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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 c 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 I. 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 



 vii 

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 IV. 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 (Bäckhed 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 
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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, 
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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 

(Rodríguez-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 (Díaz de la Vega-Pérez and cols. 2019). Here, we used 

NGS of bacterial 16S rRNA gene and Cytochrome c Oxidase Subunit I (COI) gene to gain 

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

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.l. to collect fecal samples. 
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5. Chapter I: Comparative analysis of two nonlethal methods for the study of the gut 

bacterial communities in wild lizards 

Mauricio Hernández, Sergio Ancona, Stephanie Hereira-Pacheco, Aníbal H. Díaz 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 (Hernández and cols. 2023). 
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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 Hernández, Sergio Ancona, Aníbal H. Díaz de la Vega-Pérez, Ligia C. Muñoz-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 

(Hernández 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 (Hernández and cols. 2022). 
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7. Chapter III: DNA metabarcoding reveals seasonal changes in diet composition across 

four arthropod-eating lizard species (Phrynosomatidae: Sceloporus) 

Mauricio Hernández, Stephanie Hereira-Pacheco, Antton Alberdi, Aníbal H. Díaz de la Vega-

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 Ramírez-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; García-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 (Hernández and 

cols. 2023). 
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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 

(Hernández 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 (Hernández 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; Sánchez-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; García-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; Hernández 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 (Hernández 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 (Hernández-Gallegos and cols. 2002; Manríquez-

Morán 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 
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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 (Hernández 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 
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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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