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Abstract
Despite their critical role in maintaining organismal health, the factors driving intraspecific variation in gut microbiotas in the 
wild are poorly understood. Gallotia galloti is a lizard endemic to the Canary Islands characterized by substantial phenotypic 
and genetic differentiation across populations, as well as by its ability to occur across considerably different environmental 
conditions. However, the extent to which such diversity is reflected in their gut microbiota is still unknown. Here, we use 
metabarcoding of fecal samples to explore how the gut microbiome of G. galloti reflects variation in sex, environment, human 
footprint, and subspecies identity. Fecal samples of 47 individuals were obtained across 13 locations to reflect the extent 
of intraspecific variation in the species. We found no evidence for consistent differences in microbiota richness across the 
studied groups, regardless of whether analyses were carried out at the genus, family, or phylum levels. Moreover, neither 
the richness nor composition of the microbiota was associated with variation in mean annual temperature, annual precipita‑
tion, and human footprint. Our results suggest that the generalist diet of G. galloti exposes them to a broad range of food 
items that provide a common template across the island, despite ecological and historical differences between populations.

Keywords  Lizard · Island · Canary Islands · Metabarcoding

Introduction

Gut microbiotas play a fundamental role in maintaining 
organismal health through the facilitation of nutrient uptake, 
detoxification, and interactions with the immune system [1, 
2]. However, studies to date have focused primarily on mam‑
mals, and relatively little is known about gut microbiotas of 
other terrestrial vertebrates [1], particularly squamate rep‑
tiles [3–6]. Understanding how gut microbiomes vary across 

different environments can provide valuable insight into the 
way they might respond to anthropic pressures, including 
climate change [7, 8] because the gut microbiota might affect 
host thermal tolerance [5]. Such studies are particularly 
important in wild populations, as the composition of the 
gut microbiota could change in captivity [9, 10].

Current evidence suggests that the drivers of variation in 
the composition of the gastrointestinal microbiota of wild 
species might be complex and multifaceted and potentially 
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can act at a variety of temporal and spatial scales. For 
instance, some studies showed evidence for seasonal vari‑
ation in gut microbiotas [11, 12], as well as intraspecific 
variation across habitats [13], which could reflect an oppor‑
tunistic nature of their composition. On the other hand, some 
studies have found consistent evidence for historical (phy‑
logenetic) differentiation amongst lineages [14–16], which 
could indicate that some of those drivers actually take place 
at several different timescales, with the microbiome com‑
position shifting as ecological and life-history traits diverge 
over the course of the evolutionary history of each lineage. 
Likewise, the composition of gut microbiomes might be 
conserved across populations that are thousands of kilom‑
eters (km) apart [17] but also vary amongst depths within 
single lakes [18]. Identifying the drivers of variation in gut 
microbiomes is fundamental to understanding how they are 
assembled, and the corresponding impacts on host organ‑
isms in the wild. As a first approximation, factors such as 
temperature and precipitation could be reasonable potential 
drivers of variation in the composition of the gut microbiota, 
not only due to direct effects on the lizard’s physiology and 
thermoregulation [19] but also indirectly through changes 
in the vegetation of different sites and the corresponding 
shifts in available food items [20–23], and yet studies test‑
ing them as potential correlates are still limited. Finally, 
it is also important to note that Tenerife has experienced 
varied levels of anthropic impacts [24]. If the composition 
of the gut microbiota of a given species is indeed opportun‑
istic, higher levels of anthropic influence might affect its 
composition, particularly by homogenizing the taxa across 
individual hosts based on the bacterial lineages that could 
be more commonly associated with human surroundings.

Gallotia galloti is a fascinating species of lizard of the 
family Lacertidae endemic to the Canary Islands [25]. 
There are four commonly recognized subspecies [26]: Gal-
lotia g. eisentrauti (northern Tenerife), G. g. galloti (central 
and southern Tenerife, including Teide), G. g. insulanagae 
(Roque de Fuera de Anaga, offshore the Macizo de Anaga 
mountains, northeastern Tenerife), and G. g. palmae (La 
Palma). The populations of G. galloti present in Tenerife 
are found across a remarkable altitudinal range, from sea 
level to 3715 m of elevation at the top of Mount Teide [27], 
being distributed across a variety of environments, including 
coastal shrublands, pine forests, and high-altitude deserts 
[28]. Such ecological variation is also accompanied by 
strong phenotypic variation, both in morphology and col‑
oration [29]. Indeed, the phenotypic differences between G. 
g. galloti and G. g. eisentrauti seem to reflect both histori‑
cal (evolutionary) divergence, as well as the result of sub‑
stantial ecological differences between those regions of the 
island, with northerly trade winds resulting in the northern 
slopes (up to a certain altitude) tending to be warm, humid, 
and lushly vegetated, whereas the south is hot, arid, and 

barren [30] (Fig. 1). Interestingly, the strong differences in 
coloration between G. g. galloti and G. g. eisentrauti, com‑
monly referred to as Northern and Southern morphs, are 
generally associated with deep genetic divergences, although 
the congruence between genetic and phenotypic data are 
not complete [31]. Gallotia galloti is also strongly sexually 
dimorphic, with males being larger and more colorful than 
females due to their characteristic territorial behavior [32]. 
Finally, populations across the island are exposed to varying 
levels of anthropic influence [33], and these disturbances 
could potentially mask local environmental influences on gut 
microbiomes. The combination of environmental variation, 
evolutionary differences between subspecies, and sexual 
dimorphism may provide a unique opportunity to tease apart 
the relative contribution of these factors to the composition 
of the gut microbiome of a squamate lizard.

