDiagram R package (Chen and Boutros, 2011). A
network was built to show the co-occurrence patterns of the core
bacterial genus between the three lizard species using the NetCoMi
R package (Peschel et al., 2021). Zeros from the observation
matrix were replaced with pseudocounts with a predefined value
of 0.5 and data was clr transformed. Correlations (edges) between
nodes (core bacterial genera) were obtained with the SparCC func-
tion (=0.3) (Friedman and Alm, 2012). The adjacency matrix was
obtained with the function “graph_from_adjacency matrix” from
the igraph R package (Csardi and Nepusz, 2006). Clusters, compo-
nents, and hubs were identified based on a fast greedy modularity
optimization algorithm. Components with unconnected nodes were
removed from the network for visualization. The R scripts for
the statistical analysis may be found at GitHub (https://github.com/
Steph0522/Sceloporus_species).

Results

Eighteen fecal samples were used to characterize the gut
bacterial communities of S. aeneus (n=9) and S. bicanthalis
(n=9), and resulted in 107,919 good quality sequences (min
frequency=1300, max frequency=14503; Table S1). Sixty-
one fecal samples from S. grammicus (n=38 collected at
2,600 m a.s.l. and n=23 collected at 4,150 m a.s.l.) were

Article ME21087

24



used to compare the core gut bacterial communities between
S. grammicus and S. aeneus and between S. grammicus and
S. bicanthalis.

Alpha diversity of gut bacterial communities

Across all gut bacterial communities, 886 ASVs were
identified with an average of 136 ASVs per sample. Except
for phylogenetic diversity at g=2, the taxonomic, phyloge-
netic, and functional diversities of gut bacterial communities
at g=1 and 2 were higher in S. bicanthalis than in S. aeneus
(P<0.05; Fig. 1B-I and Table S2). Taxonomic, phylogenetic,
and functional richness were similar in both species.

Taxonomic compositions and structures of gut bacterial
communities

The gut bacterial communities of S. aeneus and
S.  bicanthalis contained 11 bacterial phyla with
Bacteroidota (42.55+14.50%) being the most abundant,
followed by Firmicutes (40.71%13.04%), Proteobacteria
(11.75+15.09%), Desulfobacterota (2.16£1.67%), and
Verrucomicrobiota (2.06+2.32%). The remaining six bacte-
rial phyla had a relative abundance <1% (Fig. 2A). The
most abundant genera across all samples were, in decreasing
order, Bacteroides (19.18+8.48), Odoribacter (11.81£5.23),
Parabacteroides (8.67+6.04), Hafnia-Obesumbacterium
(7.45+£16.47),  Alistipes  (6.77+5.81),  [Eubacterium]
(3.47+£2.70), Roseburia (2.95+6.72), and Akkermansia
(2.62+2.87) (Supplementary Fig. S1). The most abundant
genera were also the most prevalent. The core gut bacte-
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rial microbiota of Sceloporus spp. comprised Bacteroides,
Parabacteroides, Odoribacter, Hafnia-Obesumbacterium,
and Alistipes, but also included Lachnospiraceae,
Oscillibacter, Blautia, Akkermansia, and Desulfovibrio
(Supplementary Fig. S1). A differential abundance analysis
with Aldex revealed that Oscillibacter and Blautia were
differentially abundant genera (considering an effect size
>|0.8|) between S. aeneus and S. bicanthalis (effect size of
—0.86 and 0.91, respectively), with Oscillibacter being more
abundant in S. aeneus and Blautia in S. bicanthalis (Fig.
2B). An ordination analysis separated the gut bacterial com-
munities of S. aeneus from those of S. bicanthalis (Fig. 2C).
Accordingly, perMANOVA showed a significant difference
in the gut bacterial community structure of S. aeneus and
S. bicanthalis (F=1.869, df=1, P<0.001, adjusted R*=0.103;
Table S3).

Prediction of metabolic functions

A total of 1,851 functional genes were predicted and
annotated. The most abundant predicted functions across
all samples were related to nucleic acid processing. Fifteen
functions were different (considering an effect size >[0.8|)
between S. aeneus and S. bicanthalis (Fig. 3A). Functions
related to amino acid synthesis and fermentation were more
abundant in S. aeneus than in S. bicanthalis, whereas meta-
bolic functions associated with the degradation of aromatic
compounds were more abundant in S. bicanthalis. How-
ever, none of these predicted functions were significantly
different. The ASVs identified as Hafnia-Obesumbacterium
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Box and whisker plots (medians, interquartiles, 10-90% percentiles) of the true alpha diversity estimated as Hill numbers of gut bacterial

g=2

communities of two Sceloporus lizard species inhabiting a high-mountain ecosystem. Taxonomic alpha diversity (A, B, C), phylogenetic alpha
diversity (D, E, F), and functional alpha diversity (G, H, I) were calculated at diversity orders g=0 (A, D, G), g=1 (B, E, H), and ¢=2 (C, F, I).
Significant differences among lizard species were tested by the Mann-Whitney-Wilcoxon test.
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Fig. 2. Taxonomic compositions of gut bacterial communities of two Sceloporus lizard species inhabiting a high-mountain ecosystem. (A) Bar

plot of individual relative abundance at the phylum level, (B) heatmaps with comparisons between Sceloporus aeneus (SA) and Sceloporus
bicanthalis (SB) of the median c/r value of the 15 most abundant genera, as assessed by an ANOVA-like differential expression tool for
compositional data. Bar plots represent the median difference between species, and (C) comparisons of the gut bacterial communities of the
Sceloporus species from this study by a Robust Principal Component analysis (RPCA).

and Serratia equally contributed to amino acid biosynthe-
sis pathways (Fig. 3B). Meanwhile, ASVs belonging to
11 different genera contributed to the degradation of aro-
matic compounds.

Comparison of core gut bacterial communities between
Sceloporus species

Based on the result showing that the gut microbiota of
S. aeneus was different from that of S. bicanthalis, we com-
pared the core gut bacterial biota of these species with that
of S. grammicus, which coexists with both species at the
studied sites (Fig. 4A). The core gut bacterial communities
of Sceloporus members were separated by species in the
ordination analysis (Fig. 4B). Similarly, the population of
S. grammicus coexisting with S. aeneus at 2,600 m a.s.l.
(Fig. 4C) and S. grammicus and S. bicanthalis at 4,150 m
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a.s.l. (Fig. 4D) were separated by species in the ordina-
tion analysis. The core gut bacterial communities of S.
grammicus sampled at two different elevations did not sig-
nificantly differ from each other (P>0.05; Table S3), and
neither did the core bacterial genera of S. aeneus and S.
bicanthalis (P>0.05; Table S3). Core gut bacterial commun-
ities were significantly different between S. grammicus and
S. aeneus at 2,600 m a.s.l. and between S. grammicus and
S. bicanthalis at 4,150 m a.s.l. (P<0.05; Table S3). Nine
core bacterial genera were shared between the three lizard
species, S. bicanthalis and S. aeneus shared 11 genera,
while S. bicanthalis had four unique genera and S. aeneus
had none. S. grammicus shared six bacterial genera with
both sister species and had six unique genera (Fig. 5A).
A co-occurrence network analysis clustered core genera
into two components. One of them positively connected
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Comparisons of gut bacterial communities of Sceloporus species inhabiting a high-mountain ecosystem. (A) Schematic representation of

species at 4,150 m a.s.l. in La Malinche. The La Malinche Scientific Station (LMSS) is located at 3,100 m a.s.l.

Eubacterium, Holdemania, Bacteroides, Parabacteroides,
Coprococcus, and Dorea among others, which co-occur in
the three lizard species, and the other connected those co-
occurring mostly in S. grammicus (Akkermansia, Serratia,
Oscillospira, Clostridium, and Roseburia were positively
connected and Ruminococcus, Blautia, and Sphingomonas
were negatively connected to Oscillospira) (Fig. 5B). Both
components included members of Ruminococcaceae and
Lachnospiraceae. Lachnospiraceae and Odoribacter nodes
mostly connected the components in the network; therefore,
they were identified as hubs. The whole network had a
clustering coefficient of 0.53, positive edge percentage of
69.4, and modularity of 0.32.

Discussion

The present study revealed differences in the composi-
tion of the gut microbiota between two closely related liz-
ard species of the genus Sceloporus that feed on insects
and exhibit similar body sizes and terrestrial habits, but
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inhabit grasslands with contrasting temperatures and vege-
tation compositions located at different elevations in La
Malinche. S. bicanthalis, living in alpine grasslands located
at 4,150 m a.s.l. with an average temperature of 6.0°C,
exhibited greater taxonomic, phylogenetic, and functional
alpha diversities in its gut bacterial community than S.
aeneus, which inhabits cornfields, human-induced grass-
lands, and shrubs located at 2,600 m a.s.l. with an average
temperature of 13.2°C. We infer that these differences are
mainly driven by non-core bacterial communities and are
likely due to differences in food resources.