In this study, we use metabarcoding of fecal samples to 
explore the extent to which the gut microbiome of G. galloti 
reflects variation in sex, environment, human footprint, and 
subspecies identity. Given the substantial ecological, phe‑
notypic, and environmental differences present in different 
populations, we hypothesize that their gut microbiome will 
have responded, possibly reflecting local evolutionary adap‑
tations. On the other hand, if no evidence for that hypothesis 
is found, that could indicate that the generalist diet of G. 
galloti exposes them to a broad range of food items that pro‑
vide a common template across the island, in spite of those 
ecological and historical differences between populations.

Materials and Methods

Fresh fecal samples of a total of 47 lizards (29 males and 
18 females) were collected across 13 distinct locations in 
Tenerife during the months of April and May of 2023. The 
locations were chosen to encompass diverse environmental 
conditions present in the island, as well as the major pheno‑
types (Northern and Southern morphs) according to Brown 
et al. (2016) (Fig. 1). Although there is broad agreement 
between lizard phenotypes and their genetic differentia‑
tion, a few populations near the edges of such genetic break 
sometimes have discrepancies between phenotypes and their 
mitochondrial lineages, and the causes of such local discrep‑
ancies are still poorly understood [31]. However, given that 
our sampling did not include areas in which there is disa‑
greement between phenotypes and mitochondrial lineages 
of G. galloti, we henceforth refer to them simply as morphs 
[31]. Samples were obtained noninvasively by applying a 
slight pressure and massaging the stomach of the lizards, 
encouraging them to defecate [34]. Each fecal pellet was 
maintained individually in 1.5-mL Eppendorf tubes filled 
with ethanol and kept refrigerated until DNA extraction. No 
animals died or were euthanized during sampling, and all 
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animals were released unharmed at the place of collection. 
Experimental protocols and research were approved by cor‑
responding authorities of Teide National Park (REGAGE23 
s00011246133) and Cabildo Insular of Tenerife (AEI 7/23 
- 2023-00252).

DNA extractions were conducted using the ǪIAmp Pow‑
erFecal Pro DNA extraction kit (Qiagen, UK), with a few 
modifications. A FastPrep-24 5G (MP Biomedicals, Santa 
Ana, CA, USA) homogenizer was used instead of a vortex 
adaptor to disrupt the mixture of sample and beads; the dis‑
ruption time was decreased from 10 to 2 min, and the whole 
process was split into two 1-min cycles at a speed of 9 m/s to 
prevent DNA degradation. The time spent in the centrifuge 
between each step was increased from 1 to 2 min to ensure 
that the pellet structure did not break during movement 
between centrifuge and pipette transfer. In the final steps, 
100 µL of elution solution was used to release the DNA from 
the filter. Samples were amplified and sequenced by Novo‑
gene (UK). Polymerase chain reaction (PCR) was conducted 
using a Phusion® High-Fidelity PCR Master Mix (New 
England Biolabs). The 16SV34 region was amplified using 
a specific forward and reverse primer (F: 5′CCT​AYG​GGRB‑
GCASCAG′3, R:5′GGA​CTA​CNNGGG​TAT​CTAAT′3) [35] 

and connecting barcodes. The amplified PCR was electro‑
phorized in 2% agarose gels and proper sized products were 
selected. Equal quantities of the selected PCR products were 
pooled, subjected to end repair, A-tailing, and subsequently 
ligated with Illumina adapters. Samples were sequenced on 
an Illumina platform (Illumina NovaSeq 6000) which gener‑
ated raw reads of 250 bp.

Paired-end reads were allocated to respective sam‑
ples using their distinctive barcodes, and then truncated 
by removing the barcode and primer sequence. The reads 
were merged using FLASH version 1.2.1.1 [36] (available 
at http://​ccb.​jhu.​edu/​softw​are/​FLASH/). High-quality clean 
tags were obtained by performing quality filtering using the 
fastp software version 0.23.1 [37]; these tags were then com‑
pared to the Silva database (https://​www.​arb-​silva.​de/) where 
chimeras were detected and removed using the vsearch pack‑
age version 2.16.0 [38] (available at https://​github.​com/​torog​
nes/​vsear​ch). Effective tags were obtained. Denoise was 
performed on the effective tags using the DADA2 module 
in ǪIIME2 version ǪIIME2-202202 [39] which obtained 
Amplicon Sequence Variants (ASVs). The species annota‑
tion for each Amplicon Sequence Variant (ASV) was deter‑
mined by employing ǪIIME2’s classify sklearn algorithm, 

Fig. 1   A Geographical distribution of the sampled locations in Ten‑
erife, Canary Islands. Samples were obtained across diverse environ‑
mental conditions present on the island. Codes indicate either North‑
ern or Southern phenotypes (N morph vs S morph, respectively), 
according to Brown et al. (2016). Symbols correspond to locations 
as follows: N1: Punta del Hidalgo (n = 5); N2: Benijo(n = 1); N3: 
Mirador de Juan Fernández (n = 7); N4: La Guancha (n = 4); N5: 

Buenavista del Norte (n = 6); S1: La Laguna (n = 6); S2: Izaña astro‑
nomic observatory (n = 2); S3: Puertito de Güímar (n = 4); S4: Cono 
de El Teide (n = 1); S5: Base de El Teide (n = 4); S6: Porís de Abona 
(n = 3); S7: Barranco de las Moradas (n = 2); S8: El Médano (n = 2). 
B Gallotia galloti eisentrauti (Northern phenotype). C Gallotia gal-
loti galloti (Southern phenotype). Background image provided by the 
European Space Agency (CC BY-SA 3.0 IGO)

http://ccb.jhu.edu/software/FLASH/
https://www.arb-silva.de/
https://github.com/torognes/vsearch
https://github.com/torognes/vsearch
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using a pre-trained Naive Bayes classifier. Unclassified 
bacteria were removed prior to the analysis. Raw sequence 
reads were deposited into NCBI’s Short Read Archive under 
project PRJ A1165502.