Habitats impose different environmental conditions on host
species and affect gut bacterial diversity

Specimens of S. bicanthalis living at 4,150 m a.s.l. must
cope with low atmospheric oxygen concentrations, high
levels of ultraviolet radiation, and low temperature and
humidity levels (Diaz de la Vega-Pérez et al., 2019a;
Dominguez-Godoy et al., 2020). These limiting conditions
are associated with increased metabolic rates in lizards
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(Yuni et al., 2015; Plasman et al., 2020), which are required
in order to maintain an optimal energetic balance under
these conditions (Yuni et al., 2015). Diverse gut microbial
communities, particularly short-chain fatty acid-producing
bacteria (e.g., Blautia, Eubacterium, and Lachnospiraceae)
that predominate in the gut of S. bicanthalis, allow them
to satisfy their physiological or energy demands in the
challenging environments they occupy at 4,150 m a.s.l
(Zhang et al., 2016; Wu et al., 2020). In marked contrast
to S. bicanthalis, specimens of S. aeneus were captured at
2,600 m a.s.l., where temperatures are warmer and oxygen
availability is higher, and, thus, energy requirements may be
lower and diverse gut bacterial communities less important.
Higher diversity in the gut microbiota in S. bicanthalis
than in S. aeneus may also be attributed to parallel differen-
ces in diet breadth because high diversity in gut bacterial
communities is related to broad diets in reptiles (Hong et
al., 2011). However, differences in diet breadth are unlikely
to explain the present results. S. bicanthalis living at
4,150 m a.s.l. may be exposed to a lower diversity of insect
prey than S. aeneus living at 2,600 m a.s.l because insect
diversity has been reported to slightly decrease at high ele-
vations elsewhere (McCoy, 1990) and also in La Malinche,
as suggested by the number of Arthropoda families found
in the feces of S. grammicus at 4,150 m a.s.l. being 10-fold
lower than in those living at 2,600 m a.s.l. (Montoya-Ciriaco
et al., 2020). Nevertheless, diet breadth needs to be esti-
mated for S. aeneus and S. bicanthalis living at different
elevations in order to assess its role as a driver of differ-
ences in gut microbiota compositions between these lizard
species. The availability of bacterial inoculums acquired
from insect prey may be a plausible explanation for the dif-
ferences observed in gut microbiota compositions between
S. aeneus and S. bicanthalis. Grasslands inhabited by S.
bicanthalis at 4,150 m a.s.l. in La Malinche are less acces-
sible and, thus, less perturbed by human activities (Diaz
de la Vega-Pérez et al., 2019b), whereas S. aeneus living
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in cornfields and human-induced grasslands and shrubs at
2,600 m a.s.l. is exposed to agrochemicals, including pesti-
cides and chemical fertilizers, which are frequently used to
promote growth and protect crops from insects and compet-
itor weeds (Garcia-Juérez et al., 2019). Habitat alterations
and exposure to agrochemicals may reduce the diversity of
gut bacterial communities in insects (Syromyatnikov et al.,
2020), plants (Perazzolli et al., 2014), and animals at higher
trophic levels (Amato et al., 2013), and, thus, insects, arach-
nids, and plant material occasionally eaten by S. aeneus
(Cruz-Elizalde et al., 2021) may provide less diverse bacte-
rial inoculums than prey eaten by S. bicanthalis at less per-
turbed areas, which, in turn, may translate into differences
in the diversity of the gut microbiota.

Are differences due to different species or habitats?

We compared the core gut microbiota between S.
aeneus and S. grammicus at 2,600 m a.s.l. and between
S. bicanthalis and S. grammicus at 4,150 m a.s.l. to estab-
lish whether differences in the gut bacterial beta diversity
between S. aeneus and S. bicanthalis are due to differ-
ences in their environments rather than to differences in
species-specific characteristics, such as host genetics, life
history, and behavior (Sottas et al., 2021). If environmental
conditions are the major driver of the composition of the
gut microbiota, no differences in the core gut microbiota
were expected between S. grammicus and S. aeneus coex-
isting at 2,600 m a.s.l. or between S. grammicus and S.
bicanthalis coexisting at 4,150 m a.s.l. (we are not aware
of areas at which S. bicanthalis and S. aeneus coexist in
La Malinche, and comparisons with S. grammicus were the
best control we had). In addition, we compared the core
microbiota between S. aeneus and S. bicanthalis to investi-
gate whether more stable gut bacterial communities also
differ between these closely related species living in differ-
ent environments. The core microbiota differed between S.
grammicus and S. aeneus and between S. grammicus and S.
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bicanthalis, but not between S. aeneus and S. bicanthalis.
These results are perplexing and imply that dissimilarities
in the gut bacterial communities of S. aeneus and S.
bicanthalis are mainly due to differences in non-core bacte-
rial taxa, which are highly influenced by environmental con-
ditions (Grieneisen et al., 2017). Moreover, these results add
to evidence for the core microbiota being highly conserved
in sister taxa (Baxter et al, 2015; Li et al., 2017), and
suggest that differences in overall gut bacterial communities
between S. aeneus and S. bicanthalis may be partially driven
by species identity (Baxter et al., 2015; Sottas et al., 2021)
because core bacterial communities in the gut differed from
those observed in coexisting specimens of S. grammicus.
Nevertheless, species identity explained only a small part
of the variance in gut microbiota compositions between S.
aeneus and S. bicanthalis (R*: 0.10), and may account for a
small portion of the variance in other iguanian lizards, such
as L. parvus and L. ruibali (R* 0.05) (Kohl et al., 2017).
Comparisons of the overall and core gut microbiota between
sympatric populations of S. aeneus and S. bicanthalis will
provide insights into the role of ecological factors and
species-specific characteristics in the composition of the
gut microbiota.

Differences in taxonomic and functional compositions
between lizard hosts

Differences in the composition of the overall gut micro-
biota between S. aeneus and S. bicanthalis may be due
to genetic differences that these sister species have accumu-
lated since they diverged from their common ancestor ~5.5
million years ago (Wiens et al., 2013). Similarities in their
core gut microbiota may be related to a high degree of
genetic similarity (Wiens et al., 2010), historically conver-
gent diets (Canseco-Mérquez and Gutiérrez-Mayén, 2010),
and habitat use (Méndez de la Cruz et al., 2018). The
gut bacterial communities of S. aeneus and S. bicanthalis
were dominated by three phyla: Bacteroidota, Firmicutes,
and Proteobacteria. These phyla are representative of the
bacterial communities of many vertebrates, e.g., birds (Hird
et al., 2015) and mammals (Ingala et al, 2018), and,
thus, the present results add to evidence for these bac-
terial phyla maintaining a close and ancient relationship
with their vertebrate hosts (Colston and Jackson, 2016).
Regarding bacterial genera, the abundance of Oscillibacter
(S. aeneus) and Blautia (S. bicanthalis) differed between
these sister lizards. This pattern is consistent with the higher
prevalence of Blautia in humans living at high elevations
(Han et al., 2021), a bacterial genus associated with short-
chain fatty acid production (Liu et al., 2021). Furthermore,
Oscillibacter was isolated from the gut of the Hawaiian
turtle (McDermid et al., 2020) and this genus has been asso-
ciated with the maintenance of gut barrier integrity (Lam et
al., 2012).

Predicted genes involved in the degradation of aromatic
compounds were more abundant in S. bicanthalis than in S.
aeneus. Previous studies indicated that under extreme envi-
ronmental conditions, Sceloporus spp. may feed on plant
material. Serrano-Cardozo et al. (2008) detected plant mate-
rial in the gastrointestinal tract of Sceloporus spp. in a semi-
arid region of Mexico, while Montoya-Ciriaco et al. (2020)
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identified considerable amounts of the genetic material of
plants in the feces of S. grammicus in alpine-grasslands.
If S. bicanthalis feeds on plant material, this may explain
the high abundance of functions, such as the degradation of
aromatic compounds, but also the large taxonomic, phyloge-
netic, and functional diversities of the bacterial communities
in its digestive tract. In contrast, functions related to amino
acid biosynthesis were more frequent in S. aeneus than
in S. bicanthalis. Further research on the metabolism and
diet of hosts and the actual functions of bacterial groups is
needed to elucidate the underlying causes of this difference;
however, one plausible explanation is that bacterial genes
associated with carbohydrate and amino acid metabolism
may help specimens of S. aeneus to process a diet richer in
proteins than that of S. bicanthalis.

Conclusion

The present study showed that the taxonomic, phyloge-
netic, and functional alpha diversities of the gut microbiota
were greater in S. bicanthalis living at 4,150 m a.s.l. than
in S. aeneus living at 2,600 m a.s.l., which may be because
more diverse gut bacterial communities allow Sceloporus
lizards to cope with the limiting conditions that they are
exposed to at high elevations (e.g., low temperatures and
humidity levels, low atmospheric oxygen concentrations,
and high levels of ultraviolet radiation) (Zhang et al., 2016).
Differences in the gut microbiota between S. aeneus and
S. bicanthalis appear to mainly be driven by environmen-
tally induced changes in non-core gut bacterial communi-
ties; core gut bacterial communities are shared and well
conserved in these sister taxa. Further research on the diet
and metabolic requirements of Sceloporus lizard hosts living
at different elevations, and the diversity of bacterial inocu-
lums available in different habitats is warranted to obtain a
more detailed understanding of the role of ecological factors
as drivers of gut microbiota compositions in wild animals.
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7. Chapter III: DNA metabarcoding reveals seasonal changes in diet composition across
four arthropod-eating lizard species (Phrynosomatidae: Sceloporus)
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Pérez, Arturo Estrada-Torres, Sergio Ancona and Yendi E. Navarro-Noya. Integrative Zoology

2023; 00: 1-16. DOI: 10.1111/1749-4877.12755. [IF: 3.3]

It has been proven that the diet greatly influences gut microbial communities. Recent studies
indicate that species with different feeding habits exhibit a distinctive gut microbial composition
(Phillips and cols. 2012; Ingala and cols. 2018). Likewise, seasonal shifts in gut microbiota
composition are correlated with seasonal dietary variation in wild mammal populations (Guo
and cols. 2021; Fan and cols. 2022). Since previous surveys have revealed dietary seasonal
variation in Sceloporus lizard species (Leyte-Manrique and Ramirez-Bautista 2010; Cruz-
Elizalde and cols. 2020), we expected that seasonal dietary changes lead to seasonal fluctuations
in their gut microbiota. It is worth noting that, to date, no study has evaluated the diet
composition in Sceloporus species using DNA metabarcoding approach, considered as an

accurate method to identify prey items at different taxonomic levels (Alberdi and cols. 2017).

Therefore, in the Third Chapter, using DNA metabarcoding approach, we first investigated the
seasonal variation in diet composition and diversity across four Sceloporus lizard species (S.
aeneus, S. bicanthalis, S. grammicus and S. spinosus) during the dry and rainy seasons. We
predicted that dietary richness is greater during the dry season than the rainy season, since
previous studies on Sceloporus species have reported a higher dietary diversity in the dry season
compared to the rainy season (Castro-Franco et al. 2017; Garcia-Rosales et al. 2019). Overall,
our results revealed that both dietary (genus level) and phylogenetic (lineage level) richness was
higher during the dry than the rainy season, which is in line with our prediction. A possible
explanation for this finding is that during the dry season lizard individuals find reduced prey
availability and consume alternative prey to meet their energy requirements when they emerge
from their winter shelters. Turnover of seasonal diet varied among species, being significantly
greater in S. spinosus than S. bicanthalis, two species occupying contrasting habitats in the study

area. A broader dietary breadth was observed during the dry season in S. bicanthalis living at
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~4150 m a.s.l. in the La Malinche volcano, and the three other species did not show seasonal
differences. Detailed information is provided in the following published paper (Hernandez and

cols. 2023).
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Abstract

Diet composition and its ecological drivers are rarely investigated in coexisting closely related species. We used a
molecular approach to characterize the seasonal variation in diet composition in four spiny lizard species inhab-
iting a mountainous ecosystem. DNA metabarcoding revealed that the lizards Sceloporus aeneus, S. bicanthalis,
S. grammicus, and S. spinosus mostly consumed arthropods of the orders Hemiptera, Araneae, Hymenoptera, and
Coleoptera. The terrestrial lizards S. aeneus and S. bicanthalis mostly predated ants and spiders, whereas the
arboreal—saxicolous S. grammicus and saxicolous S. spinosus largely consumed grasshoppers and leathoppers. The
taxonomic and phylogenetic diversity of the prey was higher during the dry season than the rainy season, likely
because reduced prey availability in the dry season forced lizards to diversify their diets to meet their nutritional
demands. Dietary and phylogenetic composition varied seasonally depending on the species, but only dietary com-
position varied with altitude. Seasonal dietary turnover was greater in S. spinosus than in S. bicanthalis, suggesting
site-specific seasonal variability in prey availability; no other differences among species were observed. S. bi-
canthalis, which lives at the highest altitude in our study site, displayed interseasonal variation in diet breadth.
Dietary differences were correlated with the species’ feeding strategies and elevational distribution, which likely
contributed to the coexistence of these lizard species in the studied geographic area and beyond.
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INTRODUCTION

Dietary analyses provide key information on species
interactions, trophic webs, and ecosystem functioning
(Nielsen et al. 2017). Vertebrate diets are dynamic and
can be influenced by several factors that affect prey avail-
ability, including seasonal and distributional changes in
rainfall, humidity, and ambient temperature (Rubolini
et al. 2003; Goodyear & Pianka 2011). These factors,
alone or in combination, may lead to dietary changes at
the individual or population level, which can be evident at
different spatial and temporal scales (Goodyear & Pianka
2011).

Arthropod-eating lizards are widely distributed, oc-
cupy a diversity of habitats, and are exposed to broad
environmental variation (Wiens ef al. 2013). This makes
them ideal subjects to investigate dietary changes driven
by ecological factors. For instance, the number and rel-
ative frequency of prey eaten by the rough lizard Scelo-
porus horridus Wiegmann, 1834 (Castro-Franco et al.
2017) and the red minor lizard S. minor Cope, 1885
(Garcia-Rosales ef al. 2019) vary by season and habitat.
Interestingly, closely related species that coexist locally
may exhibit different feeding habits or foraging strate-
gies, which allow them to exploit different food sources
and reduce interspecific competition. For example, sym-
patric populations of the congeneric teiid lizards Cnemi-
dophorus abaetensis Dias, Rocha & Vrcibradic, 2002 and
C. ocellifer (Spix, 1825) showed marked differences in
their main prey, despite having minor differences in their
daily activity patterns and microhabitat use (Dias &
Rocha 2007). However, this may not be widely general-
izable; sympatric populations of other arthropod-eating
lizards, such as Psammodromus algirus (Linnaeus, 1758)
and Podarcis vaucheri (Boulenger, 1905) ingested sim-
ilar prey (Mamou et al. 2016). Specialization in habi-
tat use plays an important role in prey selection and,
consequently, in dietary differences among cohabiting
species. For example, microhabitat segregation between
species may reduce diet overlap. This is the case among
lizards of the genera Agama and Acanthocercus, in which
ground-dwelling lizards mostly feed on ants, whereas
rock-dwelling lizards primarily feed on flying insects (Tan
et al. 2021).

The richness and abundance of insects in lizard di-
ets often exhibit temporal and spatial variability. For in-
stance, the dietary composition of four lizard species of
the genus Ctenotus that coexist in the Great Victoria
Desert varied considerably over time and among sampling
locations (Goodyear & Pianka 2011). Similar spatial and
temporal variation in dietary composition has been doc-

umented in Sceloporus lizards. For example, S. horridus
(Castro-Franco et al. 2017) and S. minor (Garcia-Rosales
et al. 2019) consumed a higher total number of prey items
during the dry season than during the rainy season, and
diet composition differed between lizards from pine-oak
forests and those from xerophilous scrub. Furthermore, it
has been documented that the taxonomic richness of in-
sect communities often decreases with altitude (McCoy
1990; Joseph et al. 2019 but see Widhiono et al. 2017),
and this association can be reflected by the diet of lizards.
Recent analyses revealed differences in dietary compo-
sition among lizards of S. grammicus sampled at 2600,
3100, and 4150 m above sea level (m a.s.l.) on the La Ma-
linche Volcano, where the number of Arthropoda fami-
lies at the lowest sampling site was roughly 10-fold higher
than at the highest sampling site (Montoya-Ciriaco et al.
2020). However, the availability and richness of arthro-
pods consumed by lizards were found to be positively as-
sociated with elevation in other areas. For example, in
P algirus in the Sierra Nevada massif (Spain), prey
availability and diet breadth increased with elevation be-
tween 300 and 2500 m a.s.l. (Moreno-Rueda et al. 2018).
Hence, the influence of ecological factors such as ele-
vation, habitat type, or seasonality on diet composition
can differ among lizard species, among regions, or across
altitudinal gradients.

High-throughput DNA sequencing offers a powerful
tool for dietary studies in wild populations (Pompanon
et al. 2012; Nielsen et al. 2017) because it offers greater
taxonomic resolution than microscopic analyses of stom-
ach contents and has the potential to analyze multiple
samples in parallel (Gil et al. 2020). Despite the great po-
tential of this methodology to improve our knowledge of
diet and its major determinants, only a few studies have
used DNA metabarcoding to estimate diet composition
in reptiles (e.g. Kartzinel & Pringle 2015; Pereira et al.
2019; Gil et al. 2020).

In this study, we analyzed the diet of four arthropod-
eating lizard species belonging to the genus Scelo-
porus (S. aeneus Wiegmann, 1828, S. bicanthalis Smith,
1937, S. grammicus Wiegmann, 1828, and S. spinosus
Wiegmann, 1828) inhabiting a mountainous ecosystem in
central Mexico. Using DNA metabarcoding of the mito-
chondrial gene cytochrome C oxidase subunit I (COI),
we compared the diet composition of these species be-
tween the dry and rainy seasons of the year 2020. Addi-
tionally, we evaluated the suitability of DNA metabarcod-
ing versus visual inspection of stomach contents for diet
characterization by comparing the results of our molec-
ular analysis to visual inspection data previously pub-
lished by Cruz-Elizalde et al. (2020) in S. aeneus. The

2 © 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Figure 1 Map of the study area. Topographic slopes are shaded from pale green to pale red. Individuals were captured in two different
sites in La Malinche National Park: 2600 m a.s.l. (Lz: low-zone) and 4150 m a.s.l. (Hz: high-zone). Lizards were transported to La
Malinche Scientific Station located at 3100 m a.s.l. (Mz: medium-zone) to collect fecal samples.

four focal lizard species differ in their ecology and life
histories, which may result in differences in their di-
ets. Sceloporus aeneus and S. bicanthalis are two closely
related terrestrial species, which occupy grasslands
(Méndez de la Cruz et al. 2018) and have an average
lifespan of 1 year (Rodriguez-Romero et al. 2002). Scelo-
porus grammicus is arboreal and saxicolous (Dominguez-
Godoy et al. 2020); inhabits various habitats, including
low and montane shrublands, forests, and deserts (Lemos-
Espinal et al. 1998); and has a lifespan of 4 years (Ortega-
Rubio et al. 1999). Sceloporus spinosus is predominantly
saxicolous and occurs in arboreal, rocky, and xeric land-
scapes (Torres Barragén et al. 2020) and can live up
to 5 years (Méndez de la Cruz et al. 2018). Previous
studies have shown that S. grammicus and S. aeneus
mainly feed on Formicidae, Coleoptera, Hymenoptera,
Orthoptera, and Hemiptera (Leyte-Manrique & Ramirez-
Bautista 2010; Cruz-Elizalde et al. 2020), but there is no
published information on the diet of S. bicanthalis and
S. spinosus. Our study aims to fill this knowledge gap
and provide insights into the diet composition of related
and/or cohabiting lizard species using molecular methods.