Data on mean annual temperature (MAT) and annual pre‑
cipitation (AP) for each collection site were obtained from 
WorldClim 2.1 [40]. The human influence (HI) on each 
population was inferred using the human footprint dataset 
in QGIS (QGIS.org (2022). QGIS Geographic Information 
System. Open Source Geospatial Foundation Project. http://​
qgis.​org). It is a global dataset implemented in a geospatial 
raster and downloaded with 1 km of geographic resolution. 
It provides HI data normalized by area and biome covering 
human population pressure (population density), human land 
use and infrastructure (built-up areas, nighttime lights, land 
use/land cover), and human access (roads) [41, 42]. Higher 
HI values indicate higher human development.

Variation in the gut microbiota of G. galloti was assessed 
separately with respect to its richness (i.e., number of dis‑
tinct ASVs) and composition. The effects of potential cor‑
relates on richness, namely MAT, AP, sex, and morph, were 
assessed using linear mixed models using the lme4 package 
1.1–35.5 [43], with sampling site as a random effect. Overall 
variation in gut bacterial composition between sex and sub‑
species was investigated using non-metric multidimensional 
scaling (NMDS) based on Bray-Curtis distances. The effects 
of discrete (sex, subspecies/morph) and continuous (MAT, 
AP) predictors on the composition of the gut microbiota 
were tested using the adonis2 and envfit functions in the 
vegan package 2.6–4 [44], respectively. All analyses were 
repeated at the levels of genera, family, and phylum. Unless 
otherwise stated, all analyses were carried out in R 4.4.1 
[45].

Results

A total of 2,198,765 high-quality reads were obtained across 
all samples, with an average of 46,782.23 ± 10,510.79 reads 
per sample (Table S1). After filtering, the final ASV table 
encompassed 19,164 unique ASVs. The entire dataset 
included 26 bacterial phyla, although only 5 of them had 
relative abundance above 1% (Fig. 2A), with Firmicutes 
and Bacteroidota accounting for over 88% of all reads. At 
the family level, Lachnospiraceae, Bacteroidaceae, and 
Ruminococcaceae alone accounted for over half of all reads 
(Fig. 2B). Bacteroides is the most abundant genus, account‑
ing for 21% of the reads across all samples (Fig. S1).

There were no consistent associations between bacte‑
rial composition and ambient temperature, precipitation, 
sex, morph, or human footprint based on PERMANOVAs, 
regardless of whether the analysis was carried out at the phy‑
lum, family, or genus level (Table 1, Fig. 3). Likewise, when 

we fit temperature and precipitation data to ordination space 
using the envfit function, the effects of these environmental 
variables are also not significant, regardless of taxon (R2 = 
0.02–0.10; p = 0.11–0.70). Importantly, there was also no 
significant effect of any of the variables on the observed 
richness at any taxonomic level (Table S2).

Discussion

In this study, we explored the gut microbiome of the lizard 
G. galloti and tested potential correlates of its composition. 
The ecology and distribution of an insular species like G. 
galloti, which involves a relatively omnivorous diet with a 
shift towards herbivory when compared to a typical lacertid 
diet on the continent [46], could represent relatively similar 
constraints on their gut microbiome across the island. How‑
ever, one could reasonably expect that the severe environ‑
mental and historical differences between populations could 
have led to some differentiation.

The general composition of the gut microbiome of G. 
galloti is consistent with previous studies on other lizards 
[47]. For instance, Firmicutes, Bacteroidetes, and Proteo‑
bacteria were the dominant gut microbes of the lizard Tera-
toscincus roborowskii (Sphaerodactylidae), a species from 
China with a marked herbivore diet, particularly during the 
summer [12]. Indeed, Firmicutes and Proteobacteria are 
the bacteria that are most common in lizards when com‑
pared to amphibians [47]. Bacteroides, the most abundant 
genus found in G. galloti, has been associated with enhanced 
immune responses in lizards exposed to warming climates 
by upregulating IFN-β expression in the gut [8]; however, 
we did not find an association with Bacteroides and tem‑
perature in our analyses. Its dominance in our samples cor‑
roborates the idea that gut microbial communities are likely 
to comprise a combination of transient, environmentally 
acquired microbes, commensal “core” microbial taxa, and 
a flexible pool of beneficial microbes which may confer a 
selective advantage to the host during periods of stress or 
rapid adaptation (reviewed in Shapira [48]). Therefore, one 
of the processes governing the resilience of gut microbiomes 
to environmental variation could involve the relative impor‑
tance of these core microbial taxa.

Our results showed no consistent effect of environment 
(annual temperature and precipitation), subspecies identity/
morph, and sex on the corresponding microbiomes. This 
result is intriguing, given previous studies. For instance, liz‑
ard gut microbiota was shown to be strongly affected by their 
diet, even over relatively short periods of time [4, 49]. Like‑
wise, consistent effects of environmental variables (particu‑
larly temperature) have been shown in several studies. For 
example, a single-generation experimental study in semi-
natural conditions demonstrated that warming decreased gut 

http://qgis.org
http://qgis.org
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microbiota diversity at 2 months but increased diversity at 
13 and 27 months in a desert lizard (Eremias multiocellata) 
[8]. Similar short-term responses were also found experi‑
mentally for western fence lizards (Sceloporus occidenta-
lis [5]). Finally, Qi et al. [50] found substantial differences 
in the composition of gut bacteria of two species of toad-
headed lizards across an altitudinal gradient.