MATERIALS AND METHODS

Ethical statement

This study was approved by the Mexican “Secretaria
de Recursos Naturales y Medio Ambiente” (SEMAR-
NAT) under animal capture and biological sample col-
lection permit number SGPA/DGVS/007736/20. All field
and laboratory procedures were performed in accordance
with the ethical guidelines of the Official Mexican Norm
NOM-126-ECOL-2000.

Study area and sample collection

Fieldwork was conducted on the La Malinche Vol-
cano (Fig. 1), a protected area located in the states of
Tlaxcala and Puebla. This area has a temperate subhu-
mid climate with an annual average rainfall of 800 mm
and an annual average temperature of 15°C (Montoya
et al. 2004). The dry season occurs between November
and April, and the rainy season spans from May to Oc-
tober (Gay-Garcia et al. 2004). La Malinche belongs to

@© 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences, 3
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Table 1 Number of samples collected from the four Sceloporus lizard species during the dry and rainy seasons

Samples collected

Samples amplified and sequenced

Dry season Rainy season Dry season Rainy season
Species 3 Q 3 ? Total samples 3 ? 3 ? Total samples
Sceloporus aeneus 5 4 6 7 22 2 3 3 5 13
S. bicanthalis 5 4 8 7 24 3 2 6 5 16
S. grammicus 7 8 9 4 28 6 6 8 3 23
S. spinosus 8 3 6 4 21 5 3 6 2 16
Total 25 19 29 22 95 16 14 23 15 68

Symbeols (Z) and (@) represent male and female, respectively.

the Mexican Transvolcanic Belt and is the sixth-highest
mountain in Mexico, with an elevation of 4461 m (Diaz
de la Vega-Pérez et al. 2019). The vegetation varies and
the temperature decreases with increasing altitude. At
~2600 m (the lowest elevation sampled in this study),
the predominant vegetation types are cornfields, human-
induced grasslands, and herbaceous plants. At ~3100 m
(mid-elevation, near the La Malinche Scientific Station),
the volcano is mainly covered by coniferous (Pinus spp.
and Abies spp.) and oak (Quercus spp.) forests. Near the
summit of the volcano at ~4150 m, alpine rocky grass-
lands and shrubs of Juniperus monticola predominate
(Dominguez-Godoy et al. 2020).

We collected fecal samples from Sceloporus lizards
for DNA extraction during the dry season (February) and
rainy season (October) of 2020. Lizards were caught by
hand or noosing during their daily activity period, be-
tween 0900 and 1600 hours (Méndez de la Cruz et al.
2018) at two sampling sites. Individuals of S. aeneus,
S. grammicus, and S. spinosus were captured at ~2600 m
a.s.l. (19°12'N, 97°55'W), whereas specimens of S. bi-
canthalis were captured at ~4150 m a.s.l. (19°14'N,
98°01’W). The number of specimens collected per lizard
species, sex, and season are shown in Table 1. Lizards
were categorized as adults according to their snout—
vent length (SVL) measurements: S. aeneus > 45 mm
(Manriquez-Moréan et al. 2013), S. bicanthalis > 46 mm
(Gribbins et al. 2011), S. grammicus > 44 mm (Jiménez-
Cruz et al. 2005), and S. spinosus > 70 mm (Méndez
de la Cruz et al. 2013). Morphometric data are presented
in Table S1, Supporting Information. Lizards were trans-
ported in cloth bags to La Malinche Scientific Station,
located at 3100 m a.s.l., where they were individually
housed in plastic containers (30 cm length x 20 cm
width x 15 cm height) that were previously disinfected

with 70% alcohol for fecal sample collection. No food
was provided at any time to avoid biasing our results. We
collected a single fecal sample per individual. Immedi-
ately upon defecation, fresh fecal samples were collected
using sterile tweezers and transferred into sterile 1.5-mL
tubes. Samples were transported in a cooled icebox at 4°C
to the laboratory in Tlaxcala city and stored at —20°C un-
til DNA extraction. All lizards were released unharmed at
their capture sites 1224 h after fecal sampling.

DNA extraction and library preparation

The procedures used to isolate DNA from the fe-
cal samples are detailed in Hernandez et al. (2023).
We used the primers mICOIlintF (5-GGWACWGGWT
GAACWGTWTAYCCYCC-3') (Leray et al. 2013)
and jgHCO2198 (5'-TAIACYTCI GGRTGICCRAARA
AYCA-3') (Geller et al. 2013) to amplify the mitochon-
drial gene COI, which is considered a suitable molecular
marker for animal species identification (Alberdi et al.
2018). The PCR was performed under the following
conditions: initial denaturation at 95°C for 2 min, fol-
lowed by 28 cycles of denaturation at 95°C for 30 s,
annealing at 55°C for 30 s, elongation at 72°C for 30 s,
and a final extension of 5 min at 72°C. In parallel, a
PCR blank was included as a negative control to monitor
for laboratory contamination, and no contamination was
detected. The resulting PCR amplicons were purified
using the QIAquick PCR kit (QIAGEN, Germany) and
quantified using a NanoDrop® 3300 fluorospectrometer
(Thermo Fisher Scientific, MA, USA) with PicoGreen
dsDNA assay (Invitrogen, CA, USA). Finally, PCR
products were pooled in equimolar concentrations and
sequenced by Macrogen Inc. (Seoul, South Korea) on
an Illumina MiSeq platform (Illumina, CA, USA) using

4 @© 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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300-bp PE. Raw sequences are available at the NCBI
Sequence Read Archive (accession number PR-
JNA942030). Although a total of 95 individuals were
captured, we were able to amplify 68 out of 95 samples.

Bioinformatic analysis

The raw sequence data were processed using the
Quantitative Insights into Microbial Ecology (QI-
IME) pipeline. First, the barcode reads were extracted
using “extract_barcode.py” script in QIIME v1.9.1
(Caporaso et al. 2010), and the separated sequences and
barcodes were imported to QIIME2 v2021.4.0 (Bolyen
et al. 2019). Raw sequences were demultiplexed using the
“giime demux” plugin, and both forward and reverse IlI-
lumina adapters were removed using the “cutadapt” plu-
gin (Martin 2011). Reads were merged using the “join-
pairs” method within the VSEARCH plugin (Rognes
et al. 2016), then filtered based on quality scores with
a minimum parameter of 20 using the “g-score-joined”
method of the “quality-filter” plugin. Quality filtered se-
quences were dereplicated using VSEARCH and then
clustered into operational taxonomic units (OTUs) with
a similarity threshold of 97% using the “cluster-features-
de-novo” method. Finally, the taxonomy of each OTU
was assigned using BLAST against the BOLD COI se-
quence database (Ratnasingham & Hebert 2007 “https://
www.boldsystems.org”) and then filtered within QIIME2
using the “RESCRIPf’ plugin (O’Rourke et al. 2020;
Robeson et al. 2021).

All sequences assigned to genus Sceloporus, phy-
lum Chordata, and kingdom Fungi were removed from
the representative OTU sequences and OTU table. Only
OTUs identified as class Insecta, and orders Araneae, Sty-
lommatophora, Isopoda, Haplotaxida (genus Octolasion),
and Chordeumatida were considered to be deliberately
consumed prey. The selection of these taxa as potential
prey was based on previous reports of their consumption
by Sceloporus lizards (Feria-Ortiz et al. 2001; Leyte-
Manrique & Ramirez-Bautista 2010; Garcia-Rosales
et al. 2019). We also detected some OTUs belonging to
the microscopic invertebrate orders Sarcoptiformes (per-
cent frequency of occurrence 6.42 + 9.30), Rhabditida
(3.03 = 7.96), Trombidiformes (2.33 + 6.06), Hap-
lotaxida (genus Chaetogaster 0.24 + 1.15), Adinetida
(295 £ 5.25), Ploima (2.05 £+ 7.02), Anomopoda
(1.86 £+ 5.87), Calanoida (0.45 &+ 2.05), and Symphy-
pleona (0.18 + 1.52). However, microscopic organisms of
the first four orders are likely commensals, ectoparasites,
or endoparasites of the prey ingested by lizards (Potapov
et al. 2022) rather than prey themselves, and microscopic
organisms of the remaining orders may live in temporary

Diet seasonal turnover of lizard species

ponds or mosses and can be ingested by lizards through
water or plant consumption, since plant material is often
consumed by Sceloporus lizards (Serrano-Cardozo et al.
2008; Cruz-Elizalde et al. 2020; Montoya-Ciriaco et al.
2020). Therefore, we considered these records to con-
stitute incidental ingestion and excluded them from the
statistical analyses. The frequency table of OTUs was col-
lapsed to the genus level for further analysis. To construct
the phylogeny used to calculate phylogenetic richness,
the OTU sequences were aligned with MAFFT (Katoh
& Standley 2013) and a rooted maximum likelihood
tree was built using IQTREE multicore v.2.0.3 (Minh
et al. 2019) with the best nucleotide substitution model
(UNREST + FO + I + G4) as selected by ModelFinder
(Kalyaanamoorthy et al. 2017).