Given the ecological variation across Tenerife in ecologi‑
cal conditions, we would expect that at least some of that 
variation would affect their diet and, as a consequence, the 
gut microbiome. On the other hand, Williams et al. [7] used 
population transplantation of Anolis lizards from the main‑
land Panama to a series of warmer islands in the Panama 
Canal and compared their gut microbiome compositions 
after three generations of divergence. Although some dif‑
ferences were detected, the microbiome composition was 
largely resilient to increasing temperatures. These results 
suggest that, although climate might affect the composition 
of the gut microbiome, there could be particular situations 

in which their effect is buffered. Our results suggest that in 
G. galloti, the microbiome is not responding to the diverse 
climatic conditions of the island, but the nature of this resil‑
ience is still poorly understood.

Few studies have explored potential effects of sex on the 
gut microbiome of lizards. Montoya-Ciriaco et al. [51] found 
no consistent difference between sexes in the gut microbi‑
ome of the mesquite lizard Sceloporus grammicus. Like‑
wise, in a large comparative study of five Podarcis species, 
host sex had almost no effect on microbiome diversity and 
structure, with the exception of the proportion of the genus 
Corynebacterium, which significantly differed between 
sexes in two of the species. Male and female lizards typi‑
cally show considerable behavioral differences due to vari‑
ation in foraging and territorial strategies [52]. Our results 
suggest that the behavioral differences that are commonly 
observed between males and females of this lizard species 
[25] are not sufficient to lead to consistent changes in their 
microbiome composition. This is consistent with previous 

Fig. 2   Relative representation 
of different bacterial taxa (at 
the phylum (A) and family (B) 
level) across the sequenced 
individuals of Gallotia galloti. 
Samples 1–18 were females, 
whereas samples 19–47 are 
males. For visualization pur‑
poses, we omitted phyla and 
families whose representation 
was below 0.1 and 2% of the 
total number of reads, respec‑
tively
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work that found a lack of sexual trophic niche partitioning 
in this lizard species [32].

It is important to note that the use of fecal samples does 
not provide a complete picture of the entire composition 
of the gastrointestinal microbiota, given that there could be 
variation between different sections of their gastrointestinal 
system [4]. However, fecal samples in lizards seem to be 

largely representative of the hindgut bacterial community [4] 
and allow for non-destructive sampling of wild populations, 
overall justifying their use. Another limitation of our study 
is that we used environmental data from weather stations as 
opposed to direct measurements of body temperature, which 
could be affected by the lizard’s thermoregulation strate‑
gies. However, weather stations are able to provide more 
comprehensive characterizations of the climatic conditions 
in each location, given that they are calculated as averages 
across the entire year as opposed to direct measurements 
that could only represent the conditions on the day of col‑
lection. Also, we only collected one season and there could 
be seasonal variation [12]. However, given that our samples 
were obtained over such a short period of time, samples 
are largely comparable to one another, although sampling 
in other seasons and neighboring islands in the archipelago 
might provide interesting insights in future studies. Never‑
theless, it is important to note that our sample sizes are likely 
to not have sufficient power to detect more subtle differences 
between the tested groups. This is particularly likely if the 
variation in the gut microbiota that is ecologically relevant 
to the factors we tested is actually amongst the bacterial line‑
ages that are relatively rare and therefore whose effect might 
be diluted by the most commonly detected taxa. Future stud‑
ies, with denser spatial sampling, might be able to uncover 
these trends if present.

Conclusion

The original hypothesis of this study predicted that all exam‑
ined factors would influence the gut microbiome of G. gal-
loti. Our results suggest that the generalist diet of G. galloti 
exposes them to a broad range of food items that provide a 

Table 1   PERMANOVA results comparing the composition of the gut 
microbiota of Gallotia galloti between sexes and morphs and ambient 
temperature and precipitation conditions. Analyses were repeated at 
the levels of phylum, family, and genus. MAT mean annual tempera‑
ture, AP annual precipitation

Taxon Source of vari‑
ation

F Df Df.res Pr (>F)

Phylum rich‑
ness

(Intercept) 1.2608 1 6.672 0.300
Sex 0.2274 1 40.156 0.636
Morph 2.0867 1 9.208 0.182
AP 0.2087 1 7.238 0.661
MAT 0.0173 1 6.814 0.899
HumanFP 2.6782 1 40.774 0.109

Family rich‑
ness

(Intercept) 39.0486 1 6.133 <0.001***
Sex 0.1397 1 40.882 0.7106
Morph 1.3998 1 9.043 0.2670
AP 0.0302 1 7.019 0.867
MAT 0.0104 1 6.512 0.922
HumanFP 0.0081 1 38.921 0.929

Genus richness (Intercept) 1.3631 1 7.333 0.280
Sex 0.5379 1 38.793 0.468
Morph 0.1481 1 9.393 0.709
AP 0.0439 1 7.637 0.840
MAT 0.3737 1 7.294 0.560
HumanFP 0.3737 1 40.675 0.890

Fig. 3   Non-metric multidi‑
mensional scaling analyses 
of the composition of the gut 
microbiome of Gallotia galloti. 
The underlying data is the same 
between plots, but they are 
colored according to sex (A) or 
morph (B). See text for details
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common template across the island, despite ecological and 
historical differences between populations. Despite these 
constraints, this research offers a valuable contribution to 
our understanding of gut microbiota in wild lizard popula‑
tions—an area that remains largely underexplored.
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Acknowledgements  The authors would like to thank the Biology 
Department of Edge Hill University for financial support, The Slove‑
nian Research and innovation Agency (ARIS) (P1-0255 and J1-2466) 
for funding AŽ, and Troy Marchant-Whitehurst and Jonathan Loftus 
for their assistance during fieldwork.

Author Contributions  D.E.C and M.R.P contributed to main writing 
of the original draft which includes all figures and tables. All authors 
contributed towards the review and editing of the manuscript and the 
main methodology. R.M, A.Z, S.B, J.F.F, A.E.T, D.O.S and M.R.P all 
contributed to the field work collections for this project, D.E.C and 
D.W.C contributed towards all the molecular work for this project. 
M.R.P was responsible for supervising the project which involved 
any funding and project administration.All authors played a huge role 
within this project and have all reviewed the manuscript and approved 
for it to be submitted for publication

Data Availability  Sequence data that support the findings of this study 
have been deposited in GenBank. Please find the Data Availability 
Statment within the manuscript.

Declarations 

Competing Interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri‑
bution 4.0 International License, which permits use, sharing, adapta‑
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Grond K, Sandercock BK, Jumpponen A, Zeglin LH (2018) The 
avian gut microbiota: community, physiology and function in wild 
birds. J Avian Biol 49(11):e 01788. https://​doi.​org/​10.​1111/​jav.​
01788

	 2.	 Sun M, Chao H, Zheng X, Deng S, Ye M, Hu F (2020) Ecological 
role of earthworm intestinal bacteria in terrestrial environments: a 
review. Sci Total Environ 740:140008. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2020.​140008

	 3.	 Kohl KD, Brun A, Magallanes M, Brinkerhoff J, Laspiur A, 
Acosta JC, Bordenstein SR, Caviedes-Vidal E (2016) Physiologi‑
cal and microbial adjustments to diet quality permit facultative 

herbivory in an omnivorous lizard. Journal of Experimental Biol‑
ogy 219(12):1903–1912. https://​doi.​org/​10.​1242/​jeb.​138370

	 4.	 Kohl KD, Brun A, Magallanes M, Brinkerhoff J, Laspiur A, 
Acosta JC, Caviedes-Vidal E, Bordenstein SR (2017) Gut micro‑
bial ecology of lizards: insights into diversity in the wild, effects 
of captivity, variation across gut regions and transmission. Molec‑
ular ecology 26(4):1175–1189. https://​doi.​org/​10.​1111/​mec.​13921

	 5.	 Moeller AH, Ivey K, Cornwall MB, Herr K, Rede J, Taylor EN, 
Gunderson AR (2020) The lizard gut microbiome changes with 
temperature and is associated with heat tolerance. Appl Environ 
Microbiol 86(17). https://​doi.​org/​10.​1128/​aem.​01181-​20

	 6.	 Hoffbeck C, Middleton DM, Lamar SK, Keall SN, Nelson NJ, 
Taylor MW (2024) Gut microbiome of the sole surviving member 
of reptile order Rhynchocephalia reveals biogeographic variation, 
influence of host body condition and a substantial core microbiota 
in tuatara across New Zealand. Ecol Evol 14(2). https://​doi.​org/​
10.​1002/​ece3.​11073

	 7.	 Williams CE, Kueneman JG, Nicholson DJ, Rosso AA, Folfas E, 
Casement B, Gallegos-Koyner MA, Neel LK, Curlis JD, McMil‑
lan WO, Cox CL (2022) Sustained drought, but not short-term 
warming, alters the gut microbiomes of wild Anolis lizards. 
Applied and Environmental Microbiology 88(19):e00530-22. 
https://​doi.​org/​10.​1128/​aem.​00530-​22

	 8.	 Yang J, Liu W, Han X, Hao X, Yao Q, Du W (2024) Gut micro‑
biota modulation enhances the immune capacity of lizards under 
climate warming. Microbiome 12(1). https://​doi.​org/​10.​1186/​
s40168-​023-​01736-2

	 9.	 Colston TJ (2017) Gut microbiome transmission in lizards. Mol 
Ecol 26(4):972–974. https://​doi.​org/​10.​1111/​mec.​13987

	10.	 Jiang H-Y, Ma J-E, Li J, Zhang X-J, Li L-M, He N, Liu H-Y, Luo 
S-Y, Wu Z-J, Han R-C, Chen J-P (2017) Diets alter the gut micro‑
biome of crocodile lizards. Front Microbiol 8. https://​doi.​org/​10.​
3389/​fmicb.​2017.​02073

	11.	 Fu H, Zhang L, Fan C, Liu C, Li W, Cheng Q, Zhao X, Jia S, 
Zhang Y (2021) Environment and host species identity shape gut 
microbiota diversity in sympatric herbivorous mammals. Microb 
Biotechnol 14(4):1300–1315. https://​doi.​org/​10.​1111/​1751-​7915.​
13687

	12.	 Gao WZ, Yang Y, Shi L (2023) Seasonal dietary shifts alter the 
gut microbiota of a frugivorous lizard Teratoscincus roborowskii 
(Squamata, Sphaerodactylidae). Ecol Evol 13(8):e10363. https://​
doi.​org/​10.​1002/​ece3.​10363

	13.	 Vasconcelos DS, James Harris D, Damas-Moreira I, Pereira A, 
Xavier R (2023) Factors shaping the gut microbiome of five spe‑
cies of lizards from different habitats. PeerJ 11:e15146–e15146. 
https://​doi.​org/​10.​7717/​peerj.​15146

	14.	 Kropáčková L, Těšický M, Albrecht T, Kubovčiak J, Čížková D, 
Tomášek O, Martin JF, Bobek L, Králová T, Procházka P, Kreis‑
inger J (2017) Diversification of gastrointestinal microbiota and 
phylogeny in passerines is not explained by ecological divergence. 
Mol Ecol 26(19):5292–5304. https://​doi.​org/​10.​1111/​mec.​14144

	15.	 Sanders JG, Powell S, Kronauer DJ, Vasconcelos HL, Freder‑
ickson ME, Pierce NE (2014) Stability and phylogenetic corre‑
lation in gut microbiota: lessons from ants and apes. Mol Ecol 
23(6):1268–1283. https://​doi.​org/​10.​1111/​mec.​12611