Statistical analysis

All further data processing and statistical analyses were
carried out using the software R v.4.1.2 (R Core Team
2021). Diet composition and richness assessments were
based on occurrence (presence/absence) of a given taxon.
Dietary phylogenetic richness was the number of inver-
tebrate lineages calculated using Ail/IR v.0.5.1 (Li 2018).
Shapiro—Wilk tests were used to test for normal distri-
butions of dietary data. The sampling coverage was es-
timated with iNEXT v.2.0.20 (Hsieh et al. 2016).

We investigated the influence of seasonality (dry and
rainy seasons) on dietary and phylogenetic richness by
fitting separate generalized linear models (GLMs) with
a quasi-Poisson and a Poisson error distribution, respec-
tively, and log link function using the “g/m” function
of stats v.4.0.3 (Crawley 2007). Quasi-Poisson distribu-
tion accounted for overdispersion in the number of in-
vertebrate genera. We included the interactive effect of
lizard species (four-level factor) and seasonality in these
models, since changes in diet may differ among lizard
species in response to temporal variation in prey avail-
ability. We also included the SVL (mm) of each indi-
vidual and the elevation (m) of the sampling site as co-
variates, since larger lizards may feed on larger prey
(Costa et al. 2008), and prey abundance and diversity
often vary with altitude (Moreno-Rueda ef al. 2018;
Montoya-Ciriaco et al. 2020). To simplify the models, we
confirmed that diet does not differ between the sexes in
Sceloporus lizards (Leyte-Manrique & Ramirez-Bautista
2010; Cruz-Elizalde et al. 2020) by comparing dietary
and phylogenetic richness between the sexes within each
species using Wilcoxon rank sum tests before fitting lin-
ear models. Since sex did not influence diet (all P val-
ues > 0.05), this variable was not included in the GLMs.
We used deletion tests to compare the simplified minimal
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adequate model with the model including a non-
significant term or with the model excluding a significant
term to assess the statistical significance of the increase in
deviance for each model (Crawley 2005).

We calculated dietary niche breadth for each lizard
species using Levins standardized index as follows:
BA = ((1/Zpi®) — 1)/n — 1, where BA refers to the stan-
dardized index of diet breadth, pi represents the propor-
tion of individuals of a given prey taxon found in the diet,
and » is the total number of prey categories recorded per
lizard species (Hurlbert 1978). Levin’s index ranges from
0 to 1; values closer to 0 indicate a specialist diet, while
values closer to 1 indicate a generalist diet. This ecolog-
ical metric was computed using the number of inverte-
brate genera with MicroNiche v.1.0.0 (Finn et al. 2020).
Statistical differences were assessed by Kruskal-Wallis
tests followed by Bonferroni correction for multiple com-
parisons. Within each lizard species, niche breadth was
compared between the dry and the rainy seasons using a
Wilcoxon rank sum test.

To assess beta diversity (i.e. differences in prey
items among lizard species), we calculated two mea-
sures: the Jaccard dissimilarity index to compare the
diet composition at the genus level, and unweighted
Unifrac distances to assess dissimilarities in phylogenetic
composition among lizard species (i.e. invertebrate lin-
eages). Data were visualized using a principal coordi-
nate analysis (PCoA) ordination plot. A permutational
multivariate analysis of variance (perMANOVA) with 999
permutations was computed to test differences in com-
munity composition using both distance matrices, fitting
the following model: richness ~ species x season + el-
evation + SVL, using the “adonis2” function in vegan
v.2.6-2 (Oksanen et al. 2022). Additionally, a permuta-
tional multivariate analysis of dispersion (PERMDISP)
was done to test the homogeneity of dispersion between
groups using “betadisper” function in vegan. After find-
ing that elevation influenced lizards’ diet composition, we
repeated the analysis excluding S. bicanthalis—the only
species living at ~4150 m a.s.].—to determine whether
this elevational effect remained when including only the
three lizard species living at ~2600 m a.s.l. Seasonal di-
etary turnover was estimated as pairwise dissimilarities
based on the Jaccard index for each lizard species between
the dry and rainy seasons, using the function “pair_dis”
in hilldiv v.1.5.3 (Alberdi & Gilbert 2019). We compared
the seasonal dietary turnover among lizard species using
a two-tailed Kruskal-Wallis test followed by Dunn’s post
hoc multiple comparisons. To visualize the relationship
between each lizard species and its prey items, a bipar-
tite network graph was constructed with bipartite v.2.16

(Dormann et al. 2009), using the relative frequencies of
prey at the order, family, and genus levels. The relative
occurrence of a given prey taxon was calculated as the
percentage of total samples per lizard species in which it
was detected. In all statistical analyses, a P value < 0.05
was considered statistically significant.

Last, we compared the diet inferred from visual in-
spections of stomach contents in S. aeneus (Cruz-Elizalde
et al. 2020) versus the diet inferred using DNA metabar-
coding analysis to assess the consistency between meth-
ods and suitability of metabarcoding analysis to unveil di-
etary diversity of arthropod-eating lizards. Since visual
inspection is often unable to identify prey at fine taxo-
nomic levels, we evaluated the frequency of occurrence of
prey items at the order level using both methods to ensure
that they were comparable in terms of taxonomic preci-
sion. We expected that metabarcoding analysis would re-
veal a greater diversity of prey items than visual analysis.

RESULTS

Considering both deliberately and incidentally con-
sumed prey items, the sequencing data analysis yielded
35 030 high-quality sequences with a mean of 515 se-
quences per sample. DNA metabarcoding of the COI gene
detected 5 phyla, 12 classes, 21 orders, 56 families, and
70 genera of invertebrates. We detected 48 OTUs in S.
aeneus, 52 in S. bicanthalis, 47 in S. grammicus, and 59
in S. spinosus. The estimated sampling coverage was 0.78
for S. aeneus and S. grammicus and 0.77 for S. bicanthalis
and S. spinosus.

Relative frequency of prey taxa in lizard feces
(deliberate consumption)

Across all individual samples, the most frequent in-
vertebrate classes were Insecta (100%) and Arachnida
(82%). Other classes were recorded in less than 10%
of samples. At the order level, the bipartite network
revealed that Hemiptera and Araneae contributed sim-
ilarly to the diets of the four lizard species, whereas
Hymenoptera and Coleoptera were mostly ingested by
S. aeneus, S. bicanthalis, and S. grammicus, and Or-
thoptera by S. spinosus (Fig. 2a). The families Formici-
dae, Anthocoridae, and Linyphiidae were similarly con-
sumed by S. aeneus, S. bicanthalis, and S. grammicus;
Thomisidae was frequently ingested by S. bicanthalis;
whereas Pyrgomorphidae was more commonly consumed
by S. grammicus and S. spinosus (Fig. 2b). At the genus
level, Formica, Linepithema, and Myrmarachne were
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Figure 2 Bipartite networks showing connections between prey and their predatory lizard species. The lower boxes represent the
predators (i.e. the four lizard species), and the upper boxes represent the food items at order level (a), family level (b) and genus level
(c). Only taxa contributing >=6% (family level) and = 5% (genus level) were plotted in the bipartite networks. The width of the gray

lines depicts the frequency of occurrence of prey categories consumed by the four Sceloporus lizard species.
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widely consumed by S. grammicus, S. bicanthalis, and
S. aeneus; Sphenarium by S. grammicus and S. spinosus;
and Xysticus by S. bicanthalis (Fig. 2c). The diet composi-
tions at different taxonomic levels for each lizard species
are given in Table S2, Supporting Information, and the in-
formation about incidental consumption can be found in
Table S3, Supporting Information.

Influence of season on diet composition across
lizard species

Insecta and Arachnida were similarly ingested in both
seasons by all lizard species. Diplopoda was consumed by
S. grammicus during the rainy season and by S. spinosus
during the dry season. The orders Hemiptera, Araneae,
Hymenoptera, Coleoptera, and Orthoptera were similarly
consumed by all lizard species in both seasons, except Or-
thoptera which was not detected during the rainy season in
S. bicanthalis. The families Formicidae and Linyphiidae
were commonly ingested in the rainy season by the four
lizard species. In addition, Pyrgomorphidae was mostly
consumed by S. grammicus and S. spinosus in both sea-
sons. Anthocoridae was consumed more by S. bicanthalis
during the rainy season. Formica, Linepithema, and Xys-
ticus genera were frequent in the diet of the four lizard
species during the rainy season, whereas Sphenarium
and Myrmarachne were commonly detected in S. gram-
micus and S. spinosus during the dry season. The fre-
quency of occurrence and percentages of both deliberate
and incidental consumption by season at different taxo-
nomic levels are shown in Tables S4 and S5, Supporting
Information, respectively.