	16.	 Lazarkevich I, Engibarov S, Mitova S, Vacheva E, Popova S, 
Stanchev N, Eneva R, Gocheva Y, Boyadzhieva I, Gerginova 
M (2024) 16S rRNA gene sequencing-based identification and 
comparative analysis of the fecal microbiota of five syntopic liz‑
ard species from a low-mountain area in western Bulgaria. Appl 
Microbiol 4(1):181–193. https://​doi.​org/​10.​3390/​applm​icrob​iol40​
10013

	17.	 Berasategui A, Axelsson K, Nordlander G, Schmidt A, Borg-
Karlson AK, Gershenzon J, Terenius O, Kaltenpoth M (2016) 
The gut microbiota of the pine weevil is similar across Europe 

https://doi.org/10.1007/s00248-025-02560-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/jav.01788
https://doi.org/10.1111/jav.01788
https://doi.org/10.1016/j.scitotenv.2020.140008
https://doi.org/10.1016/j.scitotenv.2020.140008
https://doi.org/10.1242/jeb.138370
https://doi.org/10.1111/mec.13921
https://doi.org/10.1128/aem.01181-20
https://doi.org/10.1002/ece3.11073
https://doi.org/10.1002/ece3.11073
https://doi.org/10.1128/aem.00530-22
https://doi.org/10.1186/s40168-023-01736-2
https://doi.org/10.1186/s40168-023-01736-2
https://doi.org/10.1111/mec.13987
https://doi.org/10.3389/fmicb.2017.02073
https://doi.org/10.3389/fmicb.2017.02073
https://doi.org/10.1111/1751-7915.13687
https://doi.org/10.1111/1751-7915.13687
https://doi.org/10.1002/ece3.10363
https://doi.org/10.1002/ece3.10363
https://doi.org/10.7717/peerj.15146
https://doi.org/10.1111/mec.14144
https://doi.org/10.1111/mec.12611
https://doi.org/10.3390/applmicrobiol4010013
https://doi.org/10.3390/applmicrobiol4010013


	 D. E. Cottam et al.   61   Page 8 of 9

and resembles that of other conifer-feeding beetles. Mol Ecol 
25(16):4014–4031. https://​doi.​org/​10.​1111/​mec.​13702

	18.	 Zhang B, Xiao J, Liu H, Zhai D, Wang Y, Liu S, Xiong F, Xia M 
(2024) Vertical habitat preferences shape the fish gut microbiota 
in a shallow lake. Front Microbiol 15. https://​doi.​org/​10.​3389/​
fmicb.​2024.​13413​03

	19.	 Diaz JA (1994) Field thermoregulatory behavior in the Western 
Canarian lizard Gallotia galloti. J Herpetol 28(3):325. https://​
doi.​org/​10.​2307/​15645​31

	20.	 Otto R, Fernández-Palacios JM, Krüsi BO (2001) Variation in 
species composition and vegetation structure of succulent scrub 
on Tenerife in relation to environmental variation. J Veg Sci 
12(2):237–248. https://​doi.​org/​10.​2307/​32366​08

	21.	 Fernández-Palacios JM (1992) Climatic responses of plant spe‑
cies on Tenerife, The Canary Islands. J Veg Sci 3(5):595–603. 
https://​doi.​org/​10.​2307/​32358​26

	22.	 Valido A, Nogales M (2003) Digestive ecology of two omnivo‑
rous Canarian lizard species (Gallotia, Lacertidae). Amphibia-
Reptilia 24(3):331–344. https://​doi.​org/​10.​1163/​15685​38033​
22440​790

	23.	 Valido A, Nogales M (1994) Frugivory and seed dispersal by the 
lizard Gallotia galloti (Lacertidae) in a xeric habitat of the Canary 
Islands. Oikos 70(3):403. https://​doi.​org/​10.​2307/​35457​78

	24.	 del Arco Aguilar M-J, González-González R, Garzón-Machado 
V, Pizarro-Hernández B (2010) Actual and potential natural 
vegetation on the Canary Islands and its conservation status. 
Biodivers Conserv 19(11):3089–3140. https://​doi.​org/​10.​1007/​
s10531-​010-​9881-2

	25.	 Cox SC, Carranza S, Brown RP (2010) Divergence times and 
colonisation of the Canary Islands by Gallotia lizards. Mol Phylo‑
genet Evol 56(2):747–757. https://​doi.​org/​10.​1016/j.​ympev.​2010.​
03.​020

	26.	 Molina-Borja M, Bischoff W (1998) Gallotia galloti (Oudart, 
1839) – Kanareneidechse. In: Bischoff W (ed). Die Reptilien der 
Kanarischen Inseln, der Selvagens Inseln und des Madeira-Archi‑
pels. En: Böhme W (ed) Handbuch der Reptilien und Amphibien 
Europas, vol 6. Aula-Verlag, Wiesbaden, pp 287–339

	27.	 Serén N, Megía-Palma R, Simčič T, Krofel M, Guarino FM, Pinho 
C, Žagar A, Carretero MA (2023) Functional responses in a lizard 
along a 3.5-km altitudinal gradient. J Biogeogr 50(12). https://​doi.​
org/​10.​1111/​jbi.​14711

	28.	 Báez M (2002) Gallotia galloti (Oudart, 1839). Lagarto tizón, pp 
202-203. In: Pleguezuelos JM, Márquez R, Lizana M (eds). Atlas 
y Libro Rojo de los anfibios y reptiles de España. Dirección Gen‑
eral de Conservación de la Naturaleza-Asociación Herpetológica 
Española (2ª impresión). Madrid

	29.	 Molina-Borja M, Bohórquez-Alonso ML (2023) Morphology, 
behaviour and evolution of Gallotia lizards from the Canary 
Islands. Animals 13(14):2319. https://​doi.​org/​10.​3390/​ani13​
142319

	30.	 Höllermann P (1985) Beitrag zur Kenntnis des Mikro- und Boden‑
klimas der Kanarischen Inseln. Bonn Zool Beitr 36:237–260

	31.	 Brown RP, Paterson S, Risse J (2016) Genomic signatures of his‑
torical allopatry and ecological divergence in an island lizard. 
Genome Biol Evol 8(11):3618–3626. https://​doi.​org/​10.​1093/​gbe/​
evw268

	32.	 Herrel A, Spithoven L, Van Damme R, De Vree F (1999) 
Sexual dimorphism of head size in Gallotia galloti: testing the 
niche divergence hypothesis by functional analyses. Funct Ecol 
13(3):289–297. https://​doi.​org/​10.​1046/j.​1365-​2435.​1999.​00305.x

	33.	 Megía-Palma R, Arregui L, Pozo I, Žagar A, Serén N, Carretero 
MA, Merino S (2020) Geographic patterns of stress in insular 
lizards reveal anthropogenic and climatic signatures. Sci Total 
Environ 749:141655. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​
141655

	34.	 Megía-Palma R, Martínez J, Acevedo I, Martín J, García-Roa R, 
Ortega J, Peso-Fernández M, Albaladejo G, Cooper RD, Paran‑
jpe DA, Sinervo BR, Merino S (2015) Phylogeny of the reptil‑
ian Eimeria: are Choleoeimeria and Acroeimeria valid generic 
names? Zool Scripta 44(6):684–692. https://​doi.​org/​10.​1111/​
zsc.​12126

	35.	 Young Seob Y, Changsoo L, Jaai K, Seokhwan H (2005) Group-
specific primer and probe sets to detect methanogenic commu‑
nities using quantitative real-time polymerase chain reaction. 
Biotechnol Bioeng 89(6):670–679. https://​doi.​org/​10.​1002/​bit.​
20347

	36.	 Magoč T, Salzberg SL (2011) FLASH: fast length adjustment 
of short reads to improve genome assemblies. Bioinformatics 
27(21):2957–2963. https://​doi.​org/​10.​1093/​bioin​forma​tics/​
btr507

	37.	 Chen S (2023) Ultrafast one-pass FASTQ data preprocessing, 
quality control, and deduplication using fastp. iMeta 2:e107. 
https://​doi.​org/​10.​1002/​imt2.​107.

	38.	 Rognes T, Flouri T, Nichols B, Quince C, Mahé F (2016) 
VSEARCH: a versatile open-source tool for metagenomics. PeerJ 
4:e2584. https://​doi.​org/​10.​7717/​peerj.​2584

	39.	 Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-
Ghalith GA, Alexander H, Alm EJ, Arumugam M, Asnicar F, 
Bai Y, Bisanz JE, Bittinger K, Brejnrod A, Brislawn CJ, Brown 
CT, Callahan BJ, Caraballo-Rodríguez AM, Chase J, Cope EK, 
Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall DM, 
Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gaug‑
litz JM, Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo 
J, Hillmann B, Holmes S, Holste H, Huttenhower C, Huttley GA, 
Janssen S, Jarmusch AK, Jiang L, Kaehler BD, Kang KB, Keefe 
CR, Keim P, Kelley ST, Knights D, Koester I, Kosciolek T, Kreps 
J, Langille MGI, Lee J, Ley R, Liu YX, Loftfield E, Lozupone 
C, Maher M, Marotz C, Martin BD, McDonald D, McIver LJ, 
Melnik AV, Metcalf JL, Morgan SC, Morton JT, Naimey AT, 
Navas-Molina JA, Nothias LF, Orchanian SB, Pearson T, Peoples 
SL, Petras D, Preuss ML, Pruesse E, Rasmussen LB, Rivers A, 
Robeson MS, Rosenthal P, Segata N, Shaffer M, Shiffer A, Sinha 
R, Song SJ, Spear JR, Swafford AD, Thompson LR, Torres PJ, 
Trinh P, Tripathi A, Turnbaugh PJ, Ul-Hasan S, van der Hooft 
JJJ, Vargas F, Vázquez-Baeza Y, Vogtmann E, von Hippel M, 
Walters W, Wan Y, Wang M, Warren J, Weber KC, Williamson 
CHD, Willis AD, Xu ZZ, Zaneveld JR, Zhang Y, Zhu Q, Knight 
R, Caporaso JG (2019) Reproducible, interactive, scalable and 
extensible microbiome data science using QIIME 2. Nat Biotech‑
nol 37(8):852–857. https://​doi.​org/​10.​1038/​s41587-​019-​0209-9

	40.	 Fick SE, Hijmans RJ (2017) WorldClim 2: new 1-km spatial 
resolution climate surfaces for global land areas. Int J Climatol 
37(12):4302–4315. https://​doi.​org/​10.​1002/​joc.​5086

	41.	 Sanderson EW, Jaiteh M, Levy MA, Redford KH, Wannebo AV, 
Woolmer G (2002) The human footprint and the last of the wild: 
the human footprint is a global map of human influence on the 
land surface, which suggests that human beings are stewards of 
nature, whether we like it or not. BioScience 52(10):891–904. 
https://​doi.​org/​10.​1641/​0006-​3568(2002)​052[0891:​THFATL]​2.0.​
CO;2

	42.	 Last of the Wild Project, Version 2, 2005 (LWP-2): Global Human 
Footprint Dataset (Geographic) | NASA Earthdata (2024) NASA 
Earthdata. [online] https://​doi.​org/​10.​7927/​H4M61​H5F.