Influence of seasonality on taxonomic and
phylogenetic richness across lizard species

The taxonomic richness of prey (excluding inciden-
tal consumption) did not differ among lizard species
(Fep65 = 1.930, P = 0.134), was unrelated to lizards’
SVL (Fe1,62 = 0.007, P = 0.933) and did not vary across
sampling site elevations (Fgs66 = 0.552, P = 0.460).
However, it was higher during the dry season than
during the rainy season (8 = 1.941 + 0.103, 95%
CI: 1.730 £ 2.137, Fese7 = 0.746, P = 0.001), in-
dependent of the lizard species (species x season:
Fsg61 = 2.043, P = 0.118). Similarly, phylogenetic rich-
ness of deliberate prey did not differ among lizard species
(Fs2.65 = 0.853, P = 0.465) and was unrelated to lizards’
SVL (Fg1,62 = 0.923, P = 0.337) and elevation of the cap-
ture sites (Fgs66 = 0.139, P = 0.709). Lizards showed a

higher phylogenetic diversity during the dry season com-
pared to the rainy season (8 = 1.191 & 0.478, 95% CI:
1.382 £ 0.181, Fes66 = 9.432, P = 0.002), and this sea-
sonal effect did not differ among lizard species (species x
season: Fsg1 = 1.305, P = 0.271).

Differences in diet composition among and
within lizard species

Dietary composition at the genus level

The PCoA plot based on Jaccard distances revealed
that samples from the same season were clustered together
for each lizard species, except for S. spinosus, which did
not show a clear pattern (Fig. 3a). Overall, diet compo-
sition showed lower variation during the dry season than
during the rainy season. According to the perMANOVA
test, the taxonomic composition of the diet varied con-
siderably between seasons, and this seasonal effect de-
pended on the species (species x season: F3 = 2.304,
adjusted R? = 0.085, P = 0.001). Dietary composition
was also influenced by the elevation of sampling sites
(F) = 2.059, adjusted R* = 0.025, P = 0.001), but it
was unrelated to lizards” SVL (F1 = 1.347, adjusted
R? = 0.017, P = 0.087). The PERMDISP test did not
show significant differences in the dispersion of dietary
composition among species (F3 = 2.343, P = 0.081) and
between seasons in each species (S. aeneus: F; = 0.427,
P = 0.527; S. bicanthalis: F) = 0.615, P = 0.446; S. gr
ammicus: F) = 1.689, P = 0.208; S. spinosus: F) = 0.816,
P = 0.381). This suggested that the differences between
groups were due to separation of the centroid of the
groups. In addition, the influence of elevation on dietary
composition remained statistically significant even after
removing data from S. bicanthalis (F) = 2.987, adjusted
R? = 0.034, P = 0.003), the only lizard species living at
4150 m a.s.l. in this study.

Dietary composition at the lineage level

The unweighted Unifrac distance PCoA analysis did
not reveal a clear separation between the dry and rainy
seasons for lizard species, although S. aeneus displayed
subtle variation in phylogenetic composition between sea-
sons (Fig. 3b). The perMANOVA test indicated that the
phylogenetic composition of the diet was influenced by
the species x season interaction (F3 = 2.163, adjusted
R? = 0.088, P = 0.007), but it was unrelated to ele-
vation (F} = 1.605, adjusted R?> = 0.022, P = 0.104)
and lizards’ SVL (F} = 0.715, adjusted R> = 0.010,
P = 0.661). The PERMDISP test showed no significant
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Figure 3 Principal coordinate analysis (PCoA) of the dietary composition at the genus level based on Jaccard distance matrix (a) and
phylogenetic composition based on unweighted UniFrac distance matrix (b). Lizard species are represented by different colors and
seasonal variation by circles (dry) and triangles (rainy). Colored ellipses represent 95% confidence intervals.

dispersion in phylogenetic composition among species
(F; = 0.6578, P = 0.581), as well as intra-species
(S. aeneus: F; = 0452, P = 0.990; S. bicanthalis:
F, = 0384, P = 0.703; S. grammicus: F, = 0.447,
P =0.109; S. spinosus: F, = 0.453, P = 0.667).

Pairwise dissimilarities

Seasonal dietary turnover was statistically differ-
ent among lizard species (H 21.932, df = 3,
P = 0.001). The multiple comparison Dunn’s test showed
that S. bicanthalis had lower seasonal dietary turnover
(median = 0.68) than S. spinosus (median = 0.83)
(P = 0.001, Fig. 4). The remaining comparisons among
species were not statistically significant.

Dietary niche breadth (BA)

The Kruskal-Wallis test showed no significant differ-
ences in diet breadth among lizard species (H = 4.261,
df = 3, P = 0.235; Fig. 5a). At the intra-species level,
there were no seasonal differences in diet breadth in S.
aeneus, S. grammicus, or S. spinosus, but the diet of S. bi-
canthalis was broader during the dry season (B4 = 0.58)
than during the rainy season (B4 = 0.30) (Wilcoxon rank
sum test, P = 0.013; Fig. 5b).

Comparison between metabarcoding analysis
and visual inspection in Sceloporus aeneus
Visual analysis yielded nine arthropod prey categories

at the order level, as well as plant material. The most
frequently recorded arthropod orders were Hymenoptera,
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Figure 4 Seasonal dietary turnover within lizard species cal-
culated as pairwise Jaccard dissimilarities between the dry and
rainy seasons. Seasonal dietary turnover was statistically differ-
ent between Sceloporus bicanthalis and S. spinosus.

Hemiptera, Araneae, and adults of Coleoptera. The inci-
dentally consumed taxa were not detected by visual in-
spection. When including only the taxa considered to
constitute deliberately consumed prey, our metabarcod-
ing analysis identified a total of 10 orders; Hymenoptera,
Hemiptera, Araneae, Diptera, and Coleoptera were the
most frequently detected in S. aeneus. Since we used
arthropod-specific primers, our COI metabarcoding anal-
ysis did not allow us to detect plant material. Five orders
of incidentally consumed taxa were detected: Sarcopti-
formes, Adinetida, Rhabditida, Ploima, and Anomopoda
(Fig. S1, Supporting Information).
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DISCUSSION

Our fecal DNA metabarcoding analysis of Sceloporus
species provided four main results. First, both the tax-
onomic and phylogenetic richness of prey consumed by
these lizards were greater during the dry season than dur-
ing the rainy season. Second, diet composition of gen-
era and lineages differed between the dry and rainy sea-
sons among Sceloporus species, except for S. spinosus,
while elevation only influenced diet composition at the
genus level. Third, seasonal dietary turnover was lower
for S. bicanthalis than for S. spinosus (which showed
the highest value) but did not differ among the re-
maining lizard species. Fourth, only S. bicanthalis ex-
hibited seasonal differences in diet breadth, which was
broader during the dry season than during the rainy
season.

The higher prey diversity at the taxonomic level during
the dry season compared to the rainy season in the four
species studied is consistent with the pattern observed in
other members of the genus Sceloporus, such as S. hor-
ridus (Castro-Franco et al. 2017) and S. minor (Garcia-
Rosales et al. 2019) from other localities in central Mex-
ico. Our analysis also revealed that this pattern also
applies to phylogenetic diversity. These results prob-
ably imply that during the dry season, when emer-
gence and abundance of insects and other arthropods
decrease (Richards & Windsor 2007), lizards may be
forced to exploit additional food resources to satisfy
their nutritional demands, resulting in a more diversified
diet.

It is also possible that a more diversified diet in our
dry season sampling (February) could be attributable to
increased foraging activity of lizards after emerging from

10

their shelters at the end of winter in the study area. Some
lizards from central Mexico are not active during part of
the winter, and they can recover from the resulting de-
crease in energy intake by increasing their post-winter
foraging times (Anderson et al. 2022), potentially con-
suming a wider array of prey during the recovery period
(Garcia-Rosales et al. 2019). Under this hypothesis, we
would have expected to find lower body condition (i.e.
SVL—mass residuals) during the dry season; however, this
was not supported by our data, since we found no dif-
ferences in body condition between seasons in any lizard
species (Wilcoxon tests, P values > 0.05; see Table S6,
Supporting Information). Body condition of Sceloporus
lizards may differ between seasons in other areas of cen-
tral Mexico, though (Rivera-Rea et al. 2023).

Conversely, the higher availability of arthropods dur-
ing the rainy season may allow lizards to exploit a limited
variety of valuable prey, leading to a less diversified diet
during this period. Seasonal dietary shifts in lizards and
other vertebrates are common (Feria-Ortiz et al. 2001;
Cruz-Elizalde et al. 2020) and are often correlated to tem-
poral variation in precipitation, landscape features, tem-
perature, and humidity (Rubolini et al. 2003; Goodyear
& Pianka 2011). These factors may be influencing the diet
of the lizard species studied here, and further analyses are
required to elucidate their individual or combined influ-
ence on the main prey detected by our DNA metabarcod-
ing analysis.

Overall, diet overlap among focal lizard species was
high but not absolute, suggesting that these species could
compete for similar food sources to some degree on
the La Malinche Volcano. Competition for prey may be
particularly strong among S. aeneus, S. grammicus, and
S. spinosus, which coexist in the sites where we sampled
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them at ~2600 m a.s.l., an area mainly covered by farm-
lands, shrubs, and herbaceous plants. The coexistence of
these three species despite competition could be facili-
tated by seasonal dietary niche partitioning, for example,
if each overlapping species specializes or consumes prey
taxa in different proportions between seasons, as has been
documented in sympatric populations of mice (Reid et al.
2013). This partitioning could be relaxed to some extent
when the availability of arthropod prey increases during
the rainy season.