	43.	 Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear 
mixed-effects models using lme4. J Stat Softw 67(1):8. https://​doi.​
org/​10.​18637/​jss.​v067.​i01

	44.	 Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, 
McGlinn D, Minchin PR, O’Hara RB, Simpson GL, Solymos P, 
Stevens MHH, Szoecs E, Wagner H (2019) vegan: community 
ecology package. [online] R-Packages. Available at: https://​cran.r-​
proje​ct.​org/​packa​ge=​vegan.

https://doi.org/10.1111/mec.13702
https://doi.org/10.3389/fmicb.2024.1341303
https://doi.org/10.3389/fmicb.2024.1341303
https://doi.org/10.2307/1564531
https://doi.org/10.2307/1564531
https://doi.org/10.2307/3236608
https://doi.org/10.2307/3235826
https://doi.org/10.1163/156853803322440790
https://doi.org/10.1163/156853803322440790
https://doi.org/10.2307/3545778
https://doi.org/10.1007/s10531-010-9881-2
https://doi.org/10.1007/s10531-010-9881-2
https://doi.org/10.1016/j.ympev.2010.03.020
https://doi.org/10.1016/j.ympev.2010.03.020
https://doi.org/10.1111/jbi.14711
https://doi.org/10.1111/jbi.14711
https://doi.org/10.3390/ani13142319
https://doi.org/10.3390/ani13142319
https://doi.org/10.1093/gbe/evw268
https://doi.org/10.1093/gbe/evw268
https://doi.org/10.1046/j.1365-2435.1999.00305.x
https://doi.org/10.1016/j.scitotenv.2020.141655
https://doi.org/10.1016/j.scitotenv.2020.141655
https://doi.org/10.1111/zsc.12126
https://doi.org/10.1111/zsc.12126
https://doi.org/10.1002/bit.20347
https://doi.org/10.1002/bit.20347
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1002/imt2.107
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1002/joc.5086
https://doi.org/10.1641/0006-3568(2002)052[0891:THFATL]2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052[0891:THFATL]2.0.CO;2
https://doi.org/10.7927/H4M61H5F
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan


Does the Gut Microbiome of the Insular Lizard Gallotia galloti Reflect Variation in Sex,… Page 9 of 9     61 

	45.	 R Core Team (2024) R: a language and environment for statisti‑
cal computing. [online] R Foundation for Statistical Computing. 
Available at: https://​www.r-​proje​ct.​org/.

	46.	 Rodríguez A, Nogales M, Rumeu B, Rodríguez B (2008) Tem‑
poral and spatial variation in the diet of the endemic lizard Gal‑
lotia galloti in an insular Mediterranean scrubland. J Herpetol 
42(2):213–222. https://​doi.​org/​10.​2307/​40060​504

	47.	 Vargas-Gastélum L, Romer AS, Ghotbi M, Dallas JW, Alexander 
NR, Moe KC, McPhail KL, Neuhaus GF, Shadmani L, Spatafora 
JW, Stajich JE (2024) Herptile gut microbiomes: a natural system 
to study multi-kingdom interactions between filamentous fungi 
and bacteria. Msphere 9(3):e00475-23. https://​doi.​org/​10.​1128/​
msphe​re.​00475-​23

	48.	 Shapira M (2016) Gut microbiotas and host evolution: scaling 
up symbiosis. Trends Ecol Evol 31:539–549. https://​doi.​org/​10.​
1016/j.​tree.​2016.​03.​006

	49.	 Buglione M, Ricca E, Petrelli S, Baccigalupi Loredana, Troiano 
C, Saggese A, Rivieccio E, Fulgione Domenico (2022) Gut micro‑
biota plasticity in insular lizards under reversed island syndrome. 
Sci Rep 12(1). https://​doi.​org/​10.​1038/​s41598-​022-​16955-0

	50.	 Qi Y, Zhao W, Zhao Y, Wang X, Niu C (2020) The role of envi‑
ronmental stress in determining gut microbiome: case study of two 
sympatric toad-headed lizards. Asian Herpetol Res 11(4):373–
380. https://​doi.​org/​10.​16373/j.​cnki.​ahr.​200010

	51.	 Montoya-Ciriaco N, Gómez-Acata S, Muñoz-Arenas LC, Den‑
dooven L, Estrada-Torres A, Díaz de la Vega-Pérez AH, Nav‑
arro-Noya YE (2020) Dietary effects on gut microbiota of the 
mesquite lizard Sceloporus grammicus (Wiegmann, 1828) across 
different altitudes. Microbiome 8(1). https://​doi.​org/​10.​1186/​
s40168-​020-​0783-6

	52.	 Perry G, Garland T Jr (2002) Lizard home ranges revisited: 
effects of sex, body size, diet, habitat, and phylogeny. Ecology 
83(7):1870–1885. https://​doi.​org/​10.​1890/​0012-​9658(2002)​
083[1870:​lhrreo]​2.0.​co;2

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://www.r-project.org/
https://doi.org/10.2307/40060504
https://doi.org/10.1128/msphere.00475-23
https://doi.org/10.1128/msphere.00475-23
https://doi.org/10.1016/j.tree.2016.03.006
https://doi.org/10.1016/j.tree.2016.03.006
https://doi.org/10.1038/s41598-022-16955-0
https://doi.org/10.16373/j.cnki.ahr.200010
https://doi.org/10.1186/s40168-020-0783-6
https://doi.org/10.1186/s40168-020-0783-6
https://doi.org/10.1890/0012-9658(2002)083[1870:lhrreo]2.0.co;2
https://doi.org/10.1890/0012-9658(2002)083[1870:lhrreo]2.0.co;2

	Does the Gut Microbiome of the Insular Lizard Gallotia galloti Reflect Variation in Sex, Environment, and Population Genetic Differentiation?
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