Differences in microhabitat use and feeding habits
may also facilitate the coexistence of arthropod-eating
lizards that exploit similar prey sources (Tan et al.
2021). The bipartite network revealed variation in di-
etary niche partitioning among lizard species when diet
was analyzed at the genus level. The terrestrial lizards
S. aeneus and S. bicanthalis consumed a greater pro-
portion of ants belonging to genera Pheidole, Formica,
and Linepithema than the saxicolous S. spinosus. Mean-
while, the arboreal-saxicolous S. grammicus and saxi-
colous S. spinosus consumed a greater quantity of
flying insects such as grasshoppers and leathoppers (gen-
era Sphenarium, Ciminius, and Ischnura) than terrestrial
lizards. Dominance of ants in terrestrial lizards com-
pared to saxicolous lizards, or flying insects in arboreal
and saxicolous lizards compared to terrestrial lizards has
been documented elsewhere, and this pattern probably
promotes their coexistence in a variety of ecosystems
(Tan et al. 2021). Differences in foraging behavior (e.g.
active foraging vs. sit-and-wait foraging) could also fa-
cilitate the coexistence of arthropod-eating lizards. How-
ever, in the case of our study species, this explanation
seems unlikely because most species of the genus Scelo-
porus use the sit-and-wait foraging strategy (Vitt et al.
1981), and our focal species spend much of their time
perched on rocks and fallen trees. Nonetheless, further
studies would be needed to formally test this hypothesis.

Like other members of the genus Sceloporus
(Gadsden et al. 2011; Castro-Franco et al. 2017; Garcia-
Rosales et al. 2019), the four lizard species studied here
mostly consumed specimens of Hemiptera, Araneae,
Hymenoptera, and Coleoptera. Hence, our findings
based on molecular analyses support the proposition that
members of the genus Sceloporus can be considered
generalist insectivores (Serrano-Cardozo et al. 2008),
and more broadly, arthropod-eating lizards. Sceloporus
species may exhibit a more generalist diet though since
they often consume other invertebrates such as mollusks
and annelids (Feria-Ortiz et al. 2001; Leyte-Manrique
& Ramirez-Bautista 2010). Notably, patterns of seasonal
variation in diet composition are in line with results pro-

Diet seasonal turnover of lizard species

vided by our diversity analyses as well as data on the diet
composition of other members of the genus Sceloporus.
For instance, phytophagous insects such as Coleoptera,
Hymenoptera, and Orthoptera were more frequently
ingested during the rainy season than the dry season,
which is consistent with patterns observed in S. jalapae
Giinther, 1890, S. horridus, and S. aeneus from central
Mexico (Serrano-Cardozo et al. 2008; Cruz-Elizalde
et al. 2020). Seasonal variation in diet composition
was also revealed by dietary turnover, which was high
(>0.6) across all lizard species and greater in S. spinosus
than in S. bicanthalis. Species turnover can vary along
temporal or spatial axes (Goodyear & Pianka 2011).
Thus, the difference in seasonal dietary turnover between
S. spinosus and S. bicanthalis could be explained by
both the distance and the elevation differences between
their sampling sites, which may lead to site-specific
seasonal variability in prey abundance (Moreno-Rueda
et al. 2018). Intriguingly, dietary seasonal turnover did
not differ between S. bicanthalis, S. aeneus, and S. gram-
micus, despite the elevation differences in their sampling
sites. We speculate that the lack of differences in dietary
seasonal turnover among these species could be due
to similarities in their body size or foraging strategies,
and in the case of S. bicanthalis and S. aeneus, to their
phylogenetic closeness (Grummer ef al. 2014).

Spatial segregation related to differences in the eleva-
tion of sampling sites could have led to differences in
dietary composition among lizard species. For instance,
S. bicanthalis was the only species that displayed a
broader diet during the dry season compared to the rainy
season. Individuals of S. bicanthalis living at ~4150 m
a.s.l. on La Malinche are exposed to low temperatures
and humidity, low atmospheric pressure, and reduced
gas concentrations, as well as high ultraviolet radiation,
as it has been previously described in La Malinche by
demographic and physiological studies in S. grammicus
(Dominguez-Godoy et al. 2020; Gonzalez-Morales et al.
2023), and other mountainous ecosystems inhabited by
lizards (e.g. Phrynocephalus viangalii Strauch, 1876; Wu
et al. 2018). These conditions can limit prey availability
and foraging activity of lizards, as suggested by an earlier
analysis on La Malinche, which showed that the number
of Arthropoda families consumed by S. grammicus de-
creases at 4150 m a.s.l. (Montoya-Ciriaco et al. 2020).
Therefore, S. bicanthalis is thought to access a limited
variety of prey items in its montane habitat compared
to the three other lizard species. Nevertheless, individu-
als of S. bicanthalis may consume alternative prey during
the dry season, when the abundance of insects decreases
at high elevations (Wardhaugh et al. 2018). In addition,
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as has been previously reported in other lacertids living
at high elevations (Moreno-Rueda et al. 2018), spiders
contributed strongly to the diet of S. bicanthalis during
the rainy season. Spiders are considered to be profitable
prey for lizards (Herrel et al. 2001), so reduced dietary
richness during the rainy season could be linked with a
high preference for spiders by S. bicanthalis during this
season.

Dietary composition of S. aeneus retrieved from DNA
metabarcoding differed from what was documented for
this species by Cruz-Elizalde et al. (2020) using visual in-
spection. Whereas visual analysis identified Coleoptera,
Formicidae, and Hemiptera as the most common prey,
our molecular approach detected a much broader range
of prey, including Hymenoptera, Hemiptera, Araneae,
Diptera, and Coleoptera, as well as five other orders
with lower frequencies of occurrence. Furthermore, we
detected (likely incidental consumption) Sarcoptiformes,
Adinetida, Rhabditida, Ploima, and Anomopoda. It seems
likely that the differences between our results using DNA
metabarcoding versus visual analysis are largely because
visual inspection detects insect prey that have chiti-
nous exoskeletons and thus harder bodies, but it fails
to detect soft-bodied prey that are more easily digested
by lizards (Kok et al. 2021), while DNA metabarcod-
ing is not subject to this particular bias. Nonetheless,
the detection of incidentally consumed taxa by DNA
metabarcoding analysis could lead to overestimation and
biases in dietary diversity and composition. Furthermore,
in contrast to visual methods, DNA metabarcoding does
not allow the distinction of different life stages of prey
(Bessey et al. 2019), and in our case, additional molec-
ular markers would have to be included to detect plant
material. Therefore, results obtained by visual and molec-
ular methods should be interpreted cautiously. Ideally, di-
etary analysis should implement both methodological ap-
proaches, with larger sample sizes, to ensure more robust
inferences on dietary composition and its major ecologi-
cal drivers.

Our sample sizes were limited by the occurrence/
encounter of lizards in the study area and DNA ampli-
fication success rates. Small sample sizes are a common
limitation among dietary studies of reptiles (Dalhuijsen
et al. 2014; Cruz-Elizalde et al. 2020; Guarino 2001),
which can potentially lead to biased estimates of di-
etary niche breadth. Nevertheless, sample sizes did not
affect the statistical power of our analyses, and sample
completeness estimators indicated even sample coverage
across contrasted lizards (Hsieh et al. 2016). Thus, it
is unlikely that our inferences were biased by limited
sample sizes (Cross et al. 2020).

In conclusion, our findings indicate that arthropod-
eating Sceloporus lizards exhibit dynamic dietary
changes, suggesting that during periods of low prey abun-
dance and after emerging from shelters, they incorporate
a great variety of diet items, resulting in more diverse
diets. Differences in dietary composition among species
that coexist locally may be associated with differences
in microhabitat use and potentially reflect distinct ener-
getic demands faced by each species in their respective
habitats.
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8. Chapter IV: Seasonal variation in diet composition shapes gut microbial communities

in arthropod-eating lizards

In natural conditions, vertebrate taxa are exposed to a wide variety of microbial inoculums
(Hong and cols. 2011; Lankau and cols. 2012) which in turn influence their gut microbiota.
Recently, diet has been identified as a key factor that dynamically influences gut microbial
communities of vertebrates (Kartzinel and cols. 2019). However, few studies have examined in
parallel the association between dietary seasonal patterns and temporal variability in gut
microbial community composition. In the Fourth Chapter, we tested whether gut microbial
communities exhibit seasonal variation and this variation relates to dietary seasonal changes
(Guo and cols. 2021; Fan and cols. 2022) we previously documented in the studied species
(Hernandez and cols. 2023). The results of the fourth chapter revealed that Firmicutes,
Bacteroidota and Proteobacteria were highly abundant between seasons, and S. aeneus and S.
bicanthalis shared the major number of ASVs than any other species. There was a significant
effect of the interaction species*season on gut bacterial communities, in which bacterial alpha
diversity was higher during the dry season for S. bicanthalis, whereas S. aeneus showed opposite
patterns, and no seasonal differences were detected in S. grammicus and S. spinosus. In addition,
dietary seasonal composition showed a significant effect on gut microbiota composition, but did
not influence bacterial alpha diversity. In absence of an effect of the diet, this result suggests
that lizard species may experiment seasonal shifts in microbial inoculums, temperature,
humidity and physiological conditions, which in turn may affect their gut bacterial diversity.
Since lizards consume a similar variety of arthropod genera between seasons (Hernandez and
cols. 2023), gut microbiota composition varies seasonally, without notable changes in
microbiota diversity between seasons. However, future studies will be needed to elucidate the

influence of other extrinsic and intrinsic factors on lizard gut microbiota.
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9. Discussion

There is growing evidence that the gut microbial communities largely contribute to ecological
adaptation of animal hosts (Gilbert and cols. 2015; Alberdi and cols. 2016). Furthermore,
bacterial community assemblages often respond to environmental conditions in which animals
live. For instance, less diverse bacterial communities were observed in wild primates inhabiting
suboptimal habitats compared to their counterparts living in pristine environments (Amato and
cols. 2013), and these differences were associated with a low short-chain fatty acids production
by microbial communities in those individuals occupying disturbed habitats. Therefore, gut

microbial communities play an essential role in the health and fitness of free-ranging animals.

Fecal samples and cloacal swabs are two non-invasive sampling methods used for investigating
intestinal microbiota of captive and wild populations. However, it is well-known that these
methods do not reflect the entire GIT microbiota (Videvall and cols. 2017; Zhou and cols. 2020),
and the microbial community composition often differs among host species. Actually, it is
imperative to assess the suitability of fecal or cloacal samples to study spatial heterogeneity of
lizard gut microbiota and avoid lethal procedures in wild populations. We explored the intestinal
microbiota profiles and compared them with fecal and cloacal microbiota profiles in S.
grammicus. As we expected, gut bacterial communities exhibited spatial patterns along the GIT,
in which the rectum harbored the most diverse taxonomic and functional microbial community.
Moreover, our results highlighted that in terms of community membership, fecal samples
provide a more accurate non-lethal approach to evaluate lizard gut microbiota. Our findings are
consistent with previous studies in birds (Videvall and cols. 2017), mice (Suzuki and Nachman
2016) and primates (Yasuda and cols. 2015), showing that fecal samples are useful to evaluate
the GIT microbiota. Therefore, fecal samples comprise an ideal method due to easy collection,
non-destructive approach and its potential to be implemented when repeated sampling is needed

in longitudinal studies in natural populations (Suzuki and Nachman 2016).

A large body of evidence suggests that the gut microbiota vary among different taxa, but related

species often share more microbial taxa than unrelated species (Li and cols. 2017), and this
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pattern could be associated with the coevolutionary trajectory between hosts and their gut
microbiota (Youngblut and cols. 2019). However, phylogenetically distant species often differ
in their genetic composition, feeding habits and microhabitat use, making difficult to separate
ecological factors and evolutionary history (Ingala and cols. 2018). Therefore, knowledge gaps
still exist concerning to differences of gut microbiota between related species with similar
ecological features, as occur between S. aeneus and S. bicanthalis, two closely related species
living in the La Malinche volcano. Our comparative study between these two recently diverged
species revealed differences in their gut microbiota diversity and composition. S. bicanthalis
living in the high-zone at ~4150 m a.s.l. showed a greater bacterial diversity compared to S.
aeneus living at ~2600 m a.s.l. We speculate that a higher gut bacterial diversity in S. bicanthalis
may assist lizards to adapt and survive in high-altitude environments. Furthermore, clear
differences in core microbial community composition were found between coexisting species,
i.e. S. aeneus and S. grammicus (at 2600 m) and S. bicanthalis and S. grammicus (at 4150 m),
indicating that differences in their life-history traits and evolutionary history (Wiens and cols.
2013) lead to variation in gut bacterial communities. In contrast, core microbiota convergence
between S. aeneus and S. bicanthalis largely reflects similarities in habitat use and genetic
composition (Grummer and cols. 2014) and recent divergence time (Wiens and cols. 2013),
despite occupying contrasting environments in the study area. Hence, these results suggest that
the core microbiota remains stable over evolutionary time in closely related species (Li and cols.
2017). In line with this finding, but including whole microbiota (transient and core microbial
taxa), Sottas and cols. (2020) revealed that the gut microbiota composition of two closely related

passerine species did not differ between either sympatric or allopatric populations.

In wildlife populations, particularly in insectivorous species, previous studies have
demonstrated significant dietary changes across seasons as a result of temporal variation in
insect richness and abundance (Grimbacher and Stork 2009; Sanchez-Reyes and cols. 2019).
For instance, analysis of stomach contents and fecal DNA metabarcoding have revealed
temporal shifts in diet composition among different lizard species (Gadsden and cols. 2011;
Alemany and cols. 2022). Such changes have been attributed to temporal variation in food

availability and ecological factors. Here, we were interested in describing how diet of four
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Sceloporus species varies by season at intra- and inter-species level. We expected a higher
dietary diversity during the rainy season because of great resource abundance, however, our
results showed that the taxonomic and phylogenetic diversity of prey was greater during the dry
season than the rainy season. One possible explanation would be that during the dry season
lizard species experience food shortages and potentially exploit alternative prey to satisfy their
nutritional demands or increase their foraging time when emerge from winter shelters (Anderson
and cols. 2022), leading to more generalist food regime. This finding is consistent with earlier
reports based on macroscopic analyses (Castro-Franco et al. 2017; Garcia-Rosales et al. 2019),
in which dietary diversity increased during the dry season compared to rainy season. Using DNA
metabarcoding approach, we obtained a detailed quantitative dietary analysis of four Sceloporus
species whose diet is still very limited. However, further studies would be needed to unravel the
influence of other environmental factors on seasonal diet variation. Our study also contributes
to expand our knowledge about the factors influencing gut microbiota composition in these

lizard species, since diet has been recognized as a key driver of gut microbiota composition.

While the core microbiota often shows less variation over time in vertebrate taxa (Li and cols.
2017; Hernandez and cols. 2022), the whole microbial community—transient and core taxa—
appear to be highly diverse and dynamic over time (Risely 2020). Additionally, more
pronounced shifts in gut microbiota composition have been observed across seasons (Baniel and
cols. 2021; Guo and cols. 2021), but few studies have investigated whether such changes occur
in parallel with temporal variation in dietary consumption. Given the current gaps in knowledge,
we focus on the role of seasonality (per se) and temporal dietary changes on the gut microbiota
variation among four Sceloporus species considered as generalist predators (Hernandez and
cols. 2023). Our results indicated an increase in gut bacterial alpha diversity during the dry
season than the rainy season for S. bicanthalis, whereas S. aeneus exhibited an opposite pattern
and no seasonal differences were observed in the two other species. Sceloporus aeneus and S.
bicanthalis are two species with short life and rapid growth rate that show seasonal and
continuous reproductive activity, respectively (Hernandez-Gallegos and cols. 2002; Manriquez-
Moran and cols. 2013). These features may influence their seasonal activity patterns (e.g.

energetic costs) and correspondingly could promote seasonal shifts in their gut microbiota

53



composition. In addition, it has been reported that Sceloporus species tend to use a major variety
of microhabitats during the dry season than the rainy season (Siliceo-Cantero and cols. 2016),
exposing them to a more variety of environmental sources (soil, plant material, water, fallen
trees, etc.) which may influence the gut bacterial richness of S. bicanthalis (Hong and cols. 2011;
Lankau and cols. 2012). Similar to our results, wild primates showed a greater alpha diversity
in the dry season (Orkin and cols. 2019; Rudolph and cols. 2022), whereas in small mammals
gut bacterial diversity was higher during the rainy season compared to dry season (Fan and cols.
2022). Furthermore, as previously reported in other vertebrate taxa (Kartzinel and cols. 2019;
Murillo and cols. 2022), we also observed that changes in gut microbiota composition were
associated with seasonal dietary consumption. However, richness of the consumed prey items
(arthropod genera) did not influence the gut bacterial alpha diversity, suggesting that other
factors not included here (e.g. microbial inoculum sources, temperature, humidity, microhabitat
use, reproduction activity, behavioral and physiological shifts between seasons) may impact the
bacterial diversity of these Sceloporus species. A similar phenomenon has been documented in
mammals (Guo and cols. 2021) and birds (Bodawatta and cols. 2022), where microbial
community assembly was correlated with dietary composition, but bacterial diversity did not
linearly increase with dietary richness. We speculate that the lack of an effect of dietary richness
on bacterial diversity may be a result of the small sample sizes, since our analysis was limited
to only 68 out of 95 samples that amplified for COI gene (Hernandez and cols. 2023). Bodawatta
and cols. (2022) also emphasize that small sample sizes often obscured the association between
dietary richness and bacterial diversity, or simply exist a little influence of diet-associated

microbes on animal gut microbiota.

10. General Conclusion

To summarize, we demonstrated that our focal lizard species comprise remarkable examples to
assess simultaneously the gut bacterial communities and dietary composition. Our results
suggest that fecal samples comprise a reliable non-lethal method for investigating GIT microbial
communities in wild lizard populations, highlighting its suitability when repeated sampling is

needed. We also documented similarities in core bacterial communities between closely related

54



species S. aeneus and S. bicanthalis, which probably relate to their phylogenetic closeness, but
significant differences were observed in whole bacterial community between these species,
suggesting that local environmental conditions (e.g. temperature, humidity, food availability,
ultraviolet radiation, oxygen concentrations, atmospheric pressure) may play an essential role in
the dynamics of gut microbial communities. In addition, diet is a prominent factor in structuring
the gut microbiota composition of wild vertebrates. We found that the diet composition of the
four Sceloporus lizard species was influenced by seasonal fluctuations of the study area.
Furthermore, the gut bacterial communities were highly dynamics between seasons in these
lizard species, and this temporal variation was associated in part by seasonal shifts in diet
composition. However, future studies will be required to fully elucidate the influence of other
ecological factors, as well as reproductive status, seasonal physiological changes, and mating
behaviour (monandrous and polyandrous) on the dynamics of lizard gut microbial communities.
Additionally, genome-resolved metagenomics (a robust method to assess taxonomic diversity
and functional attributes of microbial communities) will provide a better understanding of the

successful adaptation of Sceloporus species to a wide variety of habitats.
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